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Confluent skin fibroblasts from normal humans were in- 
cubated in serum free medium with up to I00 nmolehnL 
eicosapentaenoic acid (EPA; bound to albumin in a 4.6:1 
ratio) and compared with cells incubated with oleic acid 
(OA) at similar concentrations. The rate of [:4C]OA incoP 
poration into triacylglycerol (TG) (nmolhng/h) was approx- 
imately ~fold greater than that of [14C]EPA. The mass of 
TG formed after incubation of fibroblasts with EPA was 
also significantly lower than that formed with OA (43.2 
+-- 9.3 vs. 59.5 +__ 6.6 pg/mg cell protein, respectively, P = 
0.006). The addition of excess, unlabeled EPA reduced the 
rate of incorporation of [14C]OA into TG whereas unlabel- 
ed OA stimulated incorporation of [14C]EPA into TG. 
When the cells were preincubated with human serum basic 
proteins (BP I, II and III), the mass of TG formed (com- 
pared to baseline) was significantly higher with the basic 
proteins whether OA or EPA was studied. Only BP I sig- 
nificantly stimulated the mass of cell phospholipids, an 
effect that occurred with either OA or EPA in the medium. 
The results suggest that in cultured normal human fibro- 
blasts, OA is a better substrate for TG synthesis than EPA 
and that this effect may be accentuated by the presence 
of the basis proteins. 
Lipid* 28, 1-5 (1993). 

Long-chain n-3 polyunsaturated fatty acids have a number 
of beneficial effects including inhibition of hepatic very low 
density lipoprotein (VLDL) production (1). Inhibition reflects 
reduced lipogenesis and enhanced fatty acid oxidation (2). 
This results in decreased formation of triacylglycerols (TG) 
(3). In cultured Hep G-2 cells, for example, eicosapentaenoic 
acid (EPA), the archetype of the omega-3 fatty acids, inhibits 
TG synthesis as has been shown by reduced [3H]triacylgy- 
cerol production from [3H]glycerol (4). In mammalian cells 
such as fibroblasts, endothelial and intestinal cells, polyun- 
saturated fatty acids appear to be selectively incorporated 
into phospholipids (5-7). 

In contrast to EPA, monounsaturated fatty acids, such 
as oleic acid (O/t), are readily incorporated into TG. In cul- 
tured fibroblasts, OA comprises a substantially greater per- 
centage of the fatty acid pool in total neutral lipid esters 
(8). The addition of EPA, however, inhibits the stimulation of 
hepatic TG secretion by OA (1,9). Taken together, these o1> 
servations suggest that EPA and OA affect TG synthesis 
differently; EPA inhibits while OA stimulates the process. 
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Abbreviations: ASP, acylation stimulatory protein; BP, basic protein; 
DG, diacylglycerols; EPA, eicosapentaenoic acid; FCS, fetal calf serum; 
FFA, free fatty acids; GLC, gas-liquid chromatography; MEM, 
minimum essential medium; MG, monoacylglycerols; OA, oleic acid; 
PBS, phosphate buffered saline; TG, triacylglycerols; TLC, thin-layer 
chromatography; VLDL, very low density lipoprotein. 

Recently, we and others reported a two to threefold stimu- 
lation of [14C]OA incorporation into cellular TG of normal 
human fibroblasts by a novel human serum basic protein, 
BP I, also termed acylation stimulatory protein (ASP) 
(10,11). Two other basic proteins (BP II and BP III) were 
also described, but their acylation stimulatory activity was 
less than that of BP I (11). 

Our objectives here were to determine (i) whether the dif- 
ferential effects of OA and EPA on fatty acid incorporation 
into hepatocyte TG were also expressed in cultured normal 
human fibroblasts, and (ii) whether serum basic proteins af- 
fect incorporation of EPA into cellular glycerolipids in a 
similar manner as previously demonstrated with OA. 

MATERIALS AND METHODS 

Subjects. Skin biopsies were obtained from the forearms 
of six nonsmoking, non-obese, normolipidemic volunteers 
after informed consent. The mean age of the three male 
and three female donors was 24.2 yrs. The mean levels 
(mg/dL} of lipids and lipoproteins were: total cholesterol, 
142, triglycerides, 43, low density lipoprotein cholesterol, 
60, and high density lipoprotein cholesterol, 73 Ill). 

Cultured fibroblasts. To avoid experimentation with 
very young {i.e., passage number <3) or senescent {i.e., 
passage number >12) cells, passage numbers between 4-10 
were used; during these passages, mitotic division is ac- 
tive. For each experiment, cells were plated on 35-mm or 
60-mm Petri dishes in Eagle's minimal essential medium 
(MEM), containing 10% fetal calf serum (FCS), 1% non- 
essential amino acids and 1% penicillin-streptomycin. On 
day 6, FCS was replaced with serum-free medium, and the 
cells were incubated overnight prior to the experiment. 

Fatty acid supplementation. [14C]Oleic acid {specific 
activity, 57 mCi/mmol) and [14C]EPA {specific activity, 
52.2 mCi/mmol) were obtained from Amersham (Arling- 
ton, IL). Nonradiolabeled fatty acids were purchased from 
Sigma (St. Louis, MO) and pre-tested for purity (>95%) 
by gas-liquid chromatography (GLC) of the methyl ester. 
Unlabeled OA (90 mg) or unlabeled EPA (96 rag) were 
solubilized in 5 N NaOH (100 ~L) and ethanol (2 mL). The 
solvent was evaporated to dryness with N~, and 150 mM 
NaC1 (10 mL) was then added to a final concentration of 
31.9 mM and heated for 5 rain at 60~ {12). Bovine serum 
albumin {24%, wt/vol, fatty acid free) in 150 mM NaC1 
{12.5 mL) was added and the solution stirred overnight. 
The solution was then adjusted with 150 mM NaC1 to give 
a final concentration of 12.7 mM sodium oleate or 12.7 
mM sodium eicosapentaenoate in 12% albumin (wt/vol). 
[14C]OA/albumin and [~4C]OA/albumin and [14C]EPA/al- 
bumin were then prepared to give preparations of 10 mM 
oleate or 10 mM eicosapentaenoate; specific activity, 
about 10,000 dpm/nmol, molar ratio of oleate or eicosapen- 
taenoate to albumin (4.6:1) (11). 

Free fatty acid (FFA) incorporation experiments. On day 
7, dishes were incubated with increasing amounts of 
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[14C]OA/albumin or [14C]EPA/albumin (final concentra- 
tion of fatty acid, 10 raM), for 1-2 h at 37~ At the end 
of the incubation period, cells were placed on ice, and 
media removed. Cells were then washed thoroughly with 
phosphate buffered saline (PBS) and bovine serum 
albumin. Lipids were extracted with hexane/isopropranol 
(3:2, vol/vol), and the extract was taken to dryness with 
N=. The lipids were then dissolved in hexane and sub- 
jected to thin-layer chromatography (TLC) employing hex- 
ane/diethyl ether/acetic acid (75:25:1, vol/vol/vol) as solvent. 
The incorporation of [z4C]OA or [14C]EPA into cellular 
lipids was determined by scintillation counting and ex- 
pressed as nmol incorporated/rag cell protein/h. In ex- 
periments designed to measure incorporation into mono- 
ylglycerols (MG) and diacylglycerols (DG), the TLC sol- 
vent system was ethylenedichioride/methanol {98:2, 
vol/vol) (13). 

Competition experiments. Cell dishes were incubated 
with increasing amounts of [14C]OA/albumin or [14C]- 
EPA/albumin as described above in the absence or pre- 
sence of unlabeled OA/albumin or unlabeled E PA/albumin 
(25 ~g fatty acid/mL medium). Extraction of cellular lipids 
was done as described above. 

Basic protein experiments. BP I, II and III  were iso- 
lated from normal human serum as previously described 
(11). Cells were grown to near confluence, and on day 6 
medium was changed from 10% FCS/MEM to delipi- 
dized MEM/F12 supplemented overnight with insulin, 
pantothenic acid and biotin. In fibroblasts grown in 
serum-deficient medium, the addition of these sup- 
plements maximizes cell viability (14}. Subsequently, 
either OA or EPA, and BP I, II or III  (6 ~g/mL) were 
added to the media, and the cells incubated for 6 h (11). 
The medium was removed, cells were washed and lipids 
extracted. 

Mass measurements. The amount of cellular TG was 
determined using an enzymatic assay (Boehringer Man- 
nheim, Indianapolis, IN). The content of phosphorus in 
the cell lipid fraction was measured using the method of 
Bartlett and multiplied by 25 to express the total phos- 
pholipid content in mg% (15). Cellular protein content was 
determined using the method of Lowry et aL (16) with 
serum albumin as standard. 

Statistical methods. Tests of significance were made us- 
ing the paired t-test. In some cases, the Wilcoxon Rank 
Sum was used. The designated level of significance was 
P < O.05. 

RESULTS 

The incorporation of OA into cell lipids was compared to 
that of EPA at increasing concentrations of the fatty acids 
(nmol/mL) in the culture medium (Fig. 1). The incorpora- 
tion of [14C]OA (nmol/mg/h) into triacylglycerols was 
significantly greater than that of EPA at each concentra- 
tion tested (Fig. 1). In contrast, the pattern of incorpora- 
tion for [~4C]EPA into cell phospholipids was greater 
than that of [~4C]OA, but this difference did not reach 
statistical significance (Fig. 1). For cellular cholesteryl 
esters, incorporation of [~4C]OA was greater than that of 
[z4C]EPA (Fig. 1). 

We next compared the incorporation of [14C]OA vs. 
[14C]EPA into cellular MG, DG (both the 1,2-isomer and 
the 1,3-isomer), TG and phospholipids (Fig. 2). The in- 
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FIG. 1. Incorporation of [14C]oleic �9 (OA) and [14C]eicosapen- 
t �9 �9  (EPA) into cellular triacylglycerols (top), phosphollpids 
(middle) and cholesteryl esters (bottom) of normal human cultured 
fibroblasts. Cells were grown as described in Materials and Methods. 
On day 7, cells were incub�9 with increasing concentrations of 
[14C]OAlalbumin or [14C]EPA/albumin (10 mM ole�9 or eicosapen- 
t�9 specific �9 10,000 dpm/nmol) for 1 or 2 h at 37~ 
Cells were then harvested and the incorporation of [14C]OA (solid 
circles) and [14C]EPA (open circles) into cell lipids was determined. 
The results represent the mean (+_SD) of duplicate samples from two 
different cell lines. Those points th �9  were significantly different 
between [14C]OA �9  [14C]EPA are design�9 with an asterisk. 

corporation of [i4C]OA was significantly greater than 
that of [14C]EPA into cell 1,3-DG and TG (Fig. 2). No 
significant differences were observed for the incorporation 
of these two free fatty acids (FFA) into cell MG. In con- 
trast, the incorporation of [14C]EPA into cell phospho- 
lipids was significantly greater than that of OA (Fig. 2). 
The data confirmed the pattern of greater incorporation 
of OA into cell TG but higher incorporation of EPA into 
cell phospholipids. 

Competition studies of OA and EPA. We next compared 
the effect of excess unlabeled OA or excess unlabeled EPA 
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FIG. 2. Incorporation of [14C]oleic acid (OA) and [14C]eicosapen- 
taenoic acid (EPA) into cellular monoacylglycerols, 1,2- and 1,3- 
diacylglycerols (upper two panels), triacyiglycerols and phosphw 
lipids (lower two panels) of normal human cultured fibroblasts. Cells 
were grown as described in Materials and Methods. On day 7, cells 

14 14 were incubated with 50 nmol of either [ C]OA/albumin or [ C]- 
EPA/albumin (specific activity [14C]OA, 11,128 dpm/nmol, [14C]EPA, 
11,765 dpm/nmol) for 1 h at 37~ Cells were harvested and the in- 
corporation of [14C]OA and [14C]EPA into cellular glycerolipids was 
determined (see Materials and Methods). 

on the rate of incorporation of either [14C]OA or [14C]EPA 
into cell TG and phospholipids (Fig. 3). Unlabeled EPA 
inhibited the incorporation of [14C]0A into cellular TG to 
a markedly greater extent than unlabeled OA (Fig. 3). In 
contrast, the incorporation of [14C]EPA into cellular TG 
was actually stimulated by unlabeled OA; unlabeled EPA 
markedly depressed the incorporation of [14C]EPA into 
TG. The incorporation of [14C]OA into cell phospholipids 
was inhibited by unlabeled OA but was somewhat stimu- 
lated by unlabeled EPA, particularly at higher concentra- 
tion of [14C]0A in the cell culture medium (Fig. 3). In- 
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FIG. 3. Incorporation of [14C]oleic acid (OA) (upper two panels) and 
[14C]eicesapentaenoic acid (EPA) (lower two panels) into triacylgly- 
cerols and phospholipids in the absence (O) or presence (0 and m) 
of 25 pg/mL medium of unlabeled fatty acid. In the upper two panels, 
the effects of unlabeled OA (o)  or EPA (B) on [14-(J]OA (O) incor- 
poration into triacylglycerols and phospholipids are shown. In the 
lower two panels, the effects of unlabeled EPA (0)  or OA (B) on 
[14C]EPA (O) incorporation into triacylglycerols and phospholipids 
are shown. Cells were grown as described in Materials and Methods. 
On day 7, cells were incubated with  [14C]OA/albumin or 
[14C]EPA/albumin (I0 mM oleate or eicosapentaenoate, specific ac- 
tivity, [14C]OA, 11,128 dpmlnmol; [14C]EPA, 10,203 dpm/nmol) for 
1 h at 37~ Extraction of cellular lipids was carried out as de- 
scribed in Materials and Methods. 

corporation of [14C]EPA into cell phospholipids was in- 
hibited by unlabeled E PA, while unlabeled OA decreased 
such incorporation at lower concentrations but increased 
it somewhat at higher concentrations. 

Effect of preincubation with serum basic proteins. We 
next assessed the effect of normal human serum BP I, II 
and III on the mass of cellular TG and phospholipids in 
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TABLE 1 

Cellular Mass of Triacylglycerol and Phospholipids (pg/mg cell protein) After Preincubation 
with Serum Basic Proteins in the Presence of Either Albumin/Oleie Acid (OA) 
or Albumin/Eicosapentaenoic Acid (EPA) a 

OA vs. EPA 
OA P value EPA P value P value 

Triacylglycerol 
Without BP 59.5 _+ 6.6 b 
BP I 117.6 + 30.8 0.007 
BP II 76.2 +_ 15.0 0.07 
BP III  69.3 -- 5.3 0.04 

Phospholipids 
Without BP 335.3 +_ 103.4 
BP I 628.8 _+ 222.7 0.05 
BP II 440.0 +_ 121.9 0.26 
BP III  352.4 __ 90.8 0.83 

43.2 +_ 9.3 0.01 
78.2 +_ 8.5 0.0001 0.15 
59.5 +_ 10.5 0.02 0.97 
69.9 +_ 13.9 0.02 0.13 

244.6 _+ 31.6 0.10 
556.2 ___ 60.7 0.0001 0.90 
265.6 __ 66.5 0.58 0.41 
274.8 _+ 98.0 0.48 0.74 

aConfluent fibroblasts were incubated for 24 h in serum-free medium as described in 
Materials and Methods. The cells were then switched to medium containing al- 
bumin/OA or albumin/EPA with or without BP I, BP II or BP III  (6 ~g/mL) for 6 h. The 
cells were then harvested and the TG and phospholipid mass in cells were determined 
as described in Materials and Methods. 

bMean (one SD) in ~g/mg cell protein from three normal cell lines studied in duplicate. 

normal  human  fibroblasts,  using either OA/albumin or 
EPA/albumin as the source of FFA in the cell culture 
medium. BP I, BP I I  and BP I I I  each increased the cellu- 
lar mass  of TG over baseline; a similar pa t t e rn  was found 
when either OA or EPA was used (Table 1). When the cell 
da ta  on TG mass  (OA vs .  EPA) were compared, there was 
a significantly higher mass  of TG formed at  baseline (in 
the absence of BP I, I I  or I I I )  with OA than  with EPA, 
consistent with the previous pat terns  presented in Figures 
1 and 2. When OA was compared  with  EPA in the pre- 
sence of BP I, I I  or I I I ,  the baseline values were first sub- 
t racted from the values following incubation with BP I, 
I I  or I I I .  After  correction for baseline differences between 
OA and EPA, there were no significant differences be- 
tween the effects of BP I, I I  or I I I  on increasing the cell 
TG mass, when OA was compared with EPA as the source 
of f a t ty  acid in the culture medium (Table 1). 

Similar analyses were performed to assess the effect of 
serum basic proteins on the cellular mass  of total  phos- 
pholipids. BP  I, bu t  not  BP  I I  or BP  I I I ,  significantly 
increased the mass  of phospholipids compared to baseline, 
whether  OA or EPA was used (Table 1). However, no sig- 
nificant differences were observed at  baseline between the 
cell mass  of phospholipids following incubation of the cells 
with either OA or EPA alon~ Correcting for baseline, the 
extent  of the s t imulat ion of phospholipid mass  by BP  I 
was not  significantly different when OA was compared  
with EPA (Table 1). 

DISCUSSION 

The mos t  impor tan t  observat ions were (i) t ha t  OA was 
preferentially incorporated into TG while EPA was p r~  
ferentially incorporated into phospholipids of normal  hu- 
man fibroblasts; (ii) tha t  EPA appeared to inhibit the syn- 
thesis of TG from OA, while OA st imulated the forma- 
tion of TG from EPA; and (iii) tha t  serum BP I, I I  and I I I  
increased the cell mass  of TG when either OA or EPA was 
used (BP I also s t imulated phospholipid mass). These 
observat ions were made under  defined experimental  con- 
ditions tha t  were selected to produce maximal  f a t ty  acid 

modifications in human cultured fibroblasts (8) and which 
had previously been found to permi t  m a x i m u m  acylation 
s t imula tory  ac t iv i ty  of the serum (BP) (11). 

Our studies with normal human fibroblasts support  the 
findings of mos t  (2-4,9,17,18), bu t  not  all (19}, previous 
studies done on hepatocytes,  which also showed preferen- 
tial incorporation of OA into cellular TG, as judged by 
bo th  mass  measurements  and by 14C-incorporation into 
TG. In  fibroblasts,  we found here t ha t  incorporation of 
EPA into bo th  DG (1,2- and 1,3-isomers) and TG was 
markedly  reduced. Moreover, the presence of excess un- 
labeled EPA reduced [14C]OA incorporation into TG. This 
supports  previous studies done on hepatocytes where EPA 
was shown to reduce TG synthesis and to inhibit OA stim- 
ulat ion of TG secretion (1,9,17). However, we did not  find 
any significant differences in the mass  of cell phospho- 
lipids after  incubation with EPA or OA. This was not  un- 
expected, since we used exper imental  conditions similar 
to those of Spector  e t  al. (8) in which the TG content  of 
cells increased when grown in the presence of added fat- 
ty  acids, bu t  the phospholipid content  remained un- 
changed. 

Our results fur ther  suggest  t ha t  EPA and OA may  be 
metabolized differently in cultured mammal ian  cells. Pre- 
vious studies have revealed preferential incorporation of 
OA over EPA in adipose cells and a preference for EPA 
over OA in other t issues (i.a, platelet membranes} (20-23). 
While the mechanism(s) responsible for these differences 
are now known, it has been shown tha t  act iv i ty  of the en- 
zymes  regulat ing TG synthesis  may  be affected by exter- 
nal factors (24). Marsh e t  aL (25) and Wong and Marsh (26) 
reported a marked reduction in phosphatidate phosphohy- 
drolase act ivi ty  in ra t  hepatocytes  following a diet rich in 
EPA, or after  infusion of EPA into perfused ra t  livers. In 
our studies, EPA incorporation into both  DG and TG was 
markedly reduced, compatible  with an effect on phospha- 
t idate  phosphohydrolase which hydrolyzes phosphat idic  
acid to diacylglycerol, ra ther  than  an effect of EPA on 
1,2-diacylglycerol acyltransferase (17). 

We extended our previous studies where we found tha t  
BP I, I I  and I I I  s t imulated the incorporation of [14C]OA 
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into TG of normal fibroblasts by showing here tha t  
preincubation of cells with normal human serum BP also 
increased the mass of TG. This effect was observed 
whether OA nor EPA was used as a source of fa t ty  acids 
in the medium (Table 1). While the increase in the mass 
of TG with various BP was less with EPA than with OA, 
the differences were not statistically significant after cor- 
recting for baseline differences. Thus, we have no evidence 
for a greater avidity of BP to interact with OA as com- 
pared with EPA, or tha t  their cellular effect is more 
specific for OA than EPA. Finally, we found evidence that  
BP I may also increase the mass of cell phospholipids. 
Since neither OA nor EPA alone stimulated phospholipid 
mass (as expected from the work of Spector et  al., ref. 8), 
this effect of BP I may be a specific one. Fur ther  work 
is indicated to determine whether BP I has any influence 
on membrane structure and function and what  the 
underlying mechanism(s) may be. 

In summary, the data suggest that  the metabolic effects 
of EPA and OA in cultured normal human fibroblasts are 
different. Human skin fibroblasts from normal and 
dyslipidemic subjects may provide a useful system to fur- 
ther s tudy glycerolipid metabolism, as we recently 
demonstrated for hyperapobetalipoproteinemia {27). The 
serum basic proteins may contribute further to understan- 
ding the metabolic processes underlying cellular free fat- 
ty  acid uptake and utilization in this and other lipid 
disorders. 
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Influence of Dietary Egg and Soybean Phospholipids 
and Triacylglycerols on Human Serum Lipoproteins 
Barbara C. O'Brien* and Verona Gale Andrews 1 
Department of Biochemistry and Biophysics, Texas Agricultural Experiment Station, Texas A&M University System, 
College Station, Texas 77843-2128 

Human serum lipid and lipoprotein concentrations and 
compositions were compared in ten healthy middle-aged 
men consuming phospholipids from egg or from soybean 
or triacylglycerol mixtures with fatty acid compositions 
similar to those of the phospholipids. All subjects fol- 
lowed each of the four treatments: egg phospholipids {EP), 
soybean phospholipids (SP), an oil of fatty acid composi- 
tion similar to that of EP, and an oil similar in fatty acid 
composition to SP for six weeks with "wash-out" periods 
of similar duration between treatment periods. The phos- 
pholipids, 15 g/d, and the oils, 12 g/d, which contained ap- 
proximately equivalent quantities of fatty acids were pro- 
vided to the subjects in gelatin capsules and were taken 
before meals. Diet intake was monitored by three-day food 
records. Serum lipoproteins (Lp) were  separated by ultra- 
centrifugation into very low density lipoproteins, low den- 
sity lipoproteins (LDL), high density lipoproteins (HDL)z 
and HDL 3. Lp fractions and whole serum were analyzed 
for triacylglycerols, cholesterol (CH), phospholipids (PL), 
and protein. HDL cholesterol was determined in whole 
serum. Cholesteryl esters were determined in some Lp 
fractions. Lipid compositions of Lp were expressed in 
mmol/g protein. Apoprotein B was measured in whole 
serum and in LDL; apoprotein A-I in whole serum and 
in HDL 3. In whole serum, CH and PL were significantly 
lower after the SP compared to EP treatment periods. 
CH, but not PL, was lower after SPTG compared to EP. 
CH in HDL 2 was significantly higher after SP compared 
to SPTG. Also, PL in HDL 2 were significantly higher 
after SP compared to all other treatments and to baseline. 
Although human serum lipid responses to dietary phos- 
pholipids were generally the same as responses to ingested 
oils of comparable fatty acid composition, the data sug- 
gest the possibility that SP selectively increase HDL2 
cholesterol and phospholipids. 
Lipids 28, 7-12 {1993). 

Although "lecithin: '  primarily from soybeans, is widely 
used as a hypocholesterolemic and antiatherogenic agent, 
experimental  tests  of its effectiveness are inconsistent. 

*To whom correspondence should be addressed. 
1 Present address: 3516 N. 23rd Street, Waco, TX 76708. 
Abbreviations: apoA-I, apoprotein A-I; apoB, apoprotein B; BHT, 
butylated hydroxytoluene; CE, cholesteryl ester; CH, cholesterol; 
CM, chylomicrons; EP, egg phosphohpid; EPTG, triacylglycerol mix- 
ture with a fatty acid composition similar to EP; GLC, gas-liquid 
chromatography; HDL, high density lipoproteins; HDLC, high den- 
sity lipoprotein cholesterol; IDL, intermediate density lipoproteins; 
LCAT, lecithin:cholesterol acyltransferase; LDL, low density lipoprc, 
teins; Lp, serum lipoproteins; PBS, phosphate buffered 0.15 M 
NaCl, pH 7.40; PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine; PL, serum phosphohpids; P/S, ratio (w/w) of polyunsaturated 
to saturated fatty acids; SP, soybean phospholipids; SPTG, triacyl- 
gycerol mixture with a fatty acid composition similar to SP; TG, 
serum triacylglycerols (triglycerides); TLC, thin-layer chromatog- 
raphy; TSC, total serum cholesterol; UC, unesterified cholesterol; 
VLDL, very low density lipoproteins. 

Knuiman et  al. (1) reviewed the li terature to answer the 
question, Does ingested lecithin affect human serum 
cholesterol independent of its linoleic acid content? These 
authors found only four out of 24 studies in which human 
cholesterolemic responses to soybean lecithin were com- 
pared to polyunsatura ted oils of similar linoleic acid con- 
tent. They concluded that  lecithin, phosphatidylcholine 
(PC), had no different effect on serum cholesterol than soy- 
bean off. However, the issue concerning its effect on serum 
levels of high density lipoprotein cholesterol (HDLC) was 
not  addressed by Knuiman and co-workers (1). HDLC is 
particularly important  because of its inverse relationship 
to coronary heart  disease (CHD) (2). Childs e t  al. (3) found 
a significant increase in HDLC in response to soybean 
lecithin compared to an equivalent amount  of polyun- 
sa turated fa t ty  esters ingested as corn oil. Total serum 
cholesterol (TSC) levels were not  significantly different 
between t rea tment  groups. Galli e t  aL (4) administered 
10 g/d of purified polyunsaturated phosphatidylcholine to 
male human volunteers for six weeks. They found no 
change in TSC but  a significant increase in HDLC. 

In a previously reported experiment with hypercholes- 
terolemic guinea pigs, we compared cholesterolemic 
responses to soybean "lecithin" and to egg "lecithin" com- 
mercial preparations which were principally PC (5). Since 
the dietary "lecithins" used in tha t  experiment with 
guinea pigs were mixtures and not  lecithin, the te rm 
"phospholipids" will be used hereafter to refer to the polar 
lipid mixtures. Comparisons to oils of similar fa t ty  acid 
compositions were not  made. Soybean phosphohpids 
resulted in a 50% reduction in TSC while HDLC increased 
23%. When the guinea pigs were t reated with egg phos- 
pholipids, we observed a dramatic increase of 177% in 
HDLC with no change in TSC. The ratio of TSC to HDLC 
in hypercholesterolemic guinea pigs tha t  were not treated 
with phospholipids was 5.76. The groups of animals 
t reated either with soybean phospholipids or with egg 
phospholipids had TSC/HDLC of 2.26 and 2.24, respec- 
tively. The egg phospholipids had a low ratio of polyun- 
saturated (P) to saturated (S) fa t ty  acid composition 
(I~S -- 0.38) compared to soybean phospholipids with a I~S 
of 3.5. These data  suggested a cholesterolemic response 
to ingested phospholipids tha t  was not totally dependent 
upon its fa t ty  acid composition. The results of thisguinea 
pig experiment were inconclusive because we did not  
control the fa t ty  acid compositions of the phospholipids 
nor could we extrapolate the results to responses in 
humans. 

The present s tudy was undertaken to evaluate human 
serum lipoprotein (Lp) responses to orally administered 
soybean and egg phospholipids relative to those responses 
to oils of similar fa t ty  acid composition. In addition to 
determining serum concentrations of hpids, the lipid com- 
position and the protein content  of the major Lp frac- 
tions, very low density lipoproteins (VLDL), low density 
lipoproteins (LDL), high density lipoproteins (HDL2) and 
H D L 3, were determined. 
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MATERIALS AND METHODS 

Subjects. The subjects were 10 normolipidemic men in the 
age range of 30 to 64 years with an average age (_+SD) 
of 44.4 +_ 10.3 y and without metabolic disease or obesity 
(BMI 25.2-!-_ 3.0 kg/m2). None of the men were taking 
any medication known to alter blood lipids. The project 
was approved by the Institutional Review Board, Research 
with Human Subjects, and each subject gave his informed 
written consent. The subjects were Texas A&M Univer- 
sity employees, predominantly scientists, who conscien- 
tiously adhered to the experimental protocol. 

Test lipids. The test lipids were two phospholipid mix- 
tures and two mixtures of triacylglycerols (triglycerides) 
with fatty acid compositions similar to those of the respec- 
tive dietary phospholipids. The phospholipids were "soy- 
bean lecithin" (SP) provided by the American Lecithin 
Company (Atlanta GA) and "egg lecithin" (EP} provided 
by the Asahi Chemical Industry Company (Tokyo, Japan). 
After determining the fatty acid compositions of SP and 
EP, mixtures of oils were prepared which had fatty acid 
compositions similar to those of the phospholipids. These 
triglyceride mixtures are referred to as soybean phospho- 
lipid triglycerides (SPTG) and egg phospholipid triglyc- 
erides (EPTG). To achieve the appropriate fatty acid com- 
positions in readily absorbable oil mixtures, the following 
fats (oils} were used: edible beef tallow (compliments of 
Bunge Edible Oil Corp., Fort Worth, TX) which contained 
116 mg cholesterol/100 g tallow (2.70 mmol]L}, refined 
palm oil (compliments of Conway Oil Company, Denison, 
TX), edible linseed oil (Arista Industries, Darien, CT) and 
safflower oil (Hain Pure Food Co., Inc., Los Angles, CA). 
SPTG was 59% safflower oil, 29% palm oil and 12% lin- 
seed oil; and EPTG was 65% beef tallow, 31% palm oil, 
4% safflower oil and 0.75% cholesterol. Antioxidant 
[0.01% butylated hydroxytoluene (BHT)] was included in 
each triglyceride mixture. The lipid and fatty acid com- 
positions of the phospholipids and the triglycerides are 
shown in Table 1. 

Experimental  design. The duration of the experiment 
was divided into seven six-week periods. These included 

the four test lipid periods of six weeks each= SP, EP, SFI~,  
and EPTG, separated by six-week periods without sup- 
plementation, the "wash-out" periods. Each man followed 
each test periocL In order to minimize bias associated with 
the order of the test lipids, the subjects were divided into 
four groups, and each group followed a different order, i.e., 
Latin squar~ Initially, there were 12 subjects who were 
divided into four groups of thre~ After the first treatment 
period, two subjects from different groups withdrew from 
the study for personal reasons. Data resulting from those 
two subjects were not used. 

The four test lipids were contained in opaque, color- 
coded gelatin capsules (SNAP-FIT capsules size 00, Cap- 
sugel, Greenwood, SC) and were taken by each subject as 
supplements to his habitual diet. The phospholipids were 
ingested at the level of 15 g/d; and the triglycerides, at 
the level comparable to the fat ty acid content of the 
phospholipids, 12 g/d. Childs et al. (3) had found a signifi- 
cant increase in HDLC in response to 36 g/d SP that was 
29% PC. The soybean phospholipid preparation that we 
used in this study was 69% PC (Table 1). Thus, 15 g SP 
was approximately equivalent in PC to the preparation 
used by Childs and co-workers (3} and by Galli et al. (4). 
The daily dose of 30 capsules was taken as 10 capsules 
before each meal. The subjects returned unused capsules 
at the end of each treatment period. One subject missed 
two days during one treatment period. Otherwise, adher- 
ence was 99% or better. In order to control for the effect 
of the capsules themselves on blood lipids and to allow 
the subjects to become accustomed to taking 30 cap- 
sules per day, the men took 30 empty capsules daily for 
two weeks before the baseline (initial) blood sample was 
taken. 

Although no modification of the habitual diet of these 
subjects was planned, they were instructed to maintain 
their initial habitual diet for the duration of the experi- 
ment. In order to monitor their habitual diet, the subjects 
kept three-day diet records Ca weekend day and two week 
days} during each test diet period. The subjects were in- 
structed in the procedure for keeping a food record, and 
food scales were provided to aid in recording serving sizes. 

TABLE 1 

Lipid Compositions of Dietary Phospholipids and Oils (%) 

Egg phospholipid Soy phospholipid 
Lipid component Egg phospholipids fatty acids Soy phospholipids fatty acids 

Triglycerides 10.6 
Phospholipids 73.0 

Phosphatidylcholine (PC) 
Phosphatidylethanolamine 
Sphingomyelin 
LysoPC 

Fatty acids 
16:0 31.4 
16:1n-9 0.3 
18:0 17.4 
18:1n-9 33.4 
18:2n-6 14.2 
18:3n-3 0.6 
20:4n-6 3.0 

Polyunsaturated/saturated 
fatty acid ratio 0.35 

100 6.0 100 
0 68.8 0 

75.4 78.3 
23.4 19.3 

1.2 
2.3 

32.5 16.3 17.9 
4.5 
8.2 3.3 1.8 

41.1 11.8 20.2 
13.7 62.8 52.1 

5.7 8.1 

0.34 3.5 3.1 
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These records were analyzed for energy and nutrient con- 
tents (Nutripractor 6000, Practecare, Ina, San Dieg~ CA). 
The subjects were cautioned to maintain a constant 
weight (• kg) by modifying serving sizes of diet 
ingredients. 

Blood samples were taken at the Texas A&M Univer- 
sity Health Center. When the subjects had their initial 
blood sample taken, measurements of resting blood pres- 
sure, body weight and height were also mad~ Body weight 
and height were measured with light clothing but without 
shoes. Blood (15 mL) was sampled at the beginning and 
end of each test period following a 12- to 14-h fast. The 
subjects were seated, and the blood samples were taken 
by venipuncture from an antecubital vein into separator 
vacutainer tubes containing clot-activating gel. The tubes 
were placed in wet ice. Within three hours the serum frac- 
tion was isolated by centrifugation at 2000 • g for 30 min 
at 4~ 

VLDL, LDL, HDL2 and HDL 3 were separated from 
serum by ultracentrifugation and analyzed for lipid com- 
position and protein content. The lipid composition of the 
unfractionated serum was also determined. 

A n a l y t i c a l  methods .  The phospholipid-class composi- 
tions of the SP and EP were analyzed by determining the 
phosphorus content of the phospholipid (PL) fractions (6) 
which had been separated by thin-layer chromatography 
(TLC) (0.5 mm Adsorbosil-Plus, Alltech Associates, Ina, 
Applied Science Labs, Deerfield, IL) using the solvent 
system chloroform/methanol/water (65:25:4, vol/vol/vol). 
The fatty acid compositions of the phospholipids, com- 
ponent oils, oil mixtures and serum PL were determined 
by gas-liquid chromatography (GLC) of fatty acid methyl 
esters which were prepared by BF~-catalyzed trans- 
esterification with methanol (7). 

Lp were separated from a 4-mL aliquot of serum by 
ultracentrifugation according to the procedure of Havel 
et  al. (8). The density ranges for the Lp fractions are: 
VLDL, d < 1.006 g/mL; LDL, d = 1.019-1.063 g/mL; 
HDL2, d = 1.063-1.125 g/mL; HDL3, d = 1.125-1.21 
g/mL. The intermediate density lipoprotein (IDL) fraction, 
d = 1.006-1.019 g/mL, was separated, but it was not 
analyzed in this study. Briefly, each Lp fraction was 
separated sequentially from serum by flotation using a 
Ti 50 fixed-angle rotor in an ultracentrifuge (L2-65B, 
Beckman Instruments, Palo Alto, CA) at 110,000 • g for 
22 h at 12 ~ Density adjustments were made using either 
a stock salt solution; NaC1 + KBr, d = 1.346 g/mL (8); or 
solid KBr (9). The Lp was withdrawn from the meniscus, 
overlaid with a salt solution of equilibrium density, recen- 
trifuged as before, transferred to a 5-mL volumetric flask 
and diluted to mark with phosphate buffered 0.15 M NaC1, 
pH 7.40 (PBS). Purity was checked by electrophoresis (10). 

Chemical, rather than enzymatic, methods of lipid 
analysis were used in order to avoid the need to dialyze 
the fractions which would result in substantial loss of 
material. It  was determined that the salt concentration 
resulting when any Lp fraction was diluted to 5 mL with 
PBS did not interfere with electrophoresis, with the lipid 
extractions, nor with chemical analysis of the lipids and 
the proteins. 

The cholesterol contents of the Lp fractions and of 
whole serum were determined chemically according to 
Searcy and Bergquist (11). Triglyceride concentrations 
were determined by the method of Foster and Dunn (12). 

For PL and cholesteryl ester (CE) analyses, lipids were ex- 
tracted from serum and from Lp fractions as described 
by Kates (13). PL were determined as above (6). CE were 
separated by TLC using the adsorbent described above. 
but the solvent system was hexane/diethyl ether/acetic 
acid (80:20:1, vol/vol/vol). In addition to separating HDL 
subfractions by ultracentrifugation, a 1.0-mL aliquot of 
serum was used to separate HDL by precipitation with 
the heparin-MnC12 reagent described by Warnick and 
Albers (14). Protein in the Lp fractions was determined 
by the method of Lowry et  al. (15). Bovine serum albumin 
was used as standard. Apoproteins A-I (apoA-I) and B 
(apoB) were determined in whole serum (16). ApoB was 
also determined in LDL, and apoA-I was determined in 
HDL 3. 

Since enzymatic procedures are most frequently used 
for cholesterol analysis in aqueous media, we compared 
values of TSC and of HDLC which were obtained by the 
chemical method (11) and by an enzymatic procedure (Pr~ 
cedure Na 352, Sigma Diagnostics, St. Louis, MO). Four- 
teen human serum samples were used in which TSC 
ranged from 3.62 to 8.60 mmol]L; and HDLC, from 0.78 
to 1.81 mmol/L. The chemically determined TSC was 
lower than the enzymatic by 0.13 • 0.26 mmol/L. Chemi- 
cally determined HDLC was lower by 0.11 • 0.09 mmol/L. 

Differences among treatment groups were assessed by 
one~way analysis of variance. Group means were con- 
sidered to be significantly different at P ~< 0.05 as deter- 
mined by the least significant difference technique (17). 

RESULTS 

In our experimental design, the test lipids were ingested 
as supplements to the habitual diet of the subjects. The 
subjects were instructed to keep their habitual (basal) diet 
relatively constant throughout the investigation. In order 
to monitor this instruction, each man kept a three-day diet 
record during each test period. These records were used 
to estimate the energy and nutrient compositions of the 
basal diets. The average daily energy intake for these sub- 
jects was 9123 • 515 kJ (range: 73500-11,400 k J). Their 
average fat consumption was 36 • 2 en%, not including 
the test lipids. The test lipids contributed about 450 kJ 
to the daffy energy consumption, approximately 5% of the 
daffy average. Carbohydrate and protein contributed ap- 
proximately 46 en% and 17 en%, respectively. Cholesterol 
intake for these subjects was about 300 mg/d. We found 
no significant interactions of habitual intakes of total 
energy and fat (not including lipid supplements), diet 
period and serum lipid concentrations. 

The test lipids ingested by the subjects in this study 
were enclosed in opaque gelatin capsules. Using capsules 
as vehicles for these test materials had several advantages: 
(i) the subjects could not identify the particular prepara- 
tion that they were taking, (ii) these free-living, active men 
were able to follow the treatment plan at home or while 
traveling, and (iii) the quantity of each test lipid taken by 
each man was defined by the number of capsules he 
took each day and not by measuring each daily dose 
individually. 

The parameters measured in whole serum are shown in 
Table 2. These included the concentrations of total choles- 
terol, HDL cholesterol, triglycerides, phospholipids, apoB 
and apo A-I in blood obtained at baseline and at the 
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TABLE 2 

Lipid and Lipoprotein Contents of Serum of Men Ingesting Dietary Egg Phospholipids, Soybean Phospholipids 
or Oils with Similar Fatty Acid Compositions a 

Treatments 

Parameter Baseline EP EPTG SP SPTG 

Total serum 
Cholesterol (mmol]L) 4.99 • 0.52b, d 5.79 • 0.67 c 5.34 • 0.75 b,c 4.78 • 0.44 d 4.96 • 0.52b, d 
Phospholipids (mmol/L) 2.44 • 0.20 b 2.56 • 0.44 b 2.40 • 0.36 b,c 2.13 _ 0.32 c 2.53 • 0.29 b 
Triglycerides (mmol]L) 1.28 • 0.60 1.18 • 0.63 1.47 _ 0.79 1.36 • 0.67 1.42 • 1.04 
HDL cholesterol e (mmol]L) 0.96 • 0.18 1.06 - 0.18 1.01 • 0.21 0.98 • 0.16 1.03 • 0.18 
ApoB (g/L) 0.76 • 0.12 0.86 • 0.14 0.79 • 0.12 0.78 • 0.11 0.84 • 0.13 
ApoA-I (g/L) 1.09 • 0.18 1.07 • 0.17 1.11 • 0.24 1.03 • 0.15 1.13 • 0.18 

Lipoproteins 
VLDL 

Protein (g/L serum) 0.22 • 0.13 0.17 • 0.11 0.21 + 0.13 0.19 • 0.12 0.17 • 0.10 
CH (mmol/g protein) 1.50 • 0.34 b 2.07 • 0.59 c 2.04 • 0.49 c 2.07 - 0.47 c 1.83 • 0.54 c 
PL (mmol/g protein) 2.44 • 0.55 2.85 • 0.67 2.52 • 0.61 2.37 • .011 2.28 • 0.44 
TG (mmol/g protein) 3.19 • 0.93 3.23 • 0.75 3.51 • 0.90 3.92 - 0.94 3.77 • 0.63 

LDL 
Protein (g/L serum) 0.70 • 0.12 b 0.93 • 0.16 c 0.77 • 0.22 b,c 0.75 • 0.16 b 0.82 • 0.18b, c 
CH (mmol]g protein) 3.07 • 0.36 3.41 • 0.36 3.28 • 0.36 3.28 • 0.41 3.28 • 0.34 
CE (mmol/g protein) 2.25 • 0.39 1.81 • 1.03 2.07 • 0.96 1.81 • 0.75 2.35 • 0.57 
PL (mmolJg protein) 1.04 • 0.12 b 0.97 • 0.13b, c 1.00 • 0.13 b,c 0.95 • 0.08 c 1.03 • 0.13b, c 
TG (mmol/g protein) 0.62 • 0.24 0.43 • 0.11 0.54 • 0.18 0.50 • 0.21 0.51 • 0.16 
ApoB (mmol/g protein) 0.57 • 0.19 0.58 • 0.22 0.66 • 0.20 0.55 _ 0.22 0.58 • 0.16 

HDL2 
Protein {g/L serum) 0.26 • 0.09 b 0.21 • 0.15b, c 0.18 • 0.06 c 0.15 • 0.08 c 0.20 • 0.06b, c 
CH (mmol/g protein) 1.29 • 0.31 b 1.01 • 0.44 b,c 1.01 • 0.36 b,c 1.19 • 0.34 b 0.83 • 0.18 c 
CE (mmol/g protein) 1.09 • 0.36 1.14 • 0.47 1.16 • 0.57 1.37 • 0.54 0.90 • 0.28 
PL (mmol/g protein) 0.60 • 0.11 0.55 • 0.16 0.68 • 0.16 0.36 • 0.08 0.35 • 0.09 
TG (mmol/g protein) 0.54 • 0.21 0.53 • 0.26 0.56 • 0.28 0.52 • 0.26 0.55 • 0.20 

HDL 3 
Protein (g/L serum) 1.17 • 0.18 b 0.94 • 0.28 c 0.78 • 0.25 c 0.82 • 0.18 c 0.89 • 0.29 c 
CH (mmol/g protein) 0.39 • 0.05 0.41 • 0.08 0.44 • 0.10 0.36 • 0.18 0.41 • 0.08 
CE (mmol/g protein) 0.26 • 0.052 0.41 • 0.10 0.41 • 0.10 0.47 • 0.10 0.47 • 0.052 
PL (mmol/g protein) 0.27 • 0.04 0.31 • 0.08 0.37 • 0.16 0.36 • 0.08 0.35 • 0.09 
TG (mmol/g protein) 0.14 • 0.02 0.16 • 0.05 0.14 • 0.06 0.17 • 0.06 0.19 • 0.09 
ApoA-I (g/g protein) 0.32 • 0.05 0.39 • 0.05 0.42 • 0.08 0.43 - 0.06 0.41 • 0.05 

aMean _ SD. Abbreviations: baseline, before treatment; EP, egg phospholipids; EPTG, triacylglycerol mixture with a fatty acid com- 
position similar to EP; SP, soybean phospholipids; SPTG, triacylglycerol mixture with a fatty acid composition similar to SP; CH, 
cholesterol; CE, cholesteryl ester; PL, phospholipids; TG, triacylglycerol; apoB, apoprotein B; apoA-I, apoprotein A-I; LDL, low density 
lipoprotein; VLDL, very low density lipoprotein. 

b,c, dValues not sharing a common superscript letter are significantly different, P ~< 0.05. 
e Values were the result of determining the cholesterol content of the supernatant following precipitation of very low density lipoproteins 

and low density lipoproteins (14). 

end  of each t r e a t m e n t  period. Total s e rum cholesterol was 
s ign i f i can t ly  lower af ter  the  SP  t r e a t m e n t  per iod com- 
pared  to ei ther  the  E P  or the  E P T G  t r ea tmen t s .  Total 
s e rum phosphol ip id  concen t r a t i on  was s ign i f i can t ly  de- 
creased after  the  SP t r e a t m e n t  compared  to t r e a t m e n t  
wi th  E P  or SPTG, b u t  no t  EPTG.  

The composi t ions  of the  l ipoprotein fract ions separated 
by  u l t r acen t r i fuga t ion  are also presented in Table 2. Since 
the l ipoproteins were no t  isolated quant i ta t ively ,  the com- 
pos i t ions  are re la ted to the  pro te in  mass  of the  i so la ted  
f ract ion ra ther  t h a n  to s e rum volume. Recovery of the  
l ipoprote ins  was e s t ima ted  to be 71% which compares  
r ea sonab ly  well wi th  Meijer  e t  al. (18). I n  an expe r imen t  
wi th  rabbi ts ,  these  workers repor ted  recoveries of 90 _ 
15% (mean _+ SD, n = 48) for to ta l  cholesterol  in lipopro- 
te in  fractions. They used a similar isolat ion procedure, bu t  
they did no t  recent r i fuge  each Lp f rac t ion  th rough  sol- 
v e n t  of equ i l ib r ium densi ty.  

The V L D L  at  base l ine  con ta ined  s ign i f i can t ly  less 
cholesterol  (CH) t h a n  a t  any  of the  t r e a t m e n t  per iods 

except ing the SPTG. Of course, tr iglycerides (TG) was the  
mos t  a b u n d a n t  l ipid in  the  very  low de ns i t y  l ipoprote in  
(VLDL), and  the  level of VLDL TG was no t  al tered by  the  
t r ea tmen t s  used in this  investigation.  However, E P  tended 
to have the  lowest TG and  the  h ighes t  PL  concent ra t ions .  
The CH of VLDL combined free and  esterified cholesterol. 

LDL pro te in  was s ign i f i can t ly  h igher  fol lowing E P  
t r e a t m e n t ,  compared  to base l ine  and  to SP. CH was the  
m o s t  a b u n d a n t  l ipid in  LDL. Af te r  the  E P  a nd  SP treat-  
m e n t  periods, the  p ropor t ion  of the  to ta l  LD L CH t h a t  
was esterif ied was s u b s t a n t i a l l y  less (approx. 20%) t h a n  
a t  base l ine  or af ter  the  o ther  t r ea tmen t s .  L D L  PL were 
p ropor t iona l ly  less a b u n d a n t  a t  the  end  of the  SP treat-  
ment .  The TG c o n t e n t  of E P  LDL tended  to be less t h a n  
for the  o ther  t r e a t m e n t  groups  or for baseline.  

The  mass  of HDL2 t h a t  was i sola ted  was very  small.  
A l t h o u g h  HDL2 is a b o u t  40% pro te in  by  mass ,  the pro- 
te in  concent ra t ions  of our HDL2 prepara t ions  were in the 
range  15-26 mg/dL. Vi r tua l ly  all of the  cholesterol  was 
esterified, and  the  cholesterol  c o n t e n t  of SP HDL2 was 
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significantly greater than for the SPTG HDL 2. This in- 
crease in HDL 2 CH was in conjunction with the signifi- 
cant decrease in TSC following the SP treatment. The PL 
content of HDL2 was significantly higher for the SP 
treatment compared to all other treatment conditions. TG 
content of HDL2 was not different among treatment 
groups. 

The compositions of the HDL 3 subfractions showed lit- 
tle response to any of these dietary lipids. The only signifi- 
cant change was the increased level of PL in response to 
the SP and SPTG treatments compared to baseline. 

The fatty acid compositions of the serum phospholipids 
for the various treatment groups and for baseline were 
similar. PL in baseline serum contained slightly more 
18:1m9 and slightly less 18:2n-6, 20:4n-6, and 22:6n-3. PL 
in serum after EP treatment contained significantly more 
20:5n-3 than after SP treatment. 

DISCUSSION 

Relative to the effect of SP on the cholesterol concentra- 
tion of whole serum, our data were consistent with the 
findings of Knuiman e t  al. (1). When these latter investi- 
gators examined the results of studies designed to test 
the effect of ingested soybean phospholipids on human 
cholesterolemia, they concluded that any hypocholes- 
terolemic response to phospholipids could be attributed 
to its content of linoleic acid, 18:2n-6. In contrast with 
the responses of hypercholesterolemic guinea pigs (5), in 
this study we found that treatment with the relatively 
saturated dietary phospholipids EP provided no indica- 
tion of improved blood lipid profile. TSC reflected the 
polyunsaturation of the lipid supplement. For this group 
of subjects, SP resulted in significantly lower average TSC 
than did EP. Treatment with SP did not significantly 
lower TSC, compared to SPTG, although the average 
tended to be lower. The only other significant effect of SP 
on total serum lipids was ca. 19% decrease in the concen- 
tration of PL compared to the effects of either SPTG or 
EP. The PL of hypercholesterolemic guinea pigs had the 
same qualitative response to SP compared to EP (5). Con- 
sistently, Beynen and Terpstra (19) showed a strong 
positive correlation between serum cholesterol and PL in 
humans, rabbits and calves. 

Although the usefulness of SP specifically as a hypo- 
cholesterolemic agent is doubtful, SP may be antiathero- 
genic. In our experiment using guinea pigs (5), we found 
that the cholesterol content of aorta decreased in animals 
fed the SP-containing diet. The intravenous administra- 
tion of PC has resulted in the regression of atherosclerosis 
in rabbits (20), in baboons (21) and in quail (22). In each 
case the regression of the disease state occurred despite 
continuation of the atherogenic diet. Free cholesterol is 
transferred from tissue to phosphatidylcholine-containing 
liposomes. I n  v i t r o  experiments have shown the process 
to be more efficient in the presence of apoproteins, espe- 
cially A-I and E. Even tissue cholesteryl esters appear to 
be mobilized by these apoproteins (23). 

An antiatherogenic effect of dietary phospholipid could 
result from therelationship between PL and HDL. HDL 
is inversely related to risk of CHD (2). Recently, a prospec- 
tive study using a large cohort of participants in the 
Physicians' Health Study demonstrated the power of 
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HDLC and HDL2 CH as predictors of myocardial infarc- 
tion (24). Phospholipids from chylomicrons (CM) (25,26), 
along with apoproteins and unesterified cholesterol (UC), 
are precursors of HDL (27). Although dietary phospho- 
lipids are hydrolyzed to lysophosphatidylcholine and fatty 
acids for absorption, reesterification recaptures much of 
the original structures before PL are incorporated into 
CM (28). 

In 1975 Miller and Miller (29) reported an increase in 
the body cholesterol pool with decreasing concentrations 
of plasma HDLC. The body cholesterol pool is strongly 
and positively associated with CHD. The mechanism 
which accounts for the antiatherogenicity of HDL is not 
clearly understood. However, the most widely accepted 
theory is "reverse cholesterol transport" which was pro- 
posed in 1968 by Glomset (30). Accordingly, HDL 3 ac- 
cepts UC from peripheral tissue as the initial step in the 
"reverse cholesterol transport" theory (31). This step may 
involve HDL receptors (32) but more likely it is diffusion- 
controlled (31), and not mediated by HDL 3 ceil-surface 
binding sites (33). HDL 3 is irreversibly converted to 
HDL2 when UC is esterified to CE by lecithin:cholesterol 
acyltransferase (LCAT), a component of HDL 3 which is 
activated by apoA-I. LCAT uses PC as the acyl source in 
producing the larger, less dense HDL2 particles (27). The 
transfer of HDL2 CE to the liver for catabolism probably 
utilizes several pathways, but VLDL appears to be the 
preferential acceptor of CE. VLDL apoproteins B~00 and 
E are able to interact with cell surface receptors for the 
transfer of CE into the cell (31). 

Another possible relationship between dietary phospho- 
lipids and HDL2 could involve cholesterol absorption. 
When Bell and Grundy (28) investigated the effect of in- 
fused PC on human plasma lipoproteins, they were sur- 
prised to find that PC blocked cholesterol absorption in 
the upper part of the small intestine. Other investigators 
have noted a relationship between cholesterol absorption 
and HDL metabolism. Shepherd e t  al. (34) reported an in- 
crease in the plasma HDLJHDL 3 ratio and an increase 
in apoA-I concentration in men treated with cholestyr- 
amine for four weeks. Childs e t  al. (35) observed consist- 
ent inverse relationships between consumption of certain 
shellfish (oysters and clams) which resulted in reduced 
cholesterol absorption and HDL2/HDL3 ratio. 

Our data suggest a relationship between dietary polyun- 
saturated phospholipids (SP) and HDL metabolism. 
Although treatment with SP and SPTG did not result in 
significantly different TSC, the cholesterol determined in 
the HDL2 fraction was significantly higher following SP 
treatment compared to treatment with SPTG. When we 
compared cholesteryl ester concentrations in HDL2 
isolated for all treatment groups, the CE for the SP group 
tended to be higher than for the other groups. Because 
of large standard deviations, however, these differences 
were not significant. A difficulty in determining these 
lipid concentrations, CH and CE, was that the CH con- 
centration combined UC and CE and was determined in 
the aqueous medium of the isolated fraction. CE and PL 
were determined in the lipid extract of an aliquot of serum 
or Lp fraction. The determination of CE was preceded by 
its separation from the UC by TLC. These additional steps 
could easily account for the large standard deviations. 
Since by far the majority of cholesterol in the HDL2 is 
esterified, the small differences between the CH and the 
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CE concen t ra t ions  were bur ied in these deviat ions,  
Table 2. 

Our  da t a  revealed no effect on HDL2 of E P  compared  
to  EPTG.  Apparent ly ,  the  f a t t y  acid composi t ion  of  the  
d ie ta ry  phosphol ip ids  was  i m p o r t a n t  for the  HDL2 re- 
sponse. E P  and  E P T G  are relat ively sa tu ra t ed  compared  
to  SP  and  S P T G  wi th  P/S rat ios  of 0.38 and  3.5, respec- 
tively. Die ta ry  sa tura ted  tr iglycerides appear  to suppress  
hepat ic  L D L  receptor  ac t iv i ty  compared  to d ie ta ry  poly- 
unsa tu ra t ed  fat  by  decreasing the number  of hepat ic  L D L  
receptors  (36,37). However, t h a t  would no t  explain the ,  
absence of an HDL2 response to the  E P  t rea tment .  Poly- 
u n s a t u r a t e d  PC m a y  favor cholesterol  esterification. 

The poss ibi l i ty  t h a t  d ie ta ry  sources of phosphol ip ids  
could induce increases in HDL2 is provided by  our  ex- 
per iments  wi th  men inges t ing  soybean  and egg  phospho-  
lipids. Fu r the r  s tudies  wi th  an appropr ia te  animal  model  
should  inves t igate  the regula t ion of H D L  metabo l i sm by  
d ie ta ry  phospholipids .  
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The molecular species composition of the major glycero- 
phospholipids from white matter of human brain were 
determined by high-performance liquid chromatography 
of the 3,5-dinitrobenzoyl derivatives of the corresponding 
diradylglycerols. In phosphatidylcholine (PC) and phos- 
phatidylserine (PS), molecular species containing only 
saturated fatty acids (SFA) and monounsaturated fatty 
acids (MUFA) comprised 85.7 and 82.4% of the respective 
totals, with 18:0/18:1 predominant in PS and 16:0/18:1 in 
PC. These molecular species were also abundant in 
phosphatidylethanolamine (PE), but in this phospholipid 
species containing polyunsaturated fatty acids {PUFA), 
largely 18:0/22:6n-3 and 18:0/20:4n-6, accounted for over 
half the total; 18:1/18:1 was also abundant in PE. In con- 
trast, 1-O-alk-l'-enyl-2-acyl sn-glycero-3-phosphoethanol- 
amine (GPE) had much more SFA- and MUFA-contain- 
ing species, predominantly 16:0a/18:1, 18:0a/18:1 and 
18:1aj18:1, with low amounts of species containing 20:4n4~ 
and 22:6n-3. In alkenylacyl GPE, 22:4n-6 was the major 
PUFA and 16:0a/22:4n-6 and 18:1aJ22:4n4~ the main PUFA- 
containing species. There was six times more 22:6n-3, 
twice as much 20:4n-6 and half the amount of 22:4n-6 in 
PE as compared to alkenylacyl GPE. 
Lipids 28, 13-17 (1993). 

Nervous tissue contains large amounts of phospholipid 
with a distinctive fatty acid composition. In mammalian 
brain, 1-O-alk-l"-enyl-2-acyl-sn-glycero-3-phosphoethanol- 
amine (plasmalogen) is especially abundant (1), and the 
glycerophospholipids overall have a fatty acid composi- 
tion with characteristically high contents of arachidonic, 
20:4n-6, docosatetraenoic, 22:4n-6 and docosahexaenoic, 
22:6n-3, acids (2). Arachidonate and docosahexaenoate are 
selectively incorporated into brain tissue during develop- 
ment, but in humans after the age of two years changes 
in polyunsaturated fatty acids (PUFA) levels are slight 
(3,4). The rapid changes in brain fatty acid composition 
in early development are associated with the formation 
of dendrites and axons by neurons and myelination by 
oligodendrocytes (5). Neural tissue from adult mammals 
shows considerable resistance to dietary regimes deficient 
in PUFA, and depletion of 22:6n-3 in brain can often only 
be achieved after two generations (6-9). Dietary studies 

*To whom correspondence should be addressed. 
Abbreviations: BHT, butylated hydroxytoluene; GLC, gas-liquid 
chromatography; GPE, sn-glycer~3-phosphoethanolamine; HPLC, 
high-performance liquid chromatography; HPTLC, high-performance 
thin-layer chromatography; MUFA, monounsaturated fatty acid; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phospha- 
tidylinositol; PS, phosphatidylserine; PUFA, polyunsaturated fatty 
acid; SFA, saturated fatty acid; TLC, thin-layer chromatography; 
UV, ultraviolet. Molecular species are abbreviated as follows: e.g., 
16:0/18:1 PE is 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol- 
amine; the corresponding alkenylacyl species, 1-O-hexadec-l'-enyl-2- 
oleoyl-sn-glycero-3-phosphoethanolamine is 16:0aJ18:l. 

in rhesus monkeys (6) and rats (9) showed that depletion 
of 22:6n-3 in retina and brain impaired the visual and 
cognitive abilities of the offspring. Replacement of 22:611-3 
with n-6 PUFA may produce alterations in the biophysical 
properties of photoreceptor and neuronal membranes 
which may cause these functional abnormalities. 

The fatty acid composition of individual brain glycero- 
phospholipids from many species, including humans (2,3), 
has been studied; however, molecular species have only 
been determined in a few cases (10-12). The only infor- 
mation available on phospholipid molecular species of 
human brain is the presence of phosphatidylcholine (PC) 
species containing very long-chain fatty acids (13). The 
fatty acid composition of brain tissue differs markedly 
depending on the area in the brain sampled, which reflects 
the type of cell present. White matter largely consists of 
myelin membranes and oligodendrocyte cell bodies while 
gray matter contains astrocytes (3). The phospholipids 
from gray matter contain much more PUFA, especially 
in phosphatidylethanolamine (PE) and phosphatidylserine 
(PS), than those from white matter which show a fatty 
acid composition typical of myelin (2,3). The aim of the 
present study was to define the molecular species com- 
position of the major glycerophospholipids in white mat- 
ter from adult human brain. 

MATERIALS AND METHODS 

Materials. Phospho•ipase C from Bacillus cereus was pur- 
chased from Boehringer Corporation (London, U.K.I. 
Butylated hydroxytoluene (BHT) was from Sigma Chemi- 
cal Co. (Poole, Dorset, U.K.). 3,5-Dinitrobenzoyl chloride 
was from Aldrich Chemical Co. (Gillingham, Dorset, U.K.) 
and was recrystallized from carbon tetrachloride before 
usa Standard lipids were obtained from Sigma and from 
Nu-Chek Prep (Elysian, MN), as detailed earlier (141. 
Merck thin-layer chromatography (TLC) and high-per- 
formance TLC (HPTLC) plates coated with silica gel 60, 
Analar glacial acetic acid, carbon tetrachloride, propan- 
2-ol and pyridine were purchased from BDH Ltd. (Poole, 
Dorset, U.K.I. All other solvents were from Rathburn 
Chemicals (Walkerburn, Peeblesshire, Scotland). Ultra- 
sphere ODS and Ultrasphere C8 HPLC columns (25 X0.46 
cm, 5 ~am particle size) were obtained from Altex/Beckman 
(Beckman Instruments U.K., High Wycombe, Bucks, 
U.K.). 

Tissue samples. Samples of normal brain white matter 
were obtained from The Multiple Sclerosis Society Brain 
Bank, Institute of Neurology, London, U.K. White mat- 
ter from the parietal ventricle was taken from three male 
patients, aged 53, 54 and 66 years, who had died from car- 
diac failure. All samples were collected and frozen at 
-70~  within 10-44 h after the death of the patient. The 
fatty acid composition of the phospholipid classes from 
these samples were published as part of a study compar- 
ing the lipid composition of white matter from multiple 
sclerosis and healthy brain (15). 
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Extraction and purification of lipids. All solvents 
apart from those used for TLC and HPLC (high-perform- 
ance liquid chromatography} contained 0.01% (wt/vol) 
BHT. Samples were stored at -20~ under nitrogen be- 
tween preparative procedures. 

Total lipid was extracted from 200-250 mg of each brain 
sample according to the method of Folch et al. {16}. 
Phospholipid classes were separated by TLC using methyl 
acetate/propan-2-ol/chloroform/methanol/0.25% aq.KCl 
(25:25:25:10:9, vol/vol/vol) as developing solvent (17}. The 
lipids were visualized under ultraviolet (UV) light after 
spraying with a solution of 0.1% (wt/vol) 2',7'-dichloro- 
fluorescein in methanol. Phospholipid bands were scraped 
from the plate and eluted with chloroform/methanol/water 
{5:5:1, vol/vol/vol). Solvent was removed by rotary evapora- 
tion under vacuum at 35~ Fatty acid methyl esters 
(FAME} of the phospholipids were prepared and analyzed 
using a Canberra Packard 436 gas chromatograph (Caver- 
sham, U.K.} equipped with either a CP Wax 52CB or CP 
Sil 5CB fused silica capillary column (both 50 m • 
0.34 mm i.d., Chrompack U.K. Ltd., London, U.K.} as 
described previously (15}. 

The fatty acid compositions of individual phospholipid 
classes from each tissue sample were very similar. The in- 
dividual classes from the three samples were therefore 
pooled prior to preparing derivatives for molecular species 
analysis. 

Preparation of 3,5-dinitrobenzoyl derivatives. Two-mg 
portions of PC and PE and 1-mg portions of PS were 
hydrolyzed with phospholipase C from B. cereus using a 
two-phase system of 1 mL diethyl ether and 1 mL 0.01M 
Tris-SO 4, pH 7.4, at room temperature for 5 h (18}. At the 
end of the incubations, 1,2-diradylglycerols were extracted 
and the diacyl and 1-alkenyl-2-acyl glycerols separated by 
TLC using hexane/diethyl ether/acetic acid (50:50:1, 
vol/vol/vol} (19}. Modern precoated TLC plates separate 
these sub-classes without resorting to borate impregnated 
silica. Diradylglycerols were then derivatized in dry 
pyridine with 3,5-dinitrobenzoyl chloride at 60~ for 45 
rain under nitrogen, extracted and washed as described 
by Takamura et al. (20}. The purity of the product was 
checked by HPTLC in hexane/diethyl ether/acetic acid 
(70:30:1, vol/vol/vol). 

Separation of molecular species. The 1,2-diradyl-3- 
dinitrobenzoyl-sn-glycerols were separated by HPLC at 
19-21~ on reverse phase columns using a Pye Unicam 
4010 pump (Pye Unicam, Cambridge, U.K.) and three 
isocratic solvent systems. An ODS column was used with 
methanol/propan-2-ol (95:5, vol/vol) at a flow rate of 
1.0 mL/min, and acetonitrile/propan-2-ol (80:20, voYvol) at 
a flow rate of 1.0 mL/min (20}; a C8 column was used with 
methanol/water/acetonitrile (93:5:2, vol/vol/vol) at a flow 
rate of 1.2 mL/min (19}. Peaks were detected at 254 nm 
with a Pye Unicam 4020 detector and quantified using 
a Shimadzu C-R3A recording integrator (Anachem, Luton, 
Bedfordshire, U.K.). 

Peaks were identified from plots of log10 (relative reten- 
tion time} vs. the effective carbon number at the C-1 posi- 
tion of glycerol (20,21) by adding a 16:0/16:0 standard or 
by using 16:0/22:6 as a reference peak. Peaks on chroma- 
tograms were also identified by reference to the fatty acid 
composition of the samples and to molecular species iden- 
tified in previous work (14,19}. The major alkenyl acyl spe- 
cies were identified from a sample of bovine brain PE by 

collecting peaks and identifying component FAME and 
dimethylacetals by gas-liquid chromatography (GLC) fol- 
lowing transesterification in 1% (vol/vol) sulfuric acid in 
methanol. Molecular species containing 20:2n-9, 20:3n-9, 
22:3n-9 and 24:4n-6 gave relative retention times in each 
of the three solvent systems that were consistent with the 
identifications shown, but insufficient material was avail- 
able to confirm these identifications directly by GLC analy- 
sis of individual molecular species. Each sample was chro- 
matographed three times in each solvent system and the 
standard deviation calculated. Where final peak areas were 
calculated by subtraction, the standard deviations of the 
contributing peaks were added to give the final error. 
Results are presented to one decimal place for clarity. 

RESULTS 

The three main diacyl glycerophospholipid classes in 
human brain showed very different molecular species pro 
files (Table 1). In PC, saturated fatty acid]monounsatu- 
rated fatty acid (SFA/MUFA} species comprised two- 
thirds of the total with 16:0/18:1 (45.5%} and 18:0/18:1 
(21.0%) being predominant. SFA/SFA and MUFA/MUFA 
species were also abundant with each category, making 
up almost 10% of PC; 16:0/16:0 and 18:1/18:1 were the 
main species in each category, respectively. Species con- 
taining PUFA were of minor importance Arachidonic acid 
was the most abundant PUFA with smaller amounts of 
18:2n-6, 22:6n-3, 22:4n-6 and 20:3n-6; 18:0/20:4n-6 was the 
only PUFA-containing species present at more than 1%. 

In contrast, PUFA-containing species were much more 
abundant in diacyl PE, and the SFA/PUFA class was the 
largest component with over 40% of the total, mainly 
18:0/22:6n-3 (19.3%} and 18:0/20:4n-6 (10.4%). The next 
most abundant species was 18:0/22:4n-6 (4.4%} with 
16:0/22:6n-3, 16:0/20:4n-6, 16:0/22:4n-6 and 18:0/20:3n-9 all 
present at over 1%. MUFA/PUFA species totaled 9.2%, 
with 18:1/20:4n-6 contributing over half of this total. 
MUFA/MUFA species comprised almost a quarter of the 
total, with 18:1/18:1 contributing most of it {18.8%). 
SFA/MUFA species comprised almost 20%, but in con- 
trast to PC, 18:0/18:1 {12.3%) was more abundant than 
16:0/18:1 (5.5%}. No SFA/SFA species were detected. PS 
was dominated by 18:0/18:1 which comprised 61.2% of the 
total molecular species. Another SFA/MUFA species, 
18:0/20:1, was the next most abundant (9.2%}, with 
18:1/18:1 being almost equally abundant (8.5%}. Only four 
other species contributed more than 1%, 18:0/22:6n-3, 
18:0/20:4n-6, 18:0/22:4n-6 and the unresolved pair 18:1/20:1 
+ 20:1/18:1. 

In plasmalogen PE, the 16:0, 18:1 and 18:0 alkenyl 
species were all of major importance, and 17:0 alkenyl 
species were minor components {Table 2). In decreasing 
order, 22:4n-6, 20:4n-6 and 22:6n-3 were the major PUFA, 
this being reflected in 16:0/22:4n-6, 18:1/22:4n-6 and 
18:1/20:4n-6 being the main PUFA-containing species. 
Molecular species containing 18:2n-6, 20:3n-9, 22:3n-9, 
20:2n-9 and 24:4n-6 were all found in small amounts. The 
MUFA/MUFA and SFA/MUFA classes both totaled about 
29% with 18:led18:l as the single most important species 
(22.9%}. Also abundant were 16:0a/18:1 and 18:0a]18:1, 
being the only other species present at greater than 10%. 
SFA/SFA species totaled 5.7%, most of which was 
16:0a]16:0. 

LIPIDS, Vol. 28, no. 1 (1993) 



MOLECULAR SPECIES OF HUMAN BRAIN PHOSPHOLIPIDS 

TABLE 1 

Molecular Species Composition of Phosphatidylchollne {PC), Phosphatidylethanolamine 
Phosphatidylserine (PS) from White Matter of Human Brain a 

(PE) and 

15 

Mole % 

Molecular species PC PE PS 

SFA/PUFA 16:0/22:6 0.3 + 0.1 2.9 -+ 0.1 trace 
16:0/20:4 0.9 • 0.1 1.1 • 0.0 -- 
16:0/22:4 trace 2.0 +. 0.2 trace 
16:0]18:2 0.4 • 0.2 0.5 +- 0.1 -- 
18:0/22:6 0.4 +. 0.1 19.3 • 0.2 3.4 +- 0.3 
18:0/20:4 1.9 • 0.0 10.4 +. 0.1 1.7 _+ 0.1 
18:0/22:4 trace 4.4 _+ 0.5 3.1 _+ 0.0 
18:0/18:2 0.3 • 0.0 0.5 • 0.3 -- 
18:0/20:3 0.4 • 0.0 1.1 • 0.0 0.6 +. 0.0 
18:0/20:2 -- - -  0.4 +_ 0.0 
Total 4.6 42.7 9.2 

MUFA/PUFA 18:1/22:6 trace 1.5 • 0.1 -- 
18:1]20:4 0.5 • 0.0 5.0 • 0.1 0.3 _+ 0.i 
18:1/22:4 trace 0.6 -+ 0.2 0.4 • 0.0 
18:1/18:2 0.3 • 0.0 0.4 + 0.2 - -  

20:1/22:6 -- 1.0 +-- 0.1 -- 
20:1/20:4 0.5 • 0.1 0.4 • 0.1 trace 
20:1/22:4 -- 0.3 --+ 0.1 0.3 +. 0.1 
Total 1.3 9.2 1.0 

SFA/SFA 16:0/16:0 7.4 +- 0.2 - -  - -  

16:0/18:0; 18:0/16:0 1 . 9  • 0.2 - -  - -  

Total 9.3 -- -- 

SFA/MUFA 16:0/18:1; 18:0/16:1 45.5 • 0.8 5.5 • 0.0 0.4 + 0.0 
18:0/18:1; 16:0/20:1 21.0 • 0.6 12.3 + 0.1 61.2 +. 2.8 
18:0/20:1 0.5 +. 0.2 2.0 +. 0.1 9.2 + 0.2 
Total 67.0 19.8 70.8 

MUFA/MUFA 16:1/18:1; 18:1/16:1 0.7 -4"- 0.1 0.5 +- 0.0 - -  

18:1/18:1; 16:1/20:1 6.9 • 0.1 18.8 +. 0.3 8.5 +-- 0.2 
18:1/20:1; 20:1/18:1 1.0 + 0.1 3.7 +-- 0.1 2.3 +_ 0.1 
20:1/20:1 0.1 • 0.0 0.4 _+ 0.0 0.7 _+ 0.1 
18:1/24:1; 24:1/18:1 0.3 • 0.1 - -  0.1 +. 0.0 
20:1/24:1; 24:1/20:1 0.4 • 0.1 - -  - -  

Total 9.4 23.4 11.6 

Unknowns 6.1 (7) 4.7 (6) 7.0 (7) 

aValues are means +. 1 SD of three determinations of a pooled sample from three individuals, rounded to 
the nearest decimal place. Saturated fatty acid/monounsaturated fatty acid (SFA/MUFA) molecular species 
may contain small amounts of the reverse isomer, but for convenience the SFA is shown at the C-1 position 
of the glycerol; --, not detected; trace, <0.1%. The following fatty acid isomers were identified by gas-liquid 
chromatography: 16:1, n-7 and n-9; 18:1, n-7 and n-9; 20:1, n-7 and n-9; 24:1n-9; 18:2n-6; 20:2n-9; 20:3, n-6 
and n-9; 20:4n-6; 22:4n-6; 22:6n-3 (ref. 15). PUFA, polyunsaturated fatty acid. 

DISCUSSION 

The glycerophospholipids from mature,  adul t  h u m a n  bra in  
whi te  m a t t e r  con ta in  more M U F A  and  less SFA and  
P U F A  t h a n  do gray m a t t e r  (2,3). I t  is therefore no t  sur- 
p r i s ing  t h a t  the  S F A / M U F A  and  M U F A / M U F A  cate- 
gories were ma jo r  c o m p o n e n t s  in  all three  diacyl  classes 
of phosphol ip id  from whi te  ma t t e r ;  there  was also 9% of 
SFA/SFA in PC. There was only 5.9% of PUFA-con ta in ing  
species in  PC and  10.2% in PS, the  l a t t e r  phosphol ip id  
class be ing  d o m i n a t e d  by  18:0/18:1 (61.2%). PC from ra t  
cerebel lum also con ta ined  low a m o u n t s  of PUFA-conta in-  
ing  molecular  species and  was d o m i n a t e d  by 16:0/16:0, 
16:0/18:1 and  18:0/18:1, which together  tota led 67.5% (11). 
Ear l ie r  s tud ies  on h u m a n  bra in  of different  ages showed 
abou t  twice as m u c h  P U F A  in PC from gray m a t t e r  t h a n  
in  PC from whi te  m a t t e r  (2,3). The  f a t t y  acids of myel in  

PC from ox b ra in  and  mouse  b ra in  also con ta ined  only  
1.0% a nd  3.3% PUFA,  respect ively  (22), while the  f a t ty  
acids of PC from the  cerebral  cor tex of rhesus  monkeys  
con ta ined  5.9% n-6 P U F A  and  5.1% n-3 P U F A  (23). These 
inves t iga tors  also found  low levels of P U F A  in PS (22,23). 
I n  cont ras t ,  PC from fish b ra in  con ta ins  m u c h  larger 
a m o u n t s  of 22:6n-3, and  16:0/22:6n-3 was a major  
molecular  species of b ra in  PC from t rou t  and  cod (14,24}. 
However, 16:0/18:1 a nd  18:0/18:1 were also a b u n d a n t ,  
whereas 18:1/24:1 + 24:1/18:1 comprised about  10% of fish 
b r a i n  PC (14,24). To our  knowledge the  l a t t e r  molecular  
species has  no t  been  found  in o ther  animals .  Bra in  PC, 
therefore, is m u c h  more s a t u r a t e d  t h a n  PC from other  
t issues in terrestr ial  m a m m a l s  or in fish. These differences 
in  compos i t ion  be tween  an ima l  species are even more 
marked  in  PS where 18:0/22:6n-3, 18:1/22:6n-3 and  
22:6n-3/22:6n-3 are all a b u n d a n t  in bra ins  of t rou t  and  cod 
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TABLE 2 

Molecular Species of 1-O-alk-l'-enyl-2-acyl GPE from White Matter of Human Brain a 

SFA/PUFA + MUFA/PUFA 

SFA/SFA 

SFA/MUFA 

MUFA/MUFA 

Molecular species Mole % 

16:0a]22:6 0.8 • 0.1 
18:1a]22:6 0.6 + 0.0 
16:0a120:4 1.0 • 0.0 
18:1ed20:4 4.6 • 0.1 
16:0eg22:4 7.6 • 0.4 
18:1eg22:4 6.8 • 0.2 
16:0a]18:2 + 18:1a]18:2 0.9 • 0.1 
16:0a/20:3 + 18:1a/20:3 0.9 • 0.7 
16:0a122:3 + 18:1a]22:3 2.5 • 0.1 
16:0a]20:2 + 18:1a120:2 1.6 • 0.2 
16:0a]24:4 + 18:1a124:4 2.2 • 0.3 
18:0a/22:6 2.3 • 0.1 
18:0a120:4 2.4 • 0.1 
18:0a/22:4 2.1 + 0.2 
18:0ed20:3 0.4 • 0.1 
Total 36.7 

16:0a]16:0 3.9 • 0.1 
17:0aJ16:0 0.5 • 0.1 
17:0a/18:0 0.4 + 0.0 
16:08118:0 + 18:0a]16:0 0.7 • 0.1 
18:0a]18:0 0.2 • 0.1 
Total 5.7 

16:0ed18:l + 18:1a]16:0 15.5 • 1.5 
t7:0a/18:1 1.0 +_ 0.1 
17:0ed20:1 0.3 • 0.0 
18:0a]18:1; 16:0a]20:1 10.6 • 1.7 
18:0a]20:1; 16-0a]22:1 1.7 • 0.1 
18:0a]22:1 0.1 • 0.0 
Total 28.4 

18:1eg18:1 22.9 + 1.1 
18:1a120:1 5.5 + 0.1 
18:1a122:1 0.7 • 0.1 
Total 29.1 

aValues are means • 1 SD of three determinations of a pooled sample from three in- 
dividuals, rounded to the nearest decimal place. The following fatty acid and dimethyl 
acetal isomers were found by gas-liquid chromatography: 18:1, n-7 and n-9; 18:la, n-7 
and n-9; 20:1, n-7 and n-9; 22:1n-9; 18:2n-6; 20:2n-9; 20:3, n-6 and n-9; 20:4n-6; 22:3n-9; 
22:4n-6; 22:6n-3; 24:4n-6 (ref. 15). It was not possible to separate 16:0 alkenyl and 18:1 
alkenyl pairs containing 18:2, 20:2, 20:3, 22:3 and 24:4 because of the presence of 17:0 
alkenyl species. SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid; MUFA, 
monounsaturated fatty acid. 

(14,24). Interestingly, Connor e t  aL (23) found PS (and PE) 
of brain of rhesus monkeys to be much more amenable to 
dietary perturbations than PC. 

In the present s tudy  both PE and alkenylacyl sn-  
glycero-3-phosphoethanolamine (GPE) were much more 
unsaturated than were PC and PS, confirming earlier 
studies (2,3), but  the PUFA compositions of the two 
subclasses of ethanolamine glycerophospholipid were 
markedly different. In the human brain PE samples 
analyzed here, 18:0/22:6n-3 and 18:0/20:4n-6 were major 
species, but  there was a higher proportion of 18:1/18:1 and 
18:0/18:1 and lower proportions of PUFA-containing 
species than in either ox or rat (10,11). In PE from bovine 
brain 18:0/22:4n-6 was also important  and in rat brain 
16:0/22:6n-3 comprised over 10% of the total (10,11). In 
t rout  and cod brain PE, di22:6n-3, 16:0/22:6n-3, 
18:1/22:6n-3 and 18:0/22:6n-3 were the four main species, 
totaling 58-61% (14,24). 

In the brains analyzed here, alkenylacyl GPE was more 
saturated than PE with PUFA-containing molecular 
species totaling 36.7% in the former vs.  51.9% in the lat- 
ter; 18:1a]18:1, 16:0a]18:1 and 18:0a]18:1 were all major 
components of alkenylacyl PE. An early s tudy of ox and 
mouse brain myelin had shown the preponderance of 
22:4n-6 in PE relative to other glycerophospholipids {22), 
and in a later s tudy the molecular species of PE subclasses 
in bovine brain showed a concentration of 22:4n-6 contain- 
ing species in the alkenylacyl fraction (10), i.e., the same 
as found here in humans. In juvenile rhesus monkeys a 
diet supplemented with safflower oil caused large in- 
creases in 22:4n-6 and 22:5n-6 in total PE at the expense 
of 22:6n-3 (23). An early s tudy by O'Brien and Sampson 
(3) found more 22:5n-6 than 22:6n-3 in human brain white 
mat ter  and myelin, with very small amounts  of 22:4n-6. 
However, subsequent studies in a wide range of animal 
species found 22:4n-6 to be the major C2~ n-6 PUFA with 
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little, if any, 22:5n-6 (2,4,5,6,15,22); it seems probable tha t  
22:5n-6 was misidentified in the original work. I t  is possi- 
ble tha t  22:4n-6 is a poor subs t ra te  for the A4 desaturase, 
or tha t  22:5n-6 is no be t te r  than 22:4n-6 or 22:6n-3 in 
fulfilling the role of these PUFA in brain cells. Alkenylacyl 
G P E  also contained a number  of minor PUFA, including 
20:2n-9, 20:3n-9, 22:3n-9 and 24:4n-6. Some of these 
16:0aJPUFA + 18:ledPUFA pairs could not be resolved. 
There is, therefore" a marked concentrat ion of n-6 PUFA 
in alkenylacyl GPE relative to PE, and the converse is true 
for 22:6n-3. The significance of this difference is not  yet  
understood. 

The presence of n-9 PUFA, albeit in small amounts ,  is 
intr iguing since these fa t ty  acids are usually taken to in- 
dicate essential  fa t ty  acid deficiency. Small  amounts  of 
20:3n-9 were also reported in bovine brain (10,22). Neural 
f a t ty  acid composit ion responds to changes in dietary fat  
in experimental  animals  even after the rapid accumula- 
tion of f a t ty  acids dur ing growth has ceased (23,25), and 
it is possible tha t  there are differences in brain fa t ty  acid 
composit ion in humans  depending on dietary history. 
D i e t a r y  t h e r a p y  to a l l ev i a t e  the  s y m p t o m s  of 
adrenoleukodystrophy is known to cause changes in brain 
fa t ty  acid composi ton (26). 
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1-O-AIk-1 :enyl-2-acyl-glycerophosphoethanolamine Content 
and Molecular Species Composition in Fish Brain 
M.V. Bell* and J.R. Dick 
NERC Unit of Aquatic Biochemistry, School of Natural Sciences, University of Stirling, Stifling FK9 4LA, Scotland 

Ethanolamine glycerophospholipids from the brain~ of 
both trout and cod comprised 36-38% of 1-(~alk-l:enyl-2- 
acyl-glycerophosphoethanolamine (GPE) determined using 
two methods. In 1-(~alk-l'-enyl-2-acyl-GPE from trout 
brain, the main molecular species were 18:1a/18:1, 18.~aJ18:1 
and 16:0a/18:1, which totalled 63.3%, while polyunsaturated 
fatty acid (PUFA) containing species totalled only 18.2%. 
1-O~Alk-lienyl-2-acyl-GPE from cod brain was much more 
unsaturated with PUFA containing species totalling 
52.6%, of which 18:0a/2(~.5n~, 18:1a/20:5n<~ and 18:la/22:6n~3 
were predominant. In cod 18:1a/18:1, 18:0a/18:1 and 
16:0a/18:1 were the only other species present at over 5% 
each, totalling 31.8%. In both cod and trout, small amounts 
of species containing 22:4n4} were found. The results of this 
and earlier studies indicate that there is considerable 
specificity of composition at the level of molecular species 
between different lipid classes and subclasses. 
Lipids 28, 19-22 (1993). 

Molecular species determinations of glycerophospholipids 
have revealed the full complexity of the lipid constituents 
of the biomembrane at the molecular level However, most 
analyses have been of the diacyl classes of the major gly- 
cerophospholipids, phosphatidylcholine (PC) and phospha- 
tidylethanolamine (PE). Data for ethanolamine plasmal~ 
gens are more limited but have been obtained for bovine 
brain (1), rat brain (2) and monkey brain (3). Changes in 
molecular species composition during brain development (2) 
and the influence of diet on the lipid composition of brain 
(3) have also been investigatecL Complete molecular species 
analyses of 1-O-alk-l'~nyl-2-acyl-glycerophospboethanol- 
amine (GPE) have been published for platelets (4), red blood 
cells (5) and umbilical vein and artery cells (6) from humans, 
neutrophils (7) and red blood cells (8) from rat~ and macr~ 
phages from mice (9). 

The 1-O-alk-l'-enyl-2-acyl-GPE fraction of ethanolamine 
glycerophospholipids (EGP) is a major component of mam- 
malian brain (10). As part of a study investigating the role 
of polyunsaturated fatty acids (PUFA) in neural tissue, the 
subclass composition of EGP was determined in the brains 
of a freshwater fish, rainbow trout (Salmo gairdneri) and a 
marine fish, cod (Gadus morhua). The molecular species 
composition of the 1-O-alk-l'-enyl-2-acyl-GPE fractions were 
then analyzed. Previous studies had determined the molec- 

*To whom correspondence should be addressed. 
Abbreviations: BHT, butylated hydroxytoluene; EGP, ethanolamine 
glycerophospholipids; GLC, ga~liquid chromatography; G PE, glycerc~ 
3-phosphoethanolamine; HPLC, high-performance liquid chromatog- 
raphy; HPTLC, high-performance thin-layer chromatography; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phospha- 
tidylinositol; PUFA, polyunsaturated fatty acid; TLC, thin-layer 
chromatography; UV, ultraviolet. Molecular species of 1-O-alk-l'-enyl- 
2-acyl-GPE are abbreviated as follows: e.g., 16:0a]18:1 GPE is 1-O- 
hexadec-l'-enyl-2-oleoyl-sn-glycero-3-phosphoethanolamine. The cor- 
responding diacyl species, 1-palmitoyl-2~leoyl-sn-glycero-3-phosphc~ 
ethanolamine, is abbreviated as 16:0/18:1. 

ular species composition of the diacyl classes of glycero- 
phospholipids from the brains of these fish (11-13). 

MATERIALS AND METHODS 

Materials. Rainbow trout (400-600 g weight), obtained 
from a commercial fish farm, were maintained in a fresh- 
water aquarium at 4-6~ on a standard diet (Ewos Ltd., 
Westfield, West Lothian, Scotland). Cod (300-600 g 
weight) were obtained from the Marine Station, Millport 
(Firth of Clyde, Scotland), maintained in a seawater aquar- 
ium at 10-14~ on a diet of chopped squid and used 
within two weeks of capture Fish were killed by decapita- 
tion; the brains were removed and used immediately. 

Phospholipase C from Bacillus cereus was obtained 
from Boehringer Corporation (London) Ltd. (Lewes, East  
Sussex, England). Butylated hydroxytoluene (BHT) was 
from Sigma Chemical Co. (Poole, Dorset, England). 3,5- 
Dinitrobenzoylchloride was from Aldrich Chemical Co. 
(Gillinghan~ Dorset, England) and was recryst011ized from 
carbon tetrachloride before use  Standard lipids were ob- 
tained from Sigma and from Nu-Chek Prep (Elysian, MN), 
as detailed previously (11). Analar grade glacial acetic, ca~ 
bon tetrachloride, propan-2-ol and pyridine were purchased 
from BDH Ltd. (Poole, Dorset, England). All other sol- 
vents of high-performance liquid chromatography (HPLC) 
grade were from Rathburn Chemicals (Walkerburn, 
Peeblesshire, Scotland). Thin-layer chromatography (TLC) 
and high-performance thin-layer chromatography 
(HPTLC) plates coated with silica gel 60 (Merck, Darm- 
stadt, Germany) were also from BDH Ltd. 

Ultrasphere ODS and Ultrasphere octyl HPLC columns 
(25 X 0.46 cm, 5 t~m particle size) were obtained from 
Altex/Beckman (Beckman Instruments U.K. Ltd., High 
Wycombe, Bucks, England). 

Extraction and purification of lipids. All solvents, apart 
from those used for TLC and HPLC, contained 0.01% 
(wt/vol) BHT Samples were stored at - 20~  under 
nitrogen between preparative procedures. 

The brains were removed from 10 trout and 20 cod, the 
meninges separated and the remaining tissue homogen- 
ized in 30 mL of chloroform]methanol (2:1, vol/vol) using 
a polytron tissue disrupter. Total lipid was extracted essen- 
tially by the method of Folch et al. (14). Phospholipids 
were separated by TLC using methyl acetateJpropan-2- 
ol]chloroform]methanol/0.25% (wt/vol) aq. KC1 (25:25:25: 
10:9, by vol) (15) and fractions were made visible under 
ultraviolet (UV) fight after spraying with 0.1% (wt/vol) 
2',7'-dichlorofluorescein in methanol containing 0.01% 
(wt/vol) BHT. Ethanolamine glycerophospholipids were 
eluted from the silica gel with three 40-mL washes of 
chloroform]methanol/water (5:5:1, vol/vol/vol), and the ex- 
tract was rotary evaporated under vacuum at 35~ and 
dried under a stream of nitrogen. 2',7'-Dichlorofluorescein 
was removed from lipid extracts by washing with a solu- 
tion of 2% (wt/vol) KHCOa. 

Fatty acid methyl esters were prepared by esterification 
in 2 mL of 1% (vol]vol) H2SO4 in methanol at 50~ under 
nitrogen for 16 h and chromatographed on a Packard 436 
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GLC fitted with a CP Wax 52CB fused-silica capillary col- 
umn (50 m • 0.32 mm internal diameter) (Chrompack 
U.K. Ltd., London, England} using hydrogen as carrier gas 
(16). 

Quantitation of alkenylacyl-GPE: Method 1. 1-O-Alk- 
l'-enyl-2-acyl-GPE was analyzed using a modification of 
the method by Touchstone et al. (17) which involves hy- 
drolyzing the 1-O-alk-l'-enyl moiety with dilute acid on the 
origin of an HPTLC plate, separation of the 2-1yso-GPE 
and diacyl-GPE by chromatography, followed by detection 
using a phosphate stain and quantitation by densitomet- 
ry. Eight ~g of EGP was streaked on a 5 mm origin on 
an HPTLC plate, and before the solvent had completely 
evaporated 2.5 ~L of 2.5% (wt/vol) trichloroacetic acid in 
1 M HC1 was applied over this, fofiowed by a further 2.5 
t~L 10 min later. The HPTLC plate was air dried then de- 
siccated for 4 h in vacuo. The plate was developed twice 
to 1 cm with methyl acetateJpropan-2-ol/chloroform]meth- 
anol]0.25% (wt/vol) aq. KC1 {25:25:25:10:9, by vol), air dried 
and then fully developed in this solvent. The plate was 
dried, lightly sprayed with a phosphate detection reagent 
(18) and peaks were quantitated by densitometry at 650 
nm IShimadzu CS9000 flying spot densitometer, V.A. 
Howe Ltd., Banbury, Oxon, England}. This method gave 
a linear response up to 10 ~g/component. 

Method 2. The 3,5-dinitrobenzoyl derivatives of the total 
EGP fraction were separated into diradyl classes by 
HPTLC using hexane]diethyl ether (7:3, vol/vol) as de- 
veloping solvent. Peaks were quantitated by densitometry 
at 254 nm. This method also gave a linear response up 
to at least 10 t~g/component. 

Preparation of 3,5-dinitrobenzoyl derivatives. Four-mg 
portions of total EGP were hydrolyzed with 200 units of 
phospholipase C using a tw~phase system of 1 mL diethyl 
ether and 1 mL 0.1 M sodium borate buffer, pH 7.5, at 
room temperature for 3 h under nitrogen {19}. At the end 
of the incubations, the 1,2-diradylglycerols were extracted 
and the 1-O-alk-l'-enyl-2-acyl fraction purified by TLC in 
hexane/diethyl ether/acetic acid (50:50:1, vol/vol/vol). 
Amounts of phospholipid remaining after phospholipase 
digestion were less than 2% of the starting material. 1-O- 
Alk-l'-enyl-2-acyl-glycerols were derivatized in dry 
pyridine with 3,5-dinitrobenzoyl chloride at 60~ for 45 
min under nitrogen, extracted and washed as described 
by Takamura et al. {20}. The purity of the product was 
checked by HPTLC in hexane/diethyl ether/acetic acid 
(70:30:1, vol/vol/vol). 

Separation of molecular species. The 1-O-alk-l'-enyl-2- 
acyl-3-dinitrobenzoyl-sn-glycerols were separated by 
HPLC at 19-21~ on reverse phase columns using a Pye 
Unicam {Cambridge, England} 4010 pump and three 
isocratic solvent systems as described previously {21}. An 
ODS column was used with methanol/propan-2-ol (95:5, 
vol/vol) at a flow rate of 1.0 mL/min and acetonitrile]pro- 
pan-2-ol (80:20, vol/vol) at a flow rate of 1.0 mL/min; an 
octyl column was used with methanol/acetonitrilelwater 
{93:5:2, vol]vol/vol) at a flow rate 1.2 of mL/min. Peaks were 
detected at 254 nm with a Pye Unicam 4020 detector and 
quantified uing a ShimadZu C-R6A recording integrator 
{Anachem, Luton, England}. 

Peaks were identified from plots of log10 {relative reten- 
tion time. RRT) vs. the effective carbon number on the 
sn-1 position of the glycerol as described by Patton et al. 
(22) using 16:0/22:6 diacyl and 16:0/16:0 diacyl as reference 

peaks. The effective carbon numbers of the alkenyl 
moieties on these plots were found by chromatography of 
the 3,5-dinitrobenzoyl derivatives of bovine brain ethanol- 
amine plasmalogen and by identifying the peaks by gas- 
liquid chromatography (GLC) of the dimethylacetals and 
fatty acid methyl esters. Each of the samples was chro- 
matographed three times in each of the solvent systems 
and the standard deviations calculated. Where final peak 
areas were calculated by subtraction, the standard devia- 
tions of the contributing peaks were added to give the 
final error. 

RESULTS AND DISCUSSION 

Methods used to quantitate the subclass composition of 
EGP must depend on detecting a constituent which is 
common to each subclass such as the phosphate group. 
Alternatively they rely on modifying or replacing the head 
group with one which can easily be detected. Charring and 
densitometry of diradyl glycerols or their derivatives 
following HPTLC separations cannot be used since the 
subclasses of EGP have variable unsaturation which has 
a profound effect on staining and consequently quantita- 
tion; diacyl-GPE from fish brain contains large amounts 
of 22:6n-3 (11,13}. The presence of dimethylacetals in GLC 
analyses of fatty acid methyl esters is only an indication 
of PE plasmalogen since the production of dimethyl- 
acetals is rarely quantitative (23). 

The first method used in this study to quantitate the 
1-O-alk-1%nyl-2-acyl-GPE fraction from fish brain is a sim- 
ple and quick procedure in which as little as 5 t~g of 
material can be used if diacyl-GPE and 1-O-alk-l'-enyl- 
2-acyl-GPE are present in roughly similar amounts. 
However, none of the TLC solvents available for separ- 
ating polar lipid classes can resolve EGP sub-classes and 
thus 1-O-alkyl-2-acyl-GPE cannot be separated from 
diacyl-GPE. The phosphate stain leaves a slightly blot- 
chy background on the HPTLC plate which probably ac- 
counts for much of the error in quantitating the fractions. 

The second method which was used to verify the validi- 
ty of the approach described above utilizes the UV ab- 
sorbing properties of the dinitrobenzoyl group to give 
quantitation independent of acyl unsaturation at the 
wavelength used. The preparation of dinitrobenzoyl de- 
rivatives is relatively time-consuming and also requires 
more material, but has the advantage that the diacyl and 
1-O-alkyl-2-acyl subclasses can be resolved. 

The two procedures outlined above gave identical results 
for the content of 1-O-alk-l'oenyl-2-aeyl-GPE within the ex- 
perimentai error of the methods {Table 1). The values ob- 
tained for the two species were similar {Table 1) but sub- 
stantially lower than the values reported for mammalian 
brain which typically contains over 50% of PE as plas- 
malogen (10). However, the different methodologies em- 
ployed in many earlier studies may mean that  such com- 
parisons are not entirely valid. In addition, Method 2 
shows 2-3% of 1-O-alkyl-2-acyl-GPE was present in the 
EGP fraction from both species {Table 1), slightly lower 
than the proportion found in mammalian brain {10). 

The alkenyl moieties in 1-O-alk-l'-enyl-2-acyl-GPE from 
the brains of trout and cod were predominantly 16:0a, 
18:0a and 18:la with very small amounts of 17:0a present 
in trout and slightly more in cod (Table 2). The molecular 
species compositions showed some large differences be- 
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TABLE 1 

Diradyl Class Composition of Ethanolamine Glyeerophospholipids 
from the Brain of Trout and Cod 

Trout (mole %) Cod (mole %) 
Method 1 a Method 2 b Method 1 a Method 2 b 

1,2-Diacyl-GPE 63.9 +_ 5.5 59.3 +_ 0.9 61.4 +_ 3.5 60.0 +_- 1.2 
1-O-Alk-l'-enyl-2- 
acyl-GPE 36.1 ___ 5.5 38.5 __- 1.1 38.6 +-- 3.5 37.2 + 1.1 

1-O-Alkyl-2-acyl-GPE _c  2.1 ___ 0.7 c 2.8 +_ 0.3 

al-O-Alk-l'-enyl-2-acyl-GPE was hydrolyzed with dilute acid on the origin of an high- 
performance thin-layer chromatography (HPTLC) plate, 2-1yso-glycero-3-phosphoethen~ 
lamine (GPE) was separated from phosphatidylethanolAmine + 1-O-alkyl-2-acyl-GPE, 
the spots visualized with a phosphate stain and quantitated by densitometry as de- 
tailed in Materials and Methods. 

b3,5-Dinitrobenzoyl derivatives of the total ethanolamine glycerophospholipids fraction 
were separated into classes by HPTLC and quantitated by densitometry as detailed 
in Materials and Methods. 

Cl,2-Diacyl-GPF. includes 1-O-alkyl-2-acyl-GPE since Method 1 cannot separate these 
subclasses. 
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tween the two species of fish (Table 2) with tha t  from cod 
brain being much more unsaturated.  The saturated 
alkenyl/PUFA and monounsa tu ra ted  alkenyl/PUFA 
subclasses were 18.2% and 16.2% more abundant,  respec- 
tively, in cod than in t rout  with 18:0a]20:5n-3, 18:1a]20: 
5n-3 and 18:la/22:6n-3 all present at over 5% in cod (Table 
2). In contrast ,  molecular species containing only 
saturated or monounsaturated moieties comprised 75.8% 
in t rout  compared with 43.8% in cod (Table 2); 18:1a]18:1, 
16:0a]18:1 and 18:0a/18:1 were the most abundant molecu- 
lar species in both t rout  and cod. 

In tissues from terrestrial  animals the 1-O-alk-l'- 
enyl-2-acyl subclass of E G P  is usually more polyunsat- 
urated than the diacyl subclass e.g.,  in mouse macro- 
phage (9), rat  neutrophil (7), rat  erythrocyte  (8), rat 
cerebellum (2), ox and mouse brain myelin (24), con- 
t ra ry  to the case in fish brain, especially with respect to 
trout.  The composition of 1-O-alk-l'-enyl-2-acyl-GPE is 
very different from that  of PE in both trout  and cod brain, 
where PE was very unsaturated,  containing about  14% 
of di22:6n-3, and only 16-20% of molecular species com- 
prised only saturated and monounsatura ted moieties 
(11,13). In PE from fish brain, 22:6n-3 is by far the ma- 
jor PUFA, yet  in 1-O-alk-l'-enyl-2-acyl-GPE from trout  
brain 22:6n-3, 20:4n-6, 22:5n-3 and 22:4n-6 are all of simi- 
lar low abundance In 1-O-alk-l'enyl-2-acyl-GPE from cod 
brain, 20:5n-3 is the major PUFA with 18:0a/20:5n-3 
(10.8%) and 18:la]20:5n-3 (7.9%) being the two most  im- 
portant  PUFA containing species (Table 2). Therefore, cod 
brain 1-O-alk-l'-enyl-2-acyl-GPE is similar to phos- 
phatidylinositol (PI) from both  t rout  and cod brains in 
tha t  it is dominated by 18:0/20:5n-3 species (11,12). This 
selectivity may indicate a special role for 20:5n-3 in fish 
brain. 

The presence of small amounts of molecular species con- 
taining 22:4n-6 in 1-O-alk-l'-enyl-2-acyl-GPE from both  
trout  and cod brain is unexpected since this fa t ty  acid was 
not  found in any diacyl glycerophospholipid class in brain 
from either species (11-13). However, several studies in 
other organisms have found 22:4n-6 to be more abundant  
in the 1-O-alk-l'-enyl-2-acyl subclass of E G P  than in diacyl- 
GPE,  ag., in rat  testes (25), rat  brain (2,26), synaptosomal 
and myelin fractions from mouse brain (24), myelin from 

ox brain (27), and brain from monkeys (3) and humans (28). 
Sometimes the difference is an order of magnitude, e.g., 

in rat  erythrocyte  (8) and mouse macrophage (9). This 
marked selectivity suggests that  22:4n-6 when paired with 
a 1-O-alk-l'-enyl group must  be particularly suited for a 
specific role in membrane structure. 

1-O-Alk-l'enyl-2-acyl-GPE from both  t rout  and cod 
brains has about  three times more n-6 PUFA and 2.5 to 
7 times less n-3 PUFA than the corresponding diacyl-GPE 
fraction (11,13). Consequently, the n-3/n-6 ratios of the 
diacyl- and 1-O-alk-l'-enyl-2-acyl-GPE subclasses are very 
different; 52.8 vs .  2.6 and 26.9 v s .  4.4 in t rout  and cod, 
respectively. I t  is well known tha t  the high n-3/n-6 ratio 
found in fish lipids is a reflection of a high dietary input 
of n-3 PUFA, but  it is clear from this s tudy tha t  1-O- 
alk-l'-enyl-2-acyl-GPE is markedly depleted of n-3 PUFA 
and enriched in n-6 PUFA relative to diacyl-GPE; the 
selectivity for 22:4n-6 in 1-O-alk-l'-enyl-2-acyl-GPE is par- 
t icularly impressive. 

In a s tudy of glycerophospholipid molecular speciation 
in human brain, which contains much more n-6 PUFA and 
less n-3 PUFA, the n-3/n-6 ratios of diacyl-GPE and 1-O- 
alk-l'-enyl-2-acyl-GPE were 0.96 and 0.13, respectively 
(28). However in brain from monkeys fed a control (soy 
oil) diet, the PUFA compositions of both E G P  subclasses 
were similar and the n-3/n-6 ratios close to uni ty  (3). In 
monkeys the PUFA composition of both E G P  subclasses 
was easily per turbed by dietary manipulation; thus when 
monkeys were fed diets containing safflower oil or fish oil, 
the n-3/n-6 ratios of both subclasses changed by similar 
amounts  to 0.12 and 2.4-3.1, respectively (3). 

The compositional plasticity in response to dietary in- 
pu t  can also be observed in blood cells from humans. 
The major molecular species of 1-O-alk-l'enyl-2-acyl-GPE 
in human platelets are 18:0a/20:4n-6, 16:0a]20:4n-6 and 
18:led20:4n-6 (4), but  when subjects were fed a diet en- 
riched in eicosapentaenoic acid, the 1-O-alk-l'-enyl-2-acyl 
subclass of E G P  was found to be most  enriched in this 
fa t ty  acid and accounted for the largest reservoir of EPA 
in platelets (29). Some studies have also shown 1-O-alk- 
l '-enyl-2-acyl-GPE to be metabolically more active than 
other  glycerophospholipids. In human platelets stimu- 
lated with thrombin and collagen, arachidonic acid-con- 
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TABLE 2 

Molecular Species Composition of 1-O-Alk-l'-enyl-2-acyl-GPE 
from the Brain of Trout and Cod a 

Trout (mole %) Cod (mole %) 

16:0a]20:5 0.5 +- 0.0 2.4 _ 0.1 
16:0a/22:6 1.7 +-- 0.5 1.7 __ 0.1 
16:0aj20:4 1.2 - 0.2 0.8 +_ 0.1 
16:0a/22:5 --  0.9 +_ 0.2 
16:0aj22:5 + 18:1a/20:4 2.9 +- 0.3 -- 
16:0aj22:4 + 18:1a/22:4 1.0 - 0.4 3.0 +- 0.4 
17:0a]22:6 _ b  2.0 +_ 0.4 
18:0aj20:5 2.3 -- 0.5 10.8 +__ 0.9 
18:0a]22:6 2.0 - 0.3 4.2 _+ 0.2 
18:0aj20:4 1.7 +- 0.2 2.8 +_ 0.2 
18:0aj22:5 1.0 -- 0.3 2.7 +_ 0.3 
18:0aj22:4 -- 0.4 +_ 0.1 
18:0a/18:2 trace c -- 
Total 13.3 31.5 

18:1a]20:5 1.7 - 0.2 7.9 _ 0.2 
18:1aj22:6 2.2 +- 0.4 6.8 +- 0.2 
18:1aj20:4 -- 2.8 +_ 0.1 
18:1ed22:5 1.0 +- 0.1 3.6 +- 0.9 
Total 4.9 21.1 

16:0a]16:1 1.1 +- 0.1 - -  
16:0a/18:1 -t- 18:1a]16:0 13.3 -- 0.9 9.4 +_ 0.5 
17:0aJ16:l -- trace 
17:0aj18:1 0.9 +-- 0.2 1.5 +_ 0.3 
17:0a120:1 trace 0.2 +_ 0.1 
18:0a/16:1 0.3 +-- 0.1 0.5 -- 0.1 
18:0a118:1 -t- 16:0a]20:1 21.4 +_ 0.7 7.6 __ 0.2 
18:0aJ20:l 0.4 -- 0.1 0.8 ---- 0.1 
Total 37.4 20.0 

16:0a/14:0 0.4 +-- 0.3 -- 
16:0aJ16:0 1.7 +- 0.3 trace 
16:0a]18:0 + 18:0a/16:0 0.4 +-- 0.2 0.4 • 0.I  
17:0a]16:0 0.7 -- 0 . i  1.1 -4- 0.1 
17:0aj18:0 -- trace 
18:0a/18:0 0.7 +-- 0.1 0.5 ---- 0.1 
Total 3.9 2.0 

18:1a/16:1 3.1 --4--- 0.7 --  
18:led16:l + 16:0aJ16:l -- 5.1 +--- 0.2 
18:1a]18:1 28.6 +-- 1.5 14.8 __ 0.5 
18:laJ20:l 2.8 +-- 0.1 1.9 _ 0.1 
Total 34.5 21.8 

Unknowns 5.1 (5) 4.5 (6) 

aThe following fatty acid and dimethylacetal isomers were identified 
by gas-liquid chromatography: 16:1, n-7 and n-9; 18:1, n-7 and n-9; 
18:la, n-7 and n-9; 20:1, n-7 and n-9; 18:2n-6; 20:4n-6; 20:5n-3; 
22:4n-6; 22:5n-3; 22:6n-3. In 1-O-alk-l'enyl-2-acyl-glycer~,3-phosph~ 
ethanolamine (GPE) from both trout and cod it was not possible 
to resolve 16:0aJ22:4n-6 and 18:laJ22:4n-6, while in 1-O-alk-l'~enyl- 
2-acyl-GPE from trout it  also proved impossible to satisfactorily 
resolve 16:0a]22:5n-3 and 18:la/20:4n-6, and in cod, 18:1a/16:1 and 
16:0aJ16:l. Values are triplicate determinations of pooled samples 
from 10 trout and 20 cod brains rounded to the nearest decimal 
place. The errors are given as +__ 1 SD. 

bNot detected. 
CTrace, < 0.2%. 

were  c h a l l e n g e d  w i t h  i o n o p h o r e  A 2 3 1 8 7  (31). T h e  l a r g e  
c o m p o s i t i o n a l  d i f f e r e n c e s  b e t w e e n  d i a c y l - G P E  a n d  1-O- 
a lk - l ' - eny l -2 -acy l -GPE in s o m e  t i s sues  m a y  t h u s  re f lec t  dif- 
f e r ences  in b o t h  t h e  s t r u c t u r a l  a n d  m e t a b o l i c  ro le  of  t h e s e  
s u b c l a s s e s .  
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Phospholipids in Drosophila Heads: Effects of Visual Mutants 
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A procedure was developed to label phosphofipids in 
Drosophila heads by feeding radioactive phosphate 
(32Pi). High-performance thin-layer chromatography 
showed label incorporation into various phosphofipids. 
After 24 h of feeding, major phospholipids labeled were 
phosphatidylethanolamine (PE), 47%; phosphatidylchc~ 
line (PC), 24%; and phosphatidylinositol (PI), 12%. 
Drosophila heads have virtually no sphingomyelin as 
compared with mammalian tissues. Notable label was 
in ethanolamine plasmalogen, lysophosphatidylethanol- 
amine, lysophosphatidylchofine and lysophosphatidyl- 
inositol. Less than 1% of the total label was in phospha- 
tidylinositol 4-phosphate and phosphatidyfinositol 4,5- 
bisphosphate. Other lipids labeled included phosphatidyl- 
serine, phosphatidic acid and some unidentified fipids. A 
time course (3-36 h) study revealed a gradual decrease in 
proportion of labeled PI, an increase in proportion of 
labeled PC and no obvious change in labeled PE. There 
were no significant differences in phospholipid labeling 
comparing the no receptor potential (norpA) visual mu- 
tant and wild type under fight vs. dark conditions. How- 
ever, overall 32p labeling was higher in the wild type fed 
in the fight as compared to the dark and to norpA either 
in fight or dark. This suggests that functional vision facili- 
tates incorporation of label. Differences in phospholipid 
labeling were observed between young and aged flies, par- 
ticularly in lysophosphofipids and poly-PI, implicating 
phosphofipase A 2 function in recycling. Manipulations 
such as the outer rhabdomeres absent and eyes absent 
mutants and carotenoid deprivation failed to yield 
notable differences in phospholipid labeling pattern, sug- 
gesting that phospholipids important to vision may con- 
stitute only a minor portion of the total labeled pool in 
the head. 
Lipids 28, 23-28 (1993). 

Photoreceptor membranes in Drosophila undergo con- 
stant turnover in order to reduce the hazards of light 
exposure (1-3). Such maintenance involves renewal of the 
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chromatography; HPTLC, high-performance thin-layer chromatog- 
raphy; IP 3, inositol trisphosphate; LPC, lysophosphatidylcholine; 
LPE, lysophosphatidylethanolamine; LPI, lysophosphatidylinositol; 
NL, neutral lipids; norpA, no receptor potential; ora, outer rhab- 
domeres absent; PA, phosphatidic acid; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; PEp], ethanolamine plasmaiogen; 
Pi, inorganic phosphorus; PI, phosphatidylinositol; PIP, 
phosphatidylinositol 4-phosphate; PIP 2, phosphatidylinositol 
4,5-bisphosphate; PKC, protein kinase C; PLA 2, phospholipase A2; 
PLC, phospholipase C; PS, phosphatidylserine; TG, triglyceride; 
TLC, thin-layer chromatography; UN, unknowns; w, white. 

major membrane protein, opsin (4), as well as fipids. In 
the fly, phosphofipids in the photoreceptor membrane are 
known to play a role in signal transduction (5). In Limulus, 
receptor stimulation of hydrolysis of phosphatidylinositol 
4,5-bisphosphate (PIP2) by phosphofipase C (PLC) was 
shown to result in the release of inositol trisphosphate 
(IP 3) which, in turn, serves as a second messenger for in- 
tracellular calcium mobilization (6-9). The Drosophila mu- 
tant norpA has no receptor potential because of a defect 
in phospholipase C (10,11). NorpA is a PLC gene which 
has been cloned (12) and shows homologies to that in 
bovine brain (13). 

Little is known regarding the distribution and metabolic 
activity of the phospholipids in Drosophila and variances 
in different mutants. This study describes a novel proce- 
dure for labeling the membrane phospholipids in the heads 
of normal, mutant and carotenoid deprived Drosophila. 
An improved high-performance thin-layer chromatog- 
raphy (HPTLC) procedure (14) allowed the analysis of the 
phospholipids that were labele~ The labeling protocol was 
used to study the effects of light and dark, mutants and 
carotenoid deprivation on membrane phospholipids. Brief 
reports of some of these findings have been published 
(15-17). 

MATERIALS AND METHODS 
Animals. Stocks of Drosophila melanogaster were raised 
at room temperature under cyclic fighting on a standard 
diet adequate for visual photoreceptor development (18). 
In the medium of agar, brewers yeast, molasses and corn- 
meal, the most relevant features were yellow cornmeal and 
a supplement of/~-carotene (0.13 mg/mL) as sources of 
vitamin A. Carotenoid deprivation was achieved using a 
medium with defined components, Sang's medium (19), 
and the control here involved supplementing Sang's food 
with ~-carotene at 0.13 mg/mL. Wild type (Oregon-R) and 
white (w) were used as normal (red-eyed) and white-eyed 
controls, respectively. Our red-eyed norpA was norpA EES, 
an effective allele (20) originally from Seymour Benzer at 
the California Institute of Technology (Pasadena CA). For 
whit~eyed norpA, and to provide a comparison allele also 
known to be effective (3,21), a stock of norpAP~4//C[1]Dx 
y f" cn bw (cinnabar brown) was constructed and supplied 
by Mitchell Dushay of Jeffrey Hall's laboratory at 
Brandeis University {Waltham, MA). Because only males 
had the norpA genotyp~ the females being heterozygous, 
only males were used for the mutant and control (w) flies 
in this experiment. We used the electroretinogram to 
verify our norpA stocks. An allele of eyes absent (eya) 
which lacks the compound eyes but not the simple eyes 
(ocelli) was obtained from Terry McGuire at Rutgers 
University (New Brunswick, N J). The well studied outer 
rhabdomeres absent (ora) mutant (22,23) selectively 
deletes the outer rhabdomeres (R1-6), the predominant 
photoreceptor type in the compound eye For oro, flies 
were aged in cyclic lighting one week or more because this 
manipulation insured a better deletion of the rhabdomeres 
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(23). The wild type controls in the ora experiments were 
similarly aged. 

32p incorporation and extraction. Flies were transferred 
into foam stoppered glass vials that contained three circles 
of filter paper (Whatman No. 3) soaked with 30-50 ~Ci 
of 32p-inorganic phosphorus (Pi) in the form of Na2HPO4 
(New England Nuclear, Wilmington, DE) added to 200 ~L 
of 0.32 M sucrose solution. This amount was adequate for 
a 30-head sample when flies were fed for 24 h. Flies were 
fed either in the light or in the dark--dark vials were 
covered with black tape and light ones with translucent 
tape. Vials were placed near a fluorescent lamp under a 
humidified glass dish. Vials were plunged into liquid 
nitrogen and, when the flies were frozen, vials were shaken 
and rapped vigorously. By this procedure, heads were well 
separated from bodies and were sorted quickly with a 
brush at room temperature. These heads were then put 
into 1 mL of ice-cold 0.32 M sucrose with 50 mM Tris-HC1 
buffer (pH 7.4) and ethylenediaminetetraacetic acid 
(EDTA) (1 mM) and homogenized in a glass homogenizer 
tube fitted with a motor-driven teflon pestle. Lipids were 
extracted by adding 4 vol of chloroform]methanol (2:1, 
vol/vol), to the homogenate, followed by vortexing. After 
centrifugation at 1500 rpm for 5 min, the organic phase 
was removed and transferred into an evaporating cup. For 
more complete extraction of acidic phospholipids, a second 
extraction was performed with 2 vol of acidic chloro- 
form]methanol/12 N HC1 (2:1:0.0125, vol/vol/vol), and the 
organic phase was neutralized with one drop of 4 N 
NH4OH before transferring to the evaporating cup. The 
extract was evaporated to dryness and resuspended in a 
small volume of chloroform/methanol (2:1, vol/vol). Ali- 
quots were taken for counting of radioactivity using a 
Beckman LS5800 liquid scintillation counter (Beckman 
Instrument, Fullerton, CA). 

High-performance thin-layer chromatography (HPTLC). 
For separation of phospholipids, samples were spotted 
onto 10 • 10 cm Silica gel 60 HPTLC plates (E. Merck, 
Darmstadt, Germany) which had previously been dipped 
in a solution containing 1% potassium oxalate and 
2 mM EDTA and diluted with methanol in a ratio of 3:2 
(vol/vol). The procedures for separation of phospholipids 
were described by Sun and Lin (14). Plates were devel- 
oped in one dimension in a solvent system containing 
chloroform/methanol/acetone/29% ammonium hydroxide 
(70:40:10:10, by vol). After development, plates were dried 
and developed again in the same dimension with a sol- 
vent system containing chloroform]methanol/29% am- 
monium hydroxide/water (72:56:4:12, by vol). The second 
solvent system was specifically used to move PIP and 
PIP2 from the origin. In some experiments, where poly- 
PI (phosphatidylinositol) separation was not deemed 
necessary, this solvent system was omitted. After develol> 
ment in the second solvent system, plates were exposed 
to HC1 vapor for 3 min to hydrolyze the alkenyl groups 
of plasmalogen (24). After drying, plates were turned 
90 o and developed in a third solvent system containing 
chloroform]methanol/acetone]acetic acid]0.1 M ammonium 
acetate (70:30:27.5:2.25:5, by vol). After removal of organic 
solvent, plates were exposed to iodine vapor for visualiza- 
tion. Furthermore, plates were exposed to Kodak (Roches- 
ter, NY) X-omatic AR film for autoradiography of the 
samples. The phospholipid fractions were scraped into 
scintillation vials for measurement of radioactivity. 

RESULTS 

Figure I shows a typical autoradiogram and identifies the 
phospholipids extracted from 75 heads after exposure to 
32p i for 26 h. The figure shows incorporation of 32pi into 
minor as well as major phospholipid components. We have 
consistently observed a spot to the right side of phospha- 
tidylcholine (PC) on the TLC (thin-layer chromatography) 
plate (PCr). Analysis of the fatty acid composition of this 
lipid fraction indicated a higher content of saturated fatty 
acids (14:0 and 16:0) and a lower content of 18:1 and 18:2 
than in PC. Therefore, PCr is probably a subspecies of 
PC. We also have observed two labeled lipid fractions to 
the right of phosphatidylethanolamine (PE). These spots 
seem to correspond to phosphatidylglycerol and car- 
diolipin, but the fractions were not firmly identified. 
Unlike mammalian tissues, practically no sphingomyelin, 
cerebrosides or ethanolamine plasmalogen (PEpl) were 
detected in these samples. On the other hand, notable 
amounts of lysophospholipids were found. 

Data in Figure 2 show the phospholipid labeling pro- 
fries in norpA and wild type, and compare feeding in light 
vs. dark for 24 h. Results showed no major differences in 
phospholipid distribution between norpA and wild type 
or between light and dark. The distributions of label in 
PE and PC, as determined from these and many other 
experiments, are around 47 and 24%, respectively. PCr 

FIG. 1. Autoradiogram of a typical thin-layer chromatography sepa- 
ration of the lipids from Drosophila melanogaster heads developed 
in three solvent systems (ref. 14). The autoradiogram is slightly 
overexposed to reveal also those phospholipids which are present in 
small quantifies. PIP2, phosphatidyUnositol 4,5-bisphosphate, PIP, 
phosphatidylinositol 4-phosphate; LPI, lysophosphatidylinositol; 
LPC, lysophosphatidyicholine; LPE, lysophosphatidylethanolamine~ 
PI, phosphatidylinositol; PC, phosphatidylchoUne; P C  r, spot to the 
right of phosphatidylcholine: PE, phosphatidylethanolamine; PS, 
phosphatidylserine; and PA, phosphatidic acid; UN 1 and 2 are 
unknown fractions also presented in Figures 2 and 4; they may cor- 
respond to the cardiolipins. 
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FIG.  2. The percentage distr ibution of 32p radioactivity in major 
phospholipids in the heads of the flies studied (norpA vs. wild-type, 
fight v s .  dark reared). Data  are pooled from 9 groups of samples {each 
consisting of 30 heads} in 4 experiments for norpA and 7 samples 
in 3 experiments for wild type. Variations within groups normally 
do not exceed 5%. Abbreviat ions as in Figure 1. 

comprised 4% of the total radioactivity. In some ex- 
periments, the PI spot and the lysoPE (LPE) spot were 
not clearly separated, and the counts were combined. 
Nevertheless, on the basis of the plates with good separa- 
tion, PI was found to comprise 11% and LPE only 2%. 
Other lysophospholipids, such as lysoPC (LPC) and lysoPI 
(LPI), comprised 1.6 and 1.4% of total radioactivity, 
respectively. Other minor phospholipids showing the label 
are: phosphatidic acid (PA), 0.4%; PIP 2, 0.2%; PIP, 0.2%; 
phosphatidylserine (PS}, 1.6%; unknowns (UN}I, 2.5% 
and UN 2, 1.1%. Although PS was only labeled sparingly, 
this phospholipid was a major phospholipid in mass. 

We used information from seven experiments to assess 
incorporation of 32P i into the phospholipids of wild type 
and norpA under light and dark conditions (Fig. 3). Ratios 
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FIG.  3. Overall incorporation of 32p into the phosphofipids. Data 
are based on: (i) the overall counts from aliquots of sample; and (ii) the 
sam of radioactivity of the lipids on the plates. Data  were normalized 
for the number of fly heads used and the amount  of 32p fed. Ratios 
were calculated using 17 values + SE except for norpA fight/norpA 
dark, which was from 19 values +__ SE. NorpA, no receptor potential .  

of about I are shown for norpA-dark over wild-dark and 
for norpA-light over norpA-dark, suggesting that the 
mutation has no effect in the dark and that the light/dark 
manipulation has no effect in the mutant. A ratio of about 
1.15 was found for wild-light over wild-dark, and the ratio 
was about 0.9 for norpA-light over wild-light. These ratios 
tend to show that  wild type flies have more feeding ac- 
tivity resulting in more labeling in the light, but no 
dark/light differences are shown for norpA, probably 
because these flies are blind. 

When flies were presented with the 32Pi for 4 d, 
rehydrating the filter paper with sucrose but not 32p, the 
amount  of rad ioac t iv i ty  incorporated into the 
phospholipids was similar to that observed after 24-h ex- 
posure However, differences in the phospholipid labeling 
profile were observed between the 24-h and the 4-d ex- 
posure Data in Table 1 summarize the changes by express- 
ing the ratio between the two data points. With the ex- 
ception of PC, which did not change as a function of 
feeding time, substantial deviations from a ratio of 1.0 are 
evident for most of the lipids. For example, a ratio of less 
than 1 for PI indicated that the proportion of radioactivity 
in this phospholipid decreased during 4 d, and ratios 
greater than 1 for PS, PCr and lysophospholipids indi- 
cate that the proportion of radioactivity of these phospho- 
lipids increased during 4 d of feeding. Interestingly, lyso- 
phospholipids tended to accumulate more in norpA than 
in wild type irrespective of lighting conditions. In this ex- 
periment, only 10 pCi/vial of 32p was given, as it was ex- 
pected that the 4 times longer feeding would balance the 
5 times lower dose However, incorporation was about 1/4, 
suggesting that most of the 32p incorporation into phos- 
pholipids occurred during the first 24 h. On this basis, we 
conclude that  this experiment simulates the pulse-chase 
type of study. 

To further elaborate on these results, a time course ex- 
periment was carried out in which flies were analyzed at 
3, 7, 16, 22 and 34 h after 32p feeding. The data in Figure 
4 show the distribution of radioactivity among the lipids 
for wild type (Fig. 4a) and norpA (Fig. 4b). In general, the 
phospholipid labeling patterns in norpA and wild type do 
not differ appreciably, but substantial changes in label- 
ing pattern were observed with respect to time of 32p 
feeding. For example, there is a time-dependent decrease 

TABLE 1 

Ratio of Chronic a over Acute b Incorporations into Selected 
Phosphofipids of Drosophila Heads 

Lipid c norpA l ight  norpA dark Wild l ight  Wild dark 

PI  0.32575 0.40187 0.35354 0.38940 
PS 2.10550 2.37810 3.15360 2.48900 
PC 1.19600 1.07600 0.94984 0.92615 
PCr 1.47800 1.60700 1.65740 2.25100 
Sum LP 4.39600 4.03800 2.84500 3.36500 
Sum P I P  2, P IP  1.27600 1.97200 2.20400 1.40000 
PA 1.40000 0.89375 0.76000 0.92667 

a Four-day feeding. 
bOne-day feeding. 
c PI, phosphatidylinositol; PS, phosphatidylserine; PC, phosphatidyl- 

choline; LP, lysophospholipids; P IP  2, PI  4,5-bisphosphate; PIP,  
PI  4-phosphate; PA, phosphatidic acid; norpA, no receptor 
potential .  

LIPIDS, Vol .  28, no. 1 (1993) 



26 

W.S. STARK ET AL. 

50 

4O t- 
O 
:3 

.O 30 

(/) 
F, 20 

10 

0 

50 

( ~  BB 3h 
m 7h 
[] 16h 
[ ]  22h 
[ ]  34h 

=,,.n .,~ I ~  ~ L _..~ ~'1 ~ .~ - - L , ,  
LPI LPC LPE PI PA PS PCr PC PEpl RE UN1 UN2 

Lipid 

E: 40-  
0 

-Q 3O- 

121 20-  

10-  

0 

(~ )  BB 3h 
m 7h 
~ 16h 

22 h 
[ ]  34h 

,~h ~L...~,~~ ~1 .,~.k, 
LPI t . ~  kPE PI PA ?S ?Cr PC PEpl RE UN1 UN2 

Lipid 

FIG. 4. Distribution of the radioactivity of phospholipids with respect 
to the duration of 32p exposure: (a) for wild type; (b) for norpA. Ab- 
breviations as in Figure 1. 

in labeled PI, PA and lysophospholipids, and an increase 
in labeling of PC, PCr and PS. Although label was 
highest in PE, the proportion of label associated with PE 
did not change greatly with time. 

A study was performed to compare the phospholipid 
labeling pattern in aged vs. newly emerged flies. Although 
no profound changes were observed in the major 
phospholipids, aging may have increased the labeling of 
PIP and PIP 2 in wild type, but  not in norpA, and 
decreased the labeling of LPC and LPI in all types (Fig. 5). 
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FIG. 5. Ratio of some representative phospholipids for flies aged 
one week compared with newly emerged flies. The ratio represents 
the percent distribution of lipids in the aged vs. newly emerged flies. 
Two plates each are pooled from one representative experiment for 
aged vs. newly emerged flies. Abbreviations as in Figure 1. 

In pilot experiments, various time intervals were used 
for dissecting and sorting the heads, and we observed 
drastic differences in the labeling of lysophospholipids. 
For all of the data reported above, heads were more rapidly 
isolated by freezing in liquid nitrogen. When sample 
preparation was deliberately delayed, apparent lysophos- 
pholipid labeling was increased. These results seem to 
point at the presence of phospholipases in the head which 
would be responsible for the hydrolysis of the phospho- 
lipids. 

Using the same feeding paradigm, i.e., 24-h feeding of 
3ep, labeling of major phospholipids (PA, PS, PI, LPE, 
PC and PE) was compared for the following groups: (i) wild 
type controls vs. eya (Fig. 6a); (ii) wild type controls vs. 
ora (aged, see methods) (Fig. 6b); (iii) E-carotene supple- 
mented Sang's medium vs. Sang's medium which is defi- 
cient in carotenoid (Fig. 6c); and (iv) regular food (high 
carotenoid} controls with Sang's (high carotenoid) flies 
{Fig. 6d). This last comparison was important because the 
two diets differed in fatty acid composition (based on gas 
chromatography (GC) analysis, regular food has 16:0, 
74.37%; 18:0, 13.61%; 18:1, 10.06%; and 18:2, 1.96%; 
whereas Sang's has 16:0, 61.13%; 18:0, 20.49%; 18.1, 
18.38%; and 18:2, 0%). The data show that, despite the sul> 
tle differences that exist, the overall profiles for 32p incoP 
poration remain largely similar between the various groups. 

DISCUSSION 

Agonist stimulation of phosphoinositide hydrolysis by 
PLC is known to give rise to two second messengers, IP 3 
and diacylglycerol (DG). The importance of IP a on Ca ++ 
homeostasis (25) now explains the long realized impor- 
tance of Ca ++ on invertebrate photoreceptor function in 
transduction and]or adaptation. DG activates protein 
kinase C (PKC), two of which (one specific to the eye) have 
been cloned in Drosophila (26). DG can be converted to 
PA by DG kinase, an enzyme of interest in visual trans- 
duction as it is missing in the rdgA (retinal degeneration) 
mutant (27}. In this study, PA is consistently labeled after 
exposure of flies to ~2p, suggestive of its role as an in- 
termediate for phospholipid biosynthesis. 

PLC has been shown to play a role in photoreceptor 
function in Drosophila (5). The norpA mutant is in- 
teresting because it has rhodopsin but  lacks the receptor 
potential (21). It was proposed that this mutant is like 
dominantly inherited night blindness in humans and the 
rd (retinal dystrophic) chicken (for additional references, 
see ref. 20). NorpA loses rhodopsin as a function of age 
(3,28). It accumulates zipper-like membranes, suggested 
as a form of lipid storage abnormality (29). One of the 
original goals of this line of research was to design ex- 
periments to examine the phospholipids in this mutant 
and to understand how accumulation of lipids may occur 
during aging. As the data accumulated, it became obvious 
that it was also necessary to establish a method to label 
the membrane phospholipids and to present baseline dat& 

Our experiments revealed for the first time a novel 
method to label the phospholipids in Drosophila heads. 
By mixing 32p i with the food, effective labeling of the 
phospholipids in the heads can be achieved within a short 
t ime Examination of the labeling pattern revealed high 
percentage of label distributed in PE (45%), followed by 
PC and PI. The ability to incorporate a large amount of 
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FIG. 6. The percentages of 32p radioactivity in the major phospholipids (PA, PS, PI, LPE, PC and PE no~ 
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per vial was fed and 45 heads of deprived and 45 of the wild type were used. The sample was divided into 
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label into PE in the fly heads is interesting because PC 
is the predominant lipid in most mammalian tissues. The 
time course study revealed interesting differences in 
metabolism between PE vs. PI and PC, suggesting a role 
for PE in the structural makeup of the membrane Unlike 
mammalian tissues, phospholipids in Drosophila heads 
are low in sphingomyelins and plasmalogens although the 
presence of various types of lysophospholipids is apparent. 
We were disappointed, though not surprised, that only 
trace amounts of label were incorporated into poly-PI, 
limiting the usefulness of our labeling procedure for fur- 
ther studies of the metabolism of inositol phospholipids. 

Because 32P i is taken up by the flies as food, it is not 
possible to specifically address the labeling of phospho- 
lipids in the retina. In contrast, intracerebral injection of 
32P i into mammalian brain can yield effective labeling of 
the poly-PI (14). Our inability to isolate retina from head, 
together with the fact that only trace amount of label is 
in poly-PI, may explain why we did not observe a dif- 
ference in phospholipid labeling pattern between norpA 
and wild type, although it has clearly been established 
that the norpA mutant lacks PLC ( 10,11). Als~ the norpA 
gene codes for PLC (12), which acts on the poly-PI as well 
as on PI {30). In the crab, an inositol trisphosphatase ter- 
minates the action of IP 3 in mediating visual transduc- 
tion (31). In bovine brain, there are at least five 

different types of phospholipase C which are specific to 
inositol phospholipids (32). 

We observed a difference in the overall labeling between 
norpA and wild type, likely attributable to a visually- 
mediated difference in the feeding behavior. Because 
norpA lacks the photoreceptor potential, these flies did 
not show a light-mediated increase in feeding. Another 
interesting observation is the comparison of phospholipid 
labeling between aged and newly emerged norpA and wild 
type flies. In both dark and light conditions, the aged wild 
type showed a ratio of greater than 1 for the labeling of 
poly-PI, whereas the ratios for norpA were not changed. 
The inability to show an age difference in the metabolism 
of poly-PI in norpA may reflect the defective metabolism 
of poly-PI turnover. 

An interesting observation from this study is the pres- 
ence of a significant amount of lysophospholipids in the 
heads, suggesting the presence of endogenous phospho- 
lipase A2 (PLA2) activity. In pilot experiments in which 
fly heads were not quickly broken off by freezing, we ob- 
tained evidence that varying amounts of lysophospho- 
lipids were released post-mortem. As the proportion of 
label of these lysophospholipids decreased in the chronic 
feeding (pulse chase) experiment (Table 1), it is reasonable 
to conclude that these compounds undergo metabolism 
and may form an integral part of the phospholipid 
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tu rnover  cycle. A g i n g  resul ted in a decrease in the  label- 
ing  of LPC and LPI ,  bu t  there was  no effect of m u t a n t  
condit ion.  We found t h a t  there was no effect of l ight  on 
the  appearance  of lysophosphol ipids ,  t h o u g h  l ight  seems 
to  affect  PLA2 ac t iv i ty  in ver tebra te  rods (33). In  o ther  
sys tems,  PLA2 is known to serve as  a direct  source of 
a rach idona te  (34). However, analysis  of the  f a t t y  acids of  
the  phosphol ip ids  revealed no appreciable a m o u n t  of 
arachidonic acid in Drosophi la  (data no t  shown). Zimmer- 
m a n  and  Keys (35) charac ter ized  an enzyma t i c  sy s t em 
responsible  for the  removal  of L P C  and  sugges ted  t h a t  
the  lysophosphol ip ids  genera ted  by  PLA2 m a y  be in- 
volved in the early s tages  of l ight-induced damage  (35,36). 
I n  o ther  studies,  P L A  2 was shown to  par t ic ipa te  in 
" re ta l lor ing"  of f a t t y  acids in the  2-posit ion (37). Thus,  
oxidized p o l y u n s a t u r a t e d  f a t t y  acids can be e l iminated 
f rom the  s y s t e m  t h r o u g h  this  mechanism.  The lysophos-  
pholipid-acylCoA acyl t ransferases  are impor t an t  for recy- 
cling po lyunsa tu ra ted  f a t ty  acids to the  sn-2 posit ion (38). 

A compar ison of the phospholipid labeling pa t te rns  was 
made  a m o n g  m u t a n t s  including norpA, ora and eya~ This 
t y p e  of "genet ic  dissect ion" is also unde rway  in mouse  
(rd mutan t )  (39) and dog  (progressive rod-cone degenera-  
t ion mutan t )  (40,41). We also dissected the  s y s t e m  wi th  
caro tenoid  depr iva t ion  which select ively el iminates  
rhodops in  (42). This s t u d y  sugges t s  t h a t  the  "annu la r  
l ipids" are i m p o r t a n t  for rhodops in  funct ion  (43). 

Our  resul ts  are cons i s ten t  wi th  the  no t ion  t h a t  32Pi is 
incorpora ted  into phosphol ip ids  quickly  and t h a t  some 
lipids do tu rnover  more  rapidly  t h a n  others.  Historically,  
in o ther  sys tems,  the  fas t  tu rnover  in m e m b r a n e  lipids 
heralded the  d iscovery  of lipid involvement  in messenger  
sys tems.  Our  resul ts  provide the  initial charac te r iza t ion  
of m e m b r a n e  phosphol ip ids  of Drosoph i la  heads  in wild 
type  and vis ion mutan t s .  This  in format ion  will serve as 
an i m p o r t a n t  base  for u n d e r s t a n d i n g  the  m e c h a n i s m  of 
pho to t ransduc t ion .  Fu tu re  direct ions are likely to center  
a round  the  funct ional  role of l ipids in visual  receptors.  
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Using chiral phase high-performance liquid chromatog- 
raphy of diacylglycerols, we have redetermined the ratios 
of 1,2q2,3-diacyl-sn-glycerols resulting from acylation of 
2-monoacylglycerols by membrane bound and solubilized 
triacylglycerol synthetase of rat intestinal mucosa. With 
2-oleoyl[-3H]glycerol as the acyl acceptor and oleoyl-CoA 
as the acyl donor, 97-98% of the diacylglycerol product 
was 1,2(2,3)-dioleoyl-sn-glycerol, 90% of which was the 
sn-l,2- and 10% the sn-2,3-enantiomer. The remaining di- 
acylglycerol (less than 3%) was the sn-l,3-isomer. The ove~ 
all yield of acylation products was 70%, of which 60% 
were diacylglycerols and 40% triacylglycerols. With 2- 
oleylglycerol ether as the acyl acceptor and [1J4C]oleoyl- 
CoA as the acyl donor, 90% of the diradylglycerol was 
1-oleoyl-2-oleyl-sn-glycerol and 10% was the 2-oleyl- 
3-oleoyl-sn-glycerol. The diradylglycerols made up 96% 
and the triradylglycerols 4% of the radioactive product. 
With 1-palmitoyl-sn-glycerol as the acyl acceptor and 
[1-14C]oleoyl-CoA as the acyl donor, the predominant re- 
action product was 1-palmitoyl-3-oleoyl-sn-glycerol. The 3- 
palmitoyl-sn-glycerol was not a suitable acyl acceptor. 
Both 1,2- and 2,3-diacyl-sn-glycerols were substrates for 
diacylglycerol acyltrausferase as neither isomer was 
favored when 1,2-dioleoyl-rac-[2-3H]glycerol was used as 
the acyl acceptor. There was a marked decrease in the 
acylation of the l(3)-oleoyl-2-oleyl-sn-glycerol to the 1,3- 
dioleoyl-2-oleyl-sn-glycerol. It is concluded that neither 
monoacylglycerol nor diacylglycerol acyltransferase ex- 
hibit absolute stereospecificity for acylglycerols as fatty 
acid acceptors. 
Lipids 28, 29-34 (1993). 

During fat absorption, triacylglycerol synthesis in the in- 
testinal mucosa proceeds predominantly via acylation of 
lumenal 2-acylglycerols, although X-l(3)-acylglycerols are 
also absorbed. The enzymes catalyzing the reesterifica- 
tion of 2-acylglycerols with fatty acids reside together in 
the endoplasmic reticulum of the enterocyte (1) and are 
believed to form a triacylglycerol synthetase complex 
(2) composed of acyl-CoA ligase, monoacylglycerol acyl- 
transferase (MGAT) and diacylglycerol acyltransferase 

*To whom correspondence should be addressed.. 
1 Department of Chemistry, Faculty of Fisheries, Hokkaido Univer- 
sity, Hokado~, Japan. 

Abbreviations: BCA, bicinchonic acid; CHAPS, 3-[(3-cholamido- 
propyl)dimethylammonio]propanesulfonate; CI, chemical ionization; 
DG, diradylglycerol; DGAT, diacylglycerol acyltransferase; DNPU, 
dinitrophenylurethane; DTT, dithiothreitol; EDTA, ethylenediamine- 
tetraacetate (sodium salt); GLC, gas-liquid chromatography; HPLC, 
high-performance liquid chromatography; LC/MS, liquid chromatog- 
raphy/mass spectrometry; MG, monoradylglycerol; MGAT, mona 
acylglycerol acyltransferase; PMSF, phenylmethylsulfonyl fluoride; 
TG, triradylglycerol; TLC, thin-layer chromatography; Tris, 
tris[hydroxymethyl]aminomethane; UV, ultraviolet. 

(DGAT). Because the resynthesis of the higher acyl- 
glycerols involves acylation of prochiral and chiral esters, 
the reaction could theoretically proceed either via enan- 
tiomeric or racemic intermediates. Previous work with 
whole cells (3), homogenates (3), isolated microsomal mem- 
branes (4,5) or purified enzyme preparations (6,7) has led 
to inconsistent and contradictory conclusions, possibly 
due to inadequacies in the analytical methodology used 
for determination of the enantiomeric ratios of synthe- 
sized diacylglycerols. 

In the present study we have taken advantage of the 
discovery of a chiral phase high-performance liquid chro- 
matography (HPLC) method for the separation of enan- 
tiomeric diacylglycerols (8) and of its adoption for natural 
diacylglycerol analysis (9). This approach avoids the uncer- 
tainties of the past and provides direct and unambiguous 
information with regards to separation, identification and 
quantitation of the acylglycerol acylation intermediates, 
as well as the initial substrates and final products. 

MATERIALS AND METHODS 

Chemicals. [1-14C]Oleoyl-CoA (specific activity 52 mCi/ 
mmol) and Aquasol were purchased from New England 
Nuclear/Dupont Canada Inc. (Lachine, Quebec, Canada). 
[2-3H]Glycerol trioleate (specific activity 2 Ci]mmol) was 
obtained from ICN Biochemicals Canada LtcL (Montreal, 
Quebec, Canada). Oleoyl-CoA, trioleoylglycerol, oleic an- 
hydride and phenylm~thylsulfonyl fluoride (PMSF) were 
purchased from Sigma Chemical Co. (St. Louis, MO). Di- 
thiothreitol (DTT) was from Bio-Rad Laboratories Canada 
Ltd. (Mississauga, Ontario, Canada). Silica gel H (Merck 
60 H) and G (Merck 60 G) were obtained from Terochem 
Laboratories Ltd. (Mississauga, Ontari~ Canada). Silica 
gel GF thin-layer chromatography (TLC) plates (20 X 
20 cm, 0.25-mm thick) were purchased from Analtech Inc 
(Newark, DE). 2-Oleylglycerol was from Serdary Research 
Laboratories (London, Ontario, Canada). The 1- and 
3-palmitoyl-sn-glycerols were gifts from Dr. D. Buchnea 
(University of Toronto). All other chemicals and solvents 
were of reagent grade or better quality and were obtained 
from local suppliers. 

Preparation of acyl acceptor substrates. 2-Oleoyl- 
[2-3H]glycerol (specific activity 3.3 mCi/mmol) was pre- 
pared by digestion of [2-3H]glycerol trioleate with por- 
cine pancreatic lipase (10). The 1,2(2,3)-dioleoyl-sn-[2-3H] - 
glycerol (specific activity 0.25 mCi/mmol) was prepared 
by Grignard degradation of [2-3H]glycerol trioleate (10). 
1,3-Dioleoyl-2-oleyl-sn-glycerol was prepared by chemical 
synthesis from 2-oleylglycerol and oleic anhydride as 
follows: four mg 4-dimethylaminopyridine and 90 ~mol 
oleic anhydride were added to 90 ~mol of 2-oleylglycerol 
in 150 ~L dry toluene. After 5 min at room temperature 
the reaction mixture was dried under nitrogen, and the 
1,3-dioleoyl-2-oleyl-sn-glycerol was recovered following 
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TLC on silica gel H developed in heptane/diisopropyl 
ether/acetic acid 160:40:4, vol]vol]vol). X-l(3)-oleoyl-2-oleyl- 
glycerol was prepared by digestion of the triradylglycerol 
with pancreatic lipase (10). The purities and concentra- 
tions of the radiolabeled and unlabeled substrates were 
assessed by boric acid TLC and by gas-liquid chromatog- 
raphy (GLC) on a polar capillary column. 

Animals. Male Wistar rats weighing 250-300 g were 
purchased from Charles River Canada Inc (La Salle, 
Quebec. Canada) and were housed for 1-3 wk with free ac- 
cess to Purina Rodent Chow and water before being used 
in these studies. 

Preparation of subcellular fractions. The animals were 
anesthetized with diethyl ether and exsanguinated via 
their abdominal aortae The mucosal scrapings of the up- 
per two-thirds of the small intestine were isolated as 
described by Hoffman and Kuksis (11). Supernatant 
devoid of brush border membranes, obtained after homog- 
enization of the scrapings and low-speed centrifugation 
(12), was spun at 25,000 • g for 10 min, and the post- 
mitochondrial supernatant was further centrifuged at 
106,000 X g for 60 min to pellet microsomal membranes. 
Microsomes were washed with 50 mM tris[hydroxy- 
methyl]aminomethane (Tris)-HC1 (pH 7.4}, 0.5 M KC1, 1 
mM ethylenediaminetetraacetate (EDTA), 2 mM DTT and 
sedimented by re-centrifugation at 106,000 • g for 60 
All steps were carried out at 0-4 ~ Washed microsomes 
were suspended in 50 mM K2HPO 4 IpH 7.4), 1 mM 
EDTA, 1 mM DTT and 75 ~g/mL PMSF to give a final 
concentration of protein between 7-8 mg/mL. Protein con- 
tent was determined by bicinchonic acid (BCA) assay 
(Pierce Chemical Co., Rockford, IL.) 

Preparation of triacylglycerol synthetase. Microsomes 
were solubilized with 0.6% 3-[{3-cholamidopropyl)di- 
methylammonio]-propanesulfonate (CHAPS) for 30 rain 
on ice, and the solubilized extract was loaded on a 
Cibacron Blue 3GA agarose column (1 • 5 cm) preequili- 
brated with 20 mM K2HPO4 (pH 7.4), 2 mM DTT and 
0.5% CHAPS (Buffer A). The column was washed with 
Buffer A, followed by Buffer A containing 10 mM ATP, 
and the triacylglycerol synthetase activity was subse ~ 
quently eluted with Buffer A containing 0.8 M NaC1 (13). 

Enzyme assays. The activities of MGAT and DGAT 
were determined using acetone dispersed acylglycerols 
(14). The enzyme fractions (20-25 ~g protein) were in- 
cubated at 37~ for 10 rain in 0.5 mL of 20 mM 
K2HPO 4, pH 7.4, I mM DTT, 1 mM EDTA containing 
[1-14C]oleoyl-CoA (30 wM), and various monoradylglycerol 
isomers (60 ~M) or 1,2(2,3)-dioleoyl-sn-glycerol (250 ~M) 
supplied in acetone (final conc 2.5%). The reaction was 
stopped by addition of 4 mL of CHCla/CHaOH (2:1, vol/vol) 
and lipids were analyzed as described by O'Doherty et aL 
(15). The lipid extracts were separated by TLC on silica 
gel H employing heptane/diisopropyl ether/acetic acid 
(60:40:4, vol/vol/vol) as the mobile phase, visuallzed with 
iodine vapor, and bands corresponding to 1,2(2,3)-diacyl- 
sn-glycerol, X-l(3)-diacylglycerol and triacylglycerol were 
scraped off and counted for radioactivity. 

Stereospecific analysis. Following enzymatic assay, the 
1,2(2,3)-diradyl-sn-glycerols formed were separated on 
boric acid impregnated TLC (silica gel G) plates using 
chloroform/acetone (96:4, vol/vol) as the mobile phase 
The recovered 1,2(2,3)-diradyl-sn-glycerols were converted 
to the corresponding dinitrophenylurethane (DNPU) 

derivatives according to the procedure of Takagi and 
Itabashi (8). The crude urethane derivatives were purified 
by TLC (silica gel GF) using hexane/ethylene dichlo- 
ride/ethanol (40:10:3, vol/vol/vol). The DNPU derivatives 
of the enantiomeric diradylglycerols were resolved by 
HPLC as previously described (8) using N-(R)-I- 
(a-naphthyl)ethylaminocarbonyl-(S)-valine as the chiral 
phase and hexane/ethylene dichloride/ethanol (150:20:1, 
vol/vol]vol) as the mobile phase For chiral phase liquid 
chromatography/mass spectrometry (LC/MS) (Hewlett- 
Packard 5985B quadrupole mass spectrometer combined 
with a Hewlett-Packard direct liquid inlet interface, Palo 
Alto, CA), the original mobile phase was replaced with 
isooctane/t-butyl methyl ether/isopropyl alcohol]aceto- 
nitrfle (80:10:5:5, vol]vol/vol) containing 1% ethylene di- 
chloride to enhance the negative ion response (16). 

RESULTS 

Overall utilization of substrate. Table 1 compares the 
overall synthesis of diradyl- (DG) and triradylglycerols 
(TG) from various monoradylglycerols (MG) and radio- 
labeled oleoyl-CoA by the microsomes of rat intestinal 
mucosa. Starting with 2-oleoylglycerol (60 ~M) and 25 ~g 
microsomal protein, 70% of the 2-acylglycerol was incor- 
porated into higher acylglycerols within a 10-min incuba- 
tion (specific activity 23 • 4 nmol/mg protein]min). The 
major acylation products were 1,2(2,3)-dioleoyl-sn-glycer- 
ols (61.6%) and trioleoylglycerols (35.4%). About 3% of the 
total was recovered as X-l,3-dioleoylglycerols, which ap- 
parently arose from acyl migration during the experimen- 
tal manipulations. 

With 2-oleylglycerol ether (60 ~M) as the acyl acceptor 
and 25 ~g microsomal protein, the acylation proceeded at 
about 80% of the rate seen for 2-oleoylglycerol ester. The 
main product (96.9%) was l(3)-oleoyl-2-oleyl-sn-glycerol, 
with only about 3% of the total acylation product being 
recovered as the 1,3-dioleoyl-2-oleyl-sn-glycerol. 

The 1-palmitoyl-sn-glycerol was utilized even less effec- 
tively (34.6% of the acylation rate observed for 2-oleoyl- 
glycerol). The major product (81.8%) was 1-palmitoyl-3- 
oleoyl-sn-glycerol with a smaller proportion (18.2%) of 
1-palmitoyl-2,3-dioleoyl-sn-glycerol. Since X-l,3-diacylglyc- 
erols are not acylated at the 2-position, the formation of 
the triacylglycerols (4.9% of the final product) must be 
attributed to partial isomerization of the 1-palmitoyl-sn- 
glycerol to 2-palmitoylglycerol, formation of 1,2(2,3)- 

TABLE 1 

Synthesis of I)i- and Triradylglycerols from Monoradylglycerols 
and [1-14C}Oleoyl~oA by Microsomes from Rat Intestinal Mucosa a 

Percentage of total product Relative 
synthesized activity 

Substrate 1,2(2,3) DG 1,3 DG TG (%) 

2-18:l-sn-glycerol 61.6 3.0 35.4 100.0 
2-18:l-sn-glycerol ether 96.9 _b 3.1 80.4 
1-16:0-sn-glycerol 13.3 81.8 4.9 34.6 
3-16:0-sn-glycerol 58.1 17.4 24.4 0.4 

a Values are averages of three independent experiments performed 
in duplicates. 

bNot found. 
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palmitoyl-sn-glycerols and their further acylation to 
1,3-dioleoyl-2-palmitoyl-sn-glycerols. Under the same con- 
ditions, 3-palmitoyl-sn-glycerol was not acylated to the 
sn-l,3-isomer. 

Table 2 shows the results obtained with the triacyl- 
glycerol synthetase complex purified from rat intestinal 
microsomes (MGAT specific activity 165 -!-_ 23 nmol/mg 
protein]min). 

Enantiomeric specificity. For this analysis, which repre- 
sents mass ratios of formed diacylglycerols, lipid extracts 
from five incubations were combined and applied to a TLC 
plate in the absence of lipid carriers. The 1,2(2,3)-diacyl- 
sn-glycerols were eluted from the gel and converted to 
the DNPU derivatives. The incubation blank contained 
1,2(2,3)-diacyl-sn-glycerol DNPU derivatives from five in- 
cubations performed in the absence of exogenous mono- 
radylglycerols and oleoyl-CoA, and represent endogenous 
levels of microsomal diacylglycerols. Figure 1 shows the 
ultraviolet (UV) absorption profile of the DNPU deriva- 
tives of standard diacylglycerols (A) and of the diacyl- 
glycerols (B) recovered from incubation of the microsomes 
with radiolabeled 2-oleoylglycerol and oleoyl-CoA. The in- 
cubation products are seen to consist largely of the 1,2- 
diacyl-sn-glycerols with smaller, but clearly recognizable 
amounts, of the sn-2,3-enantiomers. The incubation 

TABLE 2 

Synthesis of Di- and Triradylglycerols from Monoradylglycerols 
and [1-14C]Oleoyl-CoA by Solubilized Synthetase from Rat 
Intestinal Mucosa a 

Percentage of total product Relative 
synthesized activity 

Substrate 1,2(2,3) DG 1,3 DG TG (%) 

2-18:lsn-glycerol 71.2 2.9 25.8 100.0 
2-18:l-sn-glycerol ether 98.2 _b 1.8 77.4 
1-16:0-sn-glycerol 8.6 87.2 4.3 33.6 
3-16:0-sn-glycerol 46.3 21.6 32.1 0.6 

a Values are averages of three independent experiments performed 
in duplicates. 

bNot found. 

A I, .~ 

%2 
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FIG. 1. Ultraviolet absorption profile of the 3,5-dinitrophenylure- 
thane derivatives of standard diacylglycerols (A), of diacylglycerols 
recovered from incubation of the microsomes with radiolabeled 
2-oleoylglycerol and oleoyl-CoA (B), and of endogenous diacyl- 
glyeerols (C). 

blank (C) contains UV absorbing peaks that coincide with 
the 1,2-diacyl-sn-glycerol standards of other common 
diacylglycerol species. In parallel experiments carried out 
to assess the radioactivity of the diacylglycerol enan- 
tiomers formed by microsomal MGAT, the peaks cor- 
responding to the 1,2- and 2,3-diacyl-sn-glycerols were col- 
lected and rechromatographed under identical conditions 
(Fig. 2). It  can be seen that the collected sn-l,2-enantiomer 
does not contain any sn-2,3-isomer (B), whereas the 
sn-2,3-isomer is devoid of the sn-l,2-enantiomer (C). Simi- 
lar enantiomeric separations were obtained for the acyla- 
tion products of the 2-oleylglycerol ether, which, however, 
eluted earlier than the corresponding diacylglycerols 
under the same chiral phase HPLC conditions (Fig. 3). The 
isolation of these acylalkylglycerol peaks required co- 
chromatography with the corresponding non-radioactive 
1-oleoyl- 2-oleyl-rac-glycerols. 

Table 3 shows that the 2-oleoylglycerol and its ether 
analog were preferentially esterified by the microsomal 
MGAT at the sn-l-position, giving an sn-lqsn-3-acylation 
ratio of 9. Similar values were obtained for the acylation 
products of the solubilized triacylglycerol synthetase 
(Table 4). The radioactivity values are quite similar to 
those obtained by mass analysis (Figs. 1B and 2A). 

The identity of the HPLC peaks was confirmed by chiral 
phase LC/MS (Fig. 4). The total negative ion current pro- 
files of the incubation product (A) and standard (B) are 
identical to those of the UV profiles. The bottom part of 
Figure 4 (C and D) shows the full mass spectra recorded 
for the DNPU derivatives of the 1,2- and 2,3-dioleoyl-sn- 
glycerols obtained from acylation of 2-oleoylglycerol with 
oleoyl-CoA in the presence of microsomal MGAT. The 1,2- 
and 2,3-dioleoyl-sn-glycerols gave the [M]- molecular 

A 

2~ 

D 

Time 

FIG. 2. Ultraviolet absorption profile of the 3,5-dinitrophenylure- 
thane derivatives of diacylglycerols recovered from incubation of the 
microsomes with radiolabeled 2-oleoylglyeerol and oleoyl-CoA (A), 
and of reehromatographed peaks corresponding to the sn-l,2-enan- 
tiomer (B) and sn-2,3-enantiomer (C). 
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FIG. 3. Ultraviolet absorption profile of the 3,5-dinitrophenylure- 
thane derivatives of diradylglycerols. {A), 1,2{2,3hiioleoyl-sn-glycerol; 
(B), l(3)-oleoyl-2-oleyl-sn-glycerol. 

TABLE 3 

Enantiomeric Ratios of 1,2- and 2,3-Diradyl-sn-glycerol (DG) Products 
Synthesized by Microsomal Monoacylglycerol Acyltransferase 
from Rat Intestinal Mucosa 

1,2-DG 2,3-DG 
Substrate (% total cpm) (% total cpm) 

2-18:l-sn-glycerol 90 • 3 (6) a 10 • 3 (6) 
2-18:l-sn-glycerol ether 90 • 1 (3) 10 • 1 (3) 

aNumbers in parentheses refer to number of independent determina- 
tions performed in duplicates. 

TABLE 4 

Enantiomeric Ratios of 1,2- and 2,3-Diradyl-sn-glycevol (DG) Products 
Synthesized by Soluhilized Triacylglycerol Synthetase from Rat 
Intestinal Mucosa 

1,2-DG 2,3-DG 
Substrate (% total cpm) (% total cpm) 

2-18:1-sn-glycerol 88 • 2 (4) a 12 • 2 (4) 
2-18:l-sn-glycerol ether 91 +_ 1 (2) 9 • 1 (2) 

aNumbers in parentheses refer to number of independent determina- 
tions performed in duplicates. 

ion (mlz 829) and a character is t ic  [M - D N P U  + 35]- 
f ragment  ion (rn/z 655). This  ion corresponds to the addi- 
t ion of a chlorine group to the dioleoylglycerol molecule  
The negat ive chemical ionization (CI) was found to be 
about  100 t imes more sensit ive than  the posit ive CI cur- 
rent  for these compounds  under  the chiral phase  LC/MS 
conditions (16). 

Util ization of the diacylglycerol intermediates  for 
triacylglycerol synthesis was also examined by incubating 
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B 
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FIG. 4. Chiral phase liquid chromatography/mass spectrometry. The 
total negative ion current profiles of the incubation product (A) and 
standard (B). (C) and (D), full spectra recorded for the 1,2- and 
2,3-dioleoyl-sn-glycerol diuitrophenylurethane derivatives obtained 
by acylatian of 2-oleoylglycerol with oleoyl-CoA and microsomal 
monoacylglycerol acyltransferase. 

microsomes with racemic 1,2(2,3)-dioleoyl-sn-[2-3H]-glyc - 
erol and oleoyl-CoA. Some 25-30% of the radiolabeled sul> 
s t ra te  was converted to triacylglycerols (30-40 nmoles). 
The subs t ra te  remaining after  incubation was subjected 
again to chiral HPLC, and the residual sn-l,2- and sn-2,3- 
enant iomers  resolved and the peaks  collected for assay 
of radioactivity. There was no change in the relative pro- 
port ions of the mass  (Fig. 5) or in the radioact ivi ty  in the 
two enant iomers  (Table 5). 

DISCUSSION 
The present  s tudy  clearly demonst ra ted  tha t  membrane-  
bound, as well as solubilized, triacylglycerol syn the tase  
of ra t  intestinal  mucosa  is capable of acylat ing bo th  sn-1- 
and sn-3-positions of the 2-acylglycerols, a l though the 
sn-l-position is preferred. The sn-2-position of the 1- or 
3-acyl-sn-glycerols or X-l,3-diacylglycerols is not acyla te~ 
The 1-acyl-sn-glycerol yielded exclusively 1,3-diacyl-sn- 
glycerol, and 3-acyl-sn-glycerol was not  acylated. The 
above results, which were obtained with subs t ra tes  and 
products  of known enant iomeric  composit ion and purity, 
allow critical comparisons with previous results. Thus, the 
studies confirmed the positional requirements established 
previously for ra t  intestine {17}, which converts  2-acyl- 
glycerols to X-1,2-diacylglycerols and triacylglycerols, 
and 1-acyl-sn-glycerols to 1,3-diacyl-sn-glycerols, whereas 
3-acyl-sn-glycerols are not  acylated. Furthermore,  the 
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FIG. 5. Ultraviolet absorption profile of the 3,5-dinitrophenylure- 
thane derivatives of the residual 1,2(2,3)-dioleoyl-sn-[2-3H]glycerol 
after incubation of microsomal diacylglyceroi acyltransferase with 
the radiolabeled diacylglycerol and oleoyl-CoA. 

TABLE 5 

Utilization of 1,2(2,3)-Dioleoyl-sn-glyeerol (DG) by Microsomal 
Diacylglyceroi Acyltransferase from Rat Intestinal Mueosa 

1,2-DG 2,3-DG 
Substrate (% total cpm) (% total cpm) 

1,2(2,3)-18:l-sn-glycerol 53 +- 2 (2) a 47 • 2 (2) 

aNumbers in parentheses refer to number of independent determina- 
tions performed in duplicates. 

present study showed that X-1,3-diacylglycerols and 
X-l-acyl-2-alkylglycerols are not suitable substrates for 
DGAT. Previous work (17) had shown that DGAT of 
hamster microsomes utilizes X-1,3-diacylglycerols as well 
as acylalkylglycerols for triacylglycerol biosynthesis. 
However, more recent work has shown that the hamster 
also utilizes the 2-acylglycerols at similar rates as com- 
pared to the rat (18). Our microsomal preparations yielded 
closely similar MGAT specific activities (23 ___ 4 nmol/mg 
protein/rain) to those reported by Coleman and Haynes 
(14) in the absence of activating phospholipids and 
albumin (28-45 nmol/mg protein/rain). Acylation of 
X-l-acylglycerols yields X-l,3-diacylglycerols which are not 
esterified further. The earlier studies (17,19) apparently 
did not eliminate all the uncertainties about the identity 
and composition of either substrates or products. The 
present results also differ from the findings in chicken em- 
bryos, where 1-oleoylglycerol and 2- and X-l-oleylglycerols 
and their amide analogs were much less efficiently utilized 
when compared to 2-oleoylglycerol (19). However, in at/in- 
stances, a lower activity with 2-alkyl than found with 
2-acylglycerol was observed in the present study, as 
reported previously (17,19). 

The acylation of 2-acylglycerol yielded 90% sn-l ,2- and 
10% sn-2,3-enantiomers. The results obtained with 
solubilized MGAT indicate that the 2,3-diacyl-sn-glycerol 

formation cannot be attributed to the slower reaction rate 
of the microsomal preparations. A similar enantiomer pro- 
portion was observed for the acylation of 2-alkylglycerol, 
although the overall yield of the diacylglycerols was only 
about 80% of that obtained for the 2-acylglycerol. Fur- 
thermore, the 1-acyl-2-alkyl-sn-glycerol was only partly 
converted to the 1,3-diacyl-2-alkyl-sn-glycerol, which in- 
dicated that the DGAT discriminated more against the 
2-alkylglycerol derivatives than did MGAT. The 90% yield 
of 1,2-diacyl-sn-glycerols is similar to the 85-90% origi- 
nally reported by Johnston et  aL (20), O'Doherty and 
Kuksis (4) and, more recently, by Coleman et  aL (5), but 
the conclusions differed. Whereas Johnston e t  al. {20) and 
Coleman e t  al. (5) felt that the enzyme was completely 
stereospecific, O'Doherty and Kuksis (4) allowed for the 
possibility that the sn-2,3-enantiomers recovered were also 
products of direct acylation of 2-monoacylglycerols. All 
previous methods used for enantiomeric determinations 
employed indirect procedures that required 100% comple- 
tion of enzymatic conversions of 1,2-diacyl-sn-glycerols to 
phosphatidic acid by diacylglycerol kinase (5) or hydrolysis 
of 1,2-diacyl-sn-glycerophosphophenols by phospholipase 
A2 (4). The present study established by direct and 
unambiguous analysis that about 10% 2,3-diacyl-sn- 
glycerols occur as intermediates during triacylglycerol 
synthesis from 2-acylglycerols and 2-alkylglycerols. This 
is also the first instance where beth products of enzymatic 
reaction have been directly measured, rather than esti- 
mated by difference from incomplete or partial reactions. 
The present finding is similar to the 15-19% 2,3-diacyl- 
sn-glycerol yield reported (4) for rat intestinal microsomes. 
The somewhat higher proportions of 2,3-diacyl-sn-glycer- 
ols recovered during biosynthesis in isolated cells and 
mucosal homogenates (3) also may have reflected partial 
lipolysis of the radioactive triacylglycerols by the en- 
dogenous lipases which participate in the lipolysis/reacyla- 
tion cycle during lipoprotein secretion (21-23). The much 
higher yield (40%) of 2,3-diacyl-sn-glycerols obtained with 
the 37 kDa polypeptide of MGAT (7) was not confirmed 
in the present study. The acylation of 2-acylglycerols to 
2,3-diacyl-sn-glycerols is supported by the isolation of 
2-alkyl-3-acyl-sn-glycerols during the acylation of 2-alkyl- 
glycerols. Because the 2-alkylglycerol is not subject to acyl 
migration, the recovery of 2-alkyl-3-acyl-sn-glycerols can- 
not be attributed to X-l,3-alkylglycerols. 

Finally, this study demonstrated that both 1,2- and 
2,3-diacyl-sn-glycerols are acylated to triacylglycerols at 
comparable rates, which would explain why 2,3-diacyl-sn- 
glycerols did not accumulate during the acylation of 
2-acylglycerols to triacylglycerols. Direct acylation of 
enantiomeric diacylglycerols was recognized in the early 
work of Weiss et  al. {24}, who noted greater than 50% 
utilization of 1,2-diacyl-rac-glycerols by chicken liver par- 
ticles. As the acylation of 1,2{2,3)-alkylacyl-sn-glycerols 
to alkyldiacylglycerols is very slow, it was not possible 
to use this enantiomer mixture to confirm the utilization 
of the racemic diradylglycerols by DGAT. The present 
findings and the proposed interpretation of the data recon- 
cile essentially all previous experimental findings and cor- 
rects earlier conclusions about the stereochemical course 
of acylation of 2-acylglycerols to triacylglycerols by rat 
intestinal mucosa. 
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The oxidation of urofuran acid derivatives (1-2) by hypo- 
chlorous acid (HOC1) was investigated with the goal to 
possibly simplify the detection of their metabolites in 
biological materials. The oxidation products of 3~arboxy- 
4-methyl-5-propyl-2-furanpropionic acid (1) were obtained 
as an isomeric mixture and confirmed to exist as c/s (3a) 
and trans (3b) isomers, based on their z3C nuclear mag- 
netic resonance (NMR) spectra. Similarly, the products 
of 5-H substituted acid 2 obtained by oxidation with 
HOCI were identified as 4a and 4b by z3C and IH NMR 
which indicated the presence of cis and trans hemiacetal 
hydrogens at C-5 in a ratio of 2.11:1. The oxidation was 
found to proceed in a manner different from that of the 
F-acid, because of the presence of the electron withdraw- 
ing COOCH 3 group at C-3 which favored the nucleo- 
philic attack on the carbonyl group to afford c/s- and 
trans-2,5-dihydroxy-2,5.dihydrofurans (3a-b, 4a-b). 
Lipids 28, 35-41 (1993). 

3-Carboxy-4-methyl-5-propyl-2-furanpropionic acid (1) 
(CMPF), known as urofuran acid, is found in human urine 
(1) and is retained in the blood of patients with chronic 
renal failure {2}. CMPF inhibits the binding of methyl red 
to human albumin (3) and the binding of phenytoin and 
tryptophan to plasma protein (4}. Although the 5-pentyl 
urofuran acid is known to be derived from 9-(3,4-dimethyl- 
5-pentyl-2-furyl}nonanoic acid (F-acid) present in food {5,6}, 
the metabolic sequence leading to CMPF has not been 
fully elucidated. 

It has been reported recently that various furan deriva- 
tives can be oxidized chemically or enzymatically. For ex- 
ample, 2,5-diphenylfuran can be converted to cis-l,2-di. 
benzoylethylene by hypochlorous acid (HOCI) via the in- 
termediate 2-chloro-5-hydroxy-2,5-diphenyl-2,5-dihydro- 
furan {7), and F-acid, when treated with hydrogenperox- 
ide/sodium hypochlorite, leads to methyl 11,12-dimethyl- 
10,13-dioxo-ll-octadecenoate (8), which can also be ob- 
tained as an autoxidation product (9) or as an enzymatic 
oxidation product {10,11). These reports prompted us to 
investigate the oxidation of CMPF dimethyl ester (1} with 
HOC1 with the goal to possibly simplify the detection of 
CMPF metabolites in biological materials. 

In the present study, we found that the oxidation of 1 
proceeded in a manner different from that  of F-acid to af- 
ford an isomeric mixture of cis- and trans-2,5-dihydroxy- 
*To whom correspondence should be addressed. 
Abbreviations: CI-MS, chemical ionization mass spectrometry; 
CMPF, 3~arboxy-4-methyl-5-propyl-2-furanpropionic acid (1); COSY, 
correlation spectroscopy; DEPT, distortionless enhancement by 
polarization transfer; E I-MS, electron impact ionization mass spec- 
trometry; FAB-MS, fast atom bombardment mass spectrometry; 
GC/MS, gas chromatography/mass spectrometry; HPLC, high- 
performance liquid chromatography; MS, mass spectrometry; NMR, 
nuclear magnetic resonance; TLC, thin-layer chromatography; TMS, 
tetramethylsflane. 

2,5-dihydrofurans (3a-b), which have not previously been 
describe<L The structural identification was confirmed by 
spectral data, including 13C and ]H nuclear magnetic 
resonance (NMR) and mass spectrometry {MS). To verify 
the cis/trans stereochemistry, the CMPF analogue {2), 
bearing a hydrogen substituent at C-5, was prepared and 
also subjected to HOCI oxidation under similar condi- 
tions. Based on IH NMR spectral analysis, the structure 
of the oxidation products (4a-b) was unequivocally con- 
firmed to be the cis and trans hemiacetals. 

In addition, an interesting effect of the electron with- 
drawing group COOCH 3 at C-3 was observed, and the 
results were compared with the oxidation of 2,5-dimethyl- 
furan (5). The structural formulas and reaction sequences 
are given in Scheme 1. 

O O 

H H O H H O 
o ~_ trans 

1:R=CH2CH2CH3 3a: R=CH 2CH2CH3 3b: R=CH 2CH2CH3 
2:R=H 4a: R=H 4b: R=H 

3 

H3 C}'13 ~ H3 3 

5 6 

SCHEME 1 

RESULTS 

Characterization of the oxidation products of 1 by high- 
performance liquid chromatography (HPLC). Figures 1A 
and 1B show the elution profiles of 1 and those of the reac- 
tion mixture obtained by oxidation of I with HOC1. Peaks 
1 and 2 represent the oxidation products with retention 
times of 4.1 rain and 4.6 rain. We separated the effluents 
corresponding to peaks I and 2; however, the component 
ratios changed progressively with time (Fig. 1C). This 
pattern of behavior strongly suggested that the oxida- 
tion products existed as an equilibrium mixture of two 
tautomers. 

Characterization of the oxidation products of I by silica 
gel chromatography. The oxidation products (peaks I and 
2) were fractionated by silica gel column chromatography. 
The products were eluted with ethyl acetate/hexane {7:3, 
vol/vol) to give ten fractions. The fractions were analyzed 
by thin-layer chromatography (TLC) as shown in Figure 2. 
Fraction 5, combined fractions 6-8, and combined frac- 
tions 9-14 were further analyzed. Figures 3A, 3B and 3C 
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FIG. 1. Elution profiles iu high-performance liquid chromatography: 
(A) 1; (B) reaction mixture injected 30 s after mixing 1 and NaOCl 
solution; (C) time courses of tautomerism between peak I and peak 
2: O, peak 1; [2, peak 2 produced from peak l (O); " ,  peak 2; e ,  peak 
1 produced from peak 2 (B). 

FIG. 2. Thin-layer chromatography of oxidation products. 

show the HPLC profiles of the fractions 5, 6-8 and 9-14, 
respectively. Fraction 5 was identified as 1 based on Rf 
value and electron impact ionization mass spectrum 
(EI-MS). Fractions 9-14 (Fig. 3C) consisted mainly of 
peaks 1 and 2, which are also seen in Figure lB. 

Structural analysis of the oxidation products (3a-b and 
4a-b). Although our efforts to isolate the two oxidation 
products in pure form were unsuccessful, structural as- 
signments were carried out as follows. Fast atom bom- 
bardment mass spectrum (FAB-MS) showed an [M - H]- 
ion peak at m/z 301. This fragment indicated a molecular 
weight of 302, corresponding to 1 plus two hydroxy 

C o m p o u n d  1 

4 

C o m p o u n d  1 

L 

? 

I ' ' ' ' 1  ' r ' ' l '  ' '  ' I . . . .  I ' '  ' '  I '  ' ' ' 1  
0 5 10 15 20 25 30 

T i m e  |ra in)  

FIG. 3. High-performance liquid chromatography profiles of frac- 
tions separated by co|utah chromatography: (A) Fraction 5; (B} Frac- 
tions 6-8; (C) Fractious 9-14. 

groups. The 1H NMR spectrum showed four additional 
D20 exchangeable singlets, attributable to four hydroxy 
protons in addition to the signals observed for 1. The ~3C 
NMR spectrum {Fig. 4) distortionless enhancement by 
polarization transfer (DEPT) showed paired singlets cor- 
responding to two methyl, four methylene and six quarter- 
nary carbons in accordance with the multiplicity expected 
based on the parent structure of 1. The most characteristic 
signals were those that appeared as two sets of paired sin- 
glets at d 106.74 (107.24} and d 109.25 {110.42} {Fig. 4B). 
These signals were due to the two acetal carbons, whereas 
the remaining signals at d 128.14 {129.49} and 6 154.66 
{155.60} were assignable to the olefinic carbons. In GC]MS 
analysis, the trimethylsilyated derivatives could be sepa- 
rated into two components, and each component showed 
the [M - 15] + fragment at m/z 431. This fragment also 
provided further evidence that the oxidation products 
have two hydroxy groups per molecule. 

From the spectral data, we deduced the structures of 
the oxidation products as methyl (+_)-cis-2,5-dihydroxy-3- 
methoxycarbonyl-4-methyl-5-propyl-2,5-dihydro-2-furan- 
propionate (3a) and methyl (+_)-trans-2,5-dihydroxy-3- 
methoxycarbonyl-4-methyl-5-propyl-2,5-dihydro-2-furan- 
propionate (3b), respectively {Scheme 1). 

The relative ratio of the cis and trans isomers based on 
HPLC was 2:1. From molecular modelling, it appears most 
likely that the major isomer is the cis-2,5-dihydroxy-2,5- 
dihydrofuran (3a); the cis isomer (3a) seems to be favored 
over the trans isomer (3b) on account of the enhanced 
stability of 3a due to intramolecular hydrogen bonding 
between the cis located dihydroxy groups at C-2 and C-5. 

In order to provide further support for the stereochem- 
ical relationship between the C-2 and C-5 hydroxy groups, 
the oxidation reaction was applied to methyl 3-methoxy- 
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FIG.  4. 13C nuclear m a g n e t i c  resonance  spectra  (50.1 M H z ,  CDCI 3) of  (A) 1 and (B) oxidat ion  products .  

carbonyl-4-methyl-2-furanpropionate (2) which does not 
bear a 5-alkyl substituent. After a similar workup as for 
1, the oxidation products were obtained as an inseparable 
mixture of two isomers. 

The 1H NMR spectrum (Fig. 5) showed two pairs of 
doublets (6 5.56 and 6 5.88) which could be attributed to 
the 5-hydrogens of the cis and trans isomers. The 5- 
hydrogens were coupled to the C-5 geminal hydroxy pro- 
tons and they changed to singlets when treated with 
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FIG.  5. IH nuclear magne t i c  resonance spec trum (199.5 M H z ,  
CDCI 3) of  the ox idat ion  products  of  2. 

D20. The downfield doublet of d 5.88 was assigned to the 
trans isomer (4b), because the 5-hydrogen of 4b would be 
deshielded by hydrogen bonding to the C-2 hydroxy pro- 
ton (Fig. 5). The upfield doublet at d 5.56 was assigned 
to the 5-hydrogen of the cis isomer (4a). The two hydroxy 
protons at C-5 appeared as doublets at 6 4.09 and d 4.44. 
One of hydroxyl protons at C-2 appeared as singlet at 
6 4.91, the other C-2 hydroxy proton was absent probably 
due to overlapping with other signals. 

The FAB-MS of the mixture showed an [M - H]- peak 
at rrdz 259, consistent with the molecular weight of 2 plus 
two hydroxy groups. The 13C NMR spectrum was in full 
agreement with the proposed structures (4a-b) (Fig. 6 and 
Table 1). 

Based on these data, the oxidation products were con- 
firmed to be methyl (+_)-cis-2,5-dihydroxy-3-methoxycar- 
bonyl-4-methyl-2,5-dihydro-2-furanpropionate (4a) and 
methyl (+_).trans-2,5-dihydroxy-3-methoxycarbonyl-4-m- 
ethyl-2,5-dihydr~2-furanpropionate (4b), respectively. This 
structural assignment is consistent with the earlier 
assignment of the cis- and trans-2,5-dihydroxy structures 
3a and 3b. 

The relative amounts of 4a and 4b based on 1H NMR 
data, existed in a ratio of 1:2.11. The major isomer was 
assumed to be the cis-2,5-dihydroxy cmpound (4a) because 
of possible hydrogen bonding between the C-2 and C-5 
hydroxy groups located cis to each other. 

Reaction mechanisms. A reasonable mechanism to ac- 
count for the formation of the diastereoisomeric 2,5-di- 
hydroxyfuran derivatives is illustrated in Scheme 2. It is 
interesting to note that the electron withdrawing meth- 
oxycarbonyl group at C-3 seems to play an important role 
in the oxidation reactions. The elimination of hydrogen 
chloride from the 2-hydroxy-5-chloro intermediate (7) 
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TABLE 1 

13C Chemical Shift Assignments for 1 and 2 and Their Products of Oxidation by HOCI 

Carbon Oxidation products of 1 
no. 1 3a 3b 

Oxidation products of 2 

2 4a 4b 

C-2 a 158.42 (s) b 106.74 c (s) 107.24 c (s) 161.14 (s) 
C-3 113.60 (s) 129.49 (s) 128.14 (s) 113.40 (s) 
C-4 114.63 (s) 154.66 (s) 155.50 (s) 121.08 (s) 
C-5 150.34 (s) 109.25 c (s) 110.42 c (s) 138.10 (d) 
C-6 23.64 (t) 32.99 d (t) 33.77 d (t] 23.64 (t) 
C-7 32.02 (t) 28.43 d (t) 29.63 d (t) 31.70 (t) 
C-8 172.79 (s) 175.07 (s) 175.42 (s) 172.73 (s) 
C-9 165.02 (s) 163.86 (s) 163.68 (s) 164.73 (s) 
C-10 9.63 (q) 11.67 (q) 11.67 (q) 9.89(q) 
C-11 27.32 (t) 38.36 (t) 39.38 (t) 
C-12 21.57 (t) 16.49 (t) 16.64 (t) 
C-13 13.42 (q) 14.10 (q) 13.98 (q) 
C-8-OCH 3 51.58 (q) 51.88 (q) 51.93 (q) 51.70(q) 
C-9-OCH 3 50.88 (q) 51.58 (q) 51.58 (q) 51.06 (q) 

108.67 (s) 109.08 (s) 
129.17 (M 128.70 (s) 
152.64 (s~ 153.37 (s~ 
101.63 (d) 102.60 (dJ 
33.02 d (tJ 33.39 d (tJ 
28.81 d (t) 29.63 d (tJ 

174.45 (s~ 175.36 (s) 
163.59 (sJ 163.59 (s) 

12.34 (q) 12.17 @ 

51.85 (q) 51.99 (q) 
51.76 (qj 51.76 (q} 

aCarbon numbers as shown in Scheme 1. bMultiplicities were determined by DEPT spectra, c, dMay be reversed. 
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FIG. 6. 13C nuclear magnetic resonance spectra (SD.I MHz, CDCI 3) of (A) 2 and (B) oxidation products. 

initially formed led to the dioxoene compound (8), consis- 
tent with the literature (7-11). The electron deficient car- 
bonyl group of 8 subsequently underwent nucleophilic at- 
tack by the hydroxy anion to yield the racemic hemiacetal 
3-4, which immediately produced the labile and transient 
intermediate (9) v i a  the subtraction of the hydroxy p r o  
tons of 3-4 followed by ring-opening. The succeeding reac- 
tion of one of the geminal hydroxy groups with the car- 
bonyl group afforded a cyclic hemiacetal accompanied by 
creation of a new asymmetric  center at  C-2. This new 
asymmetric  carbon can account for the equilibrium mix- 
ture of the c is  a n d  t r a n s  stereoisomers (3a-b and 4a-b) 

due to tautomeric interconversion between the c is  a n d  
t r a n s  forms. To rationalize this mechanisms, 2,5-dimethyl- 
furan (5) bearing no 3-electron withdrawing substi tuent  
was chosen as the model compound and similarly oxidized 
by HOC1. In this case only c i s - l , 2 - d i a c e t y l e t h y l e n e  (6) was 
obtained as the sole product as shown in Scheme 1. 

DISCUSSION 

We have followed the oxidation of urofuran acid dimethyl 
esters (1-2) by HOC1; the oxidation was accomplished 
within 30 s at room temperature. Al though we have not  
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been able to isolate the diastereomers, the structures of 
the oxidation products, 3a-b and 4a-b were established 
by detailed spectroscopic examination. 

Initially, we expected that the oxidation would proceed 
in a fashion similar to that of F-acid to give the corre- 
sponding dicarbonyl compounds. However, the oxidation 
products were found to be very different. The 13C NMR 
spectra showed no signal that would be attributable to 
a carbonyl carbon. 

The most interesting feature of the reaction mechanism 
is that the multi-step reaction proceeds under the influ- 
ence of the electron withdrawing methoxycarbonyl group 
in 3-position of the furan ring. If the electron withdrawing 
group is absent, the oxidation will be completed at the 
initial stage to give the dicarbonyl compound (8). It ap- 
pears that  the electron withdrawing effect of the 
COOCH 3 group enhances the nucleophilic attack at the 
carbonyl group leading to the formation of an equilibrium 
mixture of diastereoisomers (3a-h, 4a-b) after repeated 
enol-carbonyl nucleophilic additions as shown in 9. 

In summary, this study provides a first example for the 
effects of an electron withdrawing substituent on the ox- 
idation of urofuran acid dimethyl ester by HOC1. The 
methodology is simple and accurate and may be useful 
for the detection of urofuran acid oxidation products. 

EXPERIMENTAL PROCEDURES 

Materials. Commercial grade solvents and reagents were 
used without further purification. CDCI 3 and silica gel 60 
for column chromatography were purchased from E. 
Merck (Darmstadt, Germany); silica gel K5 for TLC was 
obtained from Whatman Industrial Ltd. (Maidstone, 
England). 

NaOCl solution. A solution of Na2SeO3 (Na2S203"5H20, 
10 g) in distilled water (400 mL) was calibrated with 
KIO3. For this purpose, KIO3 (102.4 mg, 0.4785 mmol) 
was dissolved in distilled water (50 mL). KI (2 g) and 50% 
H2SO4 (5 mL) were added to the solution, and the mix- 
ture was titrated with Na2S203 solution. When the color 
of the solution changed to yellow, 1% soluble starch (1 mL) 
was added, and the end-point of the titration was deter- 
mined by disappearance of the blue color. As 1 mol of 
KIO3 reacts with 6 mol of Na2S203, the concentration of 
Na2S203 was calculated to be 0.1002 M. Then 1 mL of 
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NaOCI solution was added to 50 mL of distilled water, KI 
(2 g) and 6 M HCI (2 mL) were added to the solution, and 
the mixture was titrated with 0.1002 M Na2S203. As 
1 mol NaOC1 reacts with 2 mol Na2S203, the concentra- 
tion of the NaOCI solution was found to be 1.54 M. 

HPLC condition. A model LC-4A chromatograph (Shi- 
madzu, Kyoto, Japan) with a SPD-2AS spectrophoto- 
metric detector was used together with an chromatopac 
C-R2AX integrator. Analyses were done on a TSK gel 
ODS 80TM (4.6 mm i.d. • 25 cm, particle size 5 ~m) col- 
umn. Acetonitrile]water (55:45, vol]vol) was used as mobile 
phase at a flow rate of 1.0 mL/min for the analysis of the 
oxidation products of 1 and 2; detection wave length was 
220 nm and the injection volume was 10 ~L. 

NMR. 13C NMR and 1H NMR spectra were recorded 
on a JNM FX-200 (JEOL, Tokyo, Japan) (50/200 MHz). 
Chemical shifts are expressed in parts per million (6) 
downfield from tetramethylsilane (TMS) unless stated 
otherwise DEFT was employed to assign carbon multi- 
plicities (s,C; d, CH; t, CH2; q, CH3). 

Mass spectrometry. Electron impact ionization mass 
spectra were recorded on a JMS D-300 mass spectrmeter 
(JEOL) under the following conditions: ionizing energy 
70 eV, ionizing current 100 ~A, ion source temperature 
160~ and accelerating voltage 3 kV. Chemical ionization 
mass spectra (CI-MS) using ammonia as a reactant gas 
were recorded under the same conditions as the EI-MS 
except for the ionizing energy (200 eV). 

Fast atom bombardment mass spectra were recorded 
on a JMS DX-303 mass spectrometer (JEOL) using the 
negative ionization mode and a glycerol matrix. 

Gas chromatography/mass spectrometry (GC/MS) was 
performed using a Hewlett-Packard 5710A instrument 
and a DB1 column (30 m • 0.25 mm i.d.) (Palo Alto, CA) 
with temperature programming (160~176 at 3~ 
min); helium was used as carrier gas at a flow rate of 
0.9 mL/min. Oxidation products were trimethylsilylated 
at l l0~  for 60 min with a mixture of TRI-SIL| 
trimethylchlorosilane and N,O-bis-trimethylsilylacetamide 
in a ratio of 2:1:1 and subjected to GC/MS analysis. 

Synthesis of methyl 3-methoxycarbonyl-4-methyl-5- 
propyl-2-furan propionate (1). CMPF was synthesized ac- 
cording to the method described by Spiteller et al. (12) 
using 3-ketoadipic acid diethyl ester instead of dimethyl 
ester. A solution of 3-hydroxy-2-hexanone (7.7 g, 66.4 
mmol), 3-ketoadipic acid diethyl ester (19.8 g, 91.7 mmol), 
ZnC12 (7.0 g), and ethanol (16 mL) were refluxed for 20 h. 
After pouring into water (50 mL), the reaction mixture 
was extracted with benzene. The extract was washed suc- 
cessively with 30% NaHSO3, 5% NaOH, and 0.1 M HC1. 
After dry over anhydrous Na2SO4, the extract was evapo- 
rated under reduced pressure to give an oil (18.4 g), which 
was chromatographed on silica gel. Elution with ethyl 
acetate/hexane (1:9, vol]vol) gave a mixture of ethyl 3- 
ethoxycarbonyl-4-propyl-5-methyl-2-furanpropionate and 
ethyl 3-ethoxycarbonyl-4-methyl-5-propyl-2-furanpropio- 
nate (9.5 g), which were hydrolyzed by refluxing with a 
mixture of 10% NaOH (32 mL) and ethanol (324 mL) for 
6 h. The mixture acidified to pH 1 with 6 M HC1 was ex- 
tracted with diethyl ether and dried over anhydrous 
Na2SO4. The extract was evaporated to dryness to give 
a mixture of 3-carboxy-4-methyl-5-propyl-2-furanpropionic 
acid and 3-carboxy-4-propyl-5-methyl-2-furanpropionic 
acid (4.1 g). Two recrystallizations of the mixture from 
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chloroform gave 1.56 g (38.0%) of CMPF as a white 
powder; m.p. 180-182~ 1H NMR (D20, ppm from DSS) 
d: 0.87 (3H, t, J = 7.3 Hz, CH2CH2CH3) , 1.57 (2H, m, 
CH2CH2CH3), 1.98 (3H, s, Furan-CH3), 2.46 (2H, t, 
J - -  7.9 Hz, CH2CH2COOH), 2.52 (2H, t, J = 7.3 Hz, 
CH2CH2CH3), 3.03 (2H, t, J - - 7 . 9  Hz, CH2CH2COOH ). 
EI-MS m/z (relative intensity): 240 (M +, 10.8), 222(15.7), 
211(17.6), 194(39.2), 193(27.5}, 181(15.7), 165(100), 
149(50.0), 147(11.8), 91(11.8), 77(21.6), 55(31.4). 

A solution of CMPF (1.0 g, 4.17 mmol) in a mixture of 
methanol (12 mL) and benzene (40 mL), was treated with 
ethereal diazomethane prepared from N-methyl-N-nitro- 
sourea. After removal of the solvent, the residue was chro- 
matographed on silica gel. Elution with ethyl acetateJhex- 
ane (1:4, vol/vol) gave 0.88 g (78.7%) of 1 as a colorless oil. 
'H NMR ('3C-~H correlation spectroscopy [COSY]) 
(CDC13) d: 0.88 (3H, t, J -- 7.3 Hz, CH2CH2CH3), 1.57 (2H, 
m, CH2CH2CH3), 2.05 (3H, s, Furan-CH3), 2.45 (2H, t, 
J - -  7.3 Hz, CH2CH2CH3), 2.65 (2H, t, J =  7.7 Hz, 
CH2CH2COOCH3), 3.24 (2H, t, J =  7.7 Hz, CH2CH2- 
COOCH3), 3.68 (3H, s, CH2CH2COOCH3), 3.80 (3H, s, 
COOCH3). '3C NMR: see TAble 1. EI-MS m/z (relative in- 
tensity): 268 (M +, 29.0), 239(18.8), 237(20.4), 209(19.4), 
208(89.2), 207(17.7), 195(52.7), 179(100), 147(12.4), 55(12.9). 

Synthesis  of methyl  3-methoxycarbonyl-4-methyl-2- 
furanpropionate (2). 3-Carboxy-4-methyl-2-furan-propionic 
acid was synthesized by the procedure described by Pfordt 
et al. (13). The crystals appeared as colorless plates; m.p. 
188-192~ 1H NMR (D~O, ppm from DSS) d: 2.02 (3H, 
d, J =  1.2 Hz, Furan-CH3), 2.46 (2H, t, J =  7.7 Hz, 
CH2CH2COOH), 3.05 (2H, t, J = 7.7 Hz, CH2CH~COOH), 
7.12 (1H, q, J -- 1.2 Hz, Furan-H). EI-MS rn/z (relative in- 
tensity): 198 (M +, 19.4), 180(11.8), 152(100), 139(32.3}, 
138(9.7), 135(20.4), 121(7.5), 79(10.8), 77(8.6), 65(9.1). 

A solution of 3-carboxy-4-methyl-2-furanpropionic acid 
(1.1 g, 5.56 mmol) in a mixture of methanol (12 mL) and 
benzene (40 mL) was treated with ethereal diazomethane 
prepared from N-methyl-N-nitrosourea, and evaporated 
under reduced pressure. The residue was purified by silica 
gel column chromatography to give 1.0 g (79.5%) of 2 as 
a colorless oil. ~H NMR (CDCl~) d: 2.14 (3H, d, J =  
1.3 Hz, Furan-CH~), 2.69 (2H, ~ 7.7 Hz, CH~CH2COOCH~), 
3.29 (2H, t, 7.7 Hz, CH~CH~COOCH~), 3.69 (3H, s, 
CH~CH~COOCH3), 3.83 (3H, s, COOCH~), 7.06 (1H, q, 
J - -  1.3 Hz, Furan-H). 1~C NMR: see Table 1. EI-MS m/z 
(relative intensity): 226 (M +, 24.6}, 195(27.1), 194(25.4), 
166(100), 153(45.8), 135(28.8), 134(9.3), 77(6.8}, 59(6.8). 

Reaction of 1 with HOCI. A solution of sodium hypo- 
chlorite (154 mM, 14.0 mL) was added with stirring to a 
mixture of 1 (310 mg, 1.16 mmol), acetone (85 mL) and 
sodium phosphate buffer (pH 7.40, 170 mL 0.15 M). After 
stirring for 30 s, the mixture was extracted with diethyl 
ether (3 • 500 mL). The extracts were dried over Na2SO4 
and evaporated to dryness. The residual viscous oil was 
chromatographed on silica gel. Elution with ethyl ace- 
tate/hexane (7:3, vol/vol) gave three fractions: Fraction 5 
(26.3 mg, 8.4%, Rf 0.97}, Fractions 6-8 (172.0 mg, 54.8%, 
Rf 0.97, 0.91, 0.57) and Fractions 9-14 (115.5 mg, 36.8%, 
Rf 0.79 and 0.57). Effluents were gathered in a fraction 
collector in 9-mL volumes. One ~L of each fraction was 
applied to a TLC plate which was developed with ethyl 
acetate/hexane (7:3, vol/vol). Fractions were detected by 
treatment with 50% H~SO4 and heating at 150~ for 3 
min. Fractions 9-14: 'H NMR (CDCI~) d: 0.90 (3H, t, 

J = 7.0 Hz, CH2CH2CH3), 1.2-2.0 (4H, m, CH~CH~CH3 
and CH2CH2CH3), 2.07 (3H, s, Furan-CH3), 2.2-2.6 (4H, 
m, CH2CH2COOCH 3 and CH2CH2COOCH3), 3.39 (1H, 
s, OH of 3b, D20 exchangeable), 3.63 (3H, s, 
CH2CH2COOCH 3 of 3b), 3.67 (3H, s, CH2CH2COOCH 3 of 
3a), 3.80 (3H, s, COOCH3), 3.95 (1H, s, OH of 3b, D20 ex- 
changeable), 4.10 (1H, s, OH of 3a, D20 exchangeable), 
5.18 (1H, s, OH of 3a, D20 exchangeable). 13C NMR data 
are summarized in Table 1. Negative FAB-MS re~z: 301 
([M - HI-), 284 ([M - H]- - OH), 283 ([M - H] - H20), 
269 ( [ M -  H]- -CH3OH);  CI-MS (ammonia) re~z: 302; 
EI-MS m/z (relative intensity): 284 (M + -  H20, 5.0}, 
266(33.7), 253(19.1), 241(56.3), 237(12.6), 210(14.4), 
209(29.4), 207(20.7), 206(28.9), 193(23.0), 181(100), 
165(31.6), 149(19.0), 115(32.0), 71(15.2), 67(20.3), 59(17.5), 
55(36.7). anal. Calcd for C14H2207: C, 55.62; H, 7.34. 
Found: C, 54.83; H, 7.29, GC/MS analysis of the trimethyl- 
silylated derivatives showed two components in a ratio 
of 1:1.28 with retention times of 13.9 min and 15.3 min, 
respectively. Component with retention time 13.9 min 
(trans): EI-MS m/z (relative intensity): 431 (M - 15, 7.9), 
403(63.4), 359(53.0), 313(27.3), 281(15.7), 269(18.9}, 
267(19.2), 235(14.4), 207(11.4), 181(23.8), 165(36.2), 
147(12.5), 89(14.4), 75(46.6), 73(100); CI-MS (ammonia) m/z: 
357 (MH + - (CH3)3SiOH), 284 (MNH4 + - (CH3)3SiOH - 
CH3)3SiOH), 267 (MH + - (CH3)3SiOH - (CH3)3SiOH). 
Component with retention time 15.3 min (cis): ELMS m/z 
(relative intensity): 431 (M + -  15, 5.0), 403(56.5), 
359(46.0), 313(23.7), 281(14.2), 269(16.3), 267(30.7), 
235(19.0), 207(9.7), 181(22.5), 165(34.8), 147(19.1), 89(13.7}, 
75(38.7), 73(100); CI-MS m/z 357 (MH + -(CH3)3SiOH), 
284 (MNH4 + - (CH3)3SiOH - (CH3)3SiOH), 267 (MH + - 
(CH3)3SiOH -- (CH3)3SiOH). 

Reaction of  2 with HOCI. A solution of sodium hypo- 
chlorite (1.54 M, 700 kLL) was added with stirring to a mix- 
ture of 2 (230 mg, 1.02 mmol), acetone (16 mL), and 
sodium phosphate buffer (pH 7.40, 46 mL of 0.15 M). 
After stirring for 30 s, the reaction mixture was extracted 
with diethyl ether (150 mL >< 3), and the extracts were 
dried over Na2SO4 and evaporated under reduced pres- 
sure at 10~ to give an oil, which was chromatographed 
on silica gel. Elution with ethyl acetate/hexane (7:3, 
vol/vol) gave a colorless viscous oil (97 mg). 1H NMR 
(CDC13) d: 2.13 (3H, s, Furan-CH3), 2.2-2.5 (4H, m, 
CH2CH2 and CH2CH2), 3.66 (3H, s, CH2CH2COOCH3), 
3.81 (3H, s, COOCH3), 4.09 (1H, d, J - -  8.8 Hz, 5-OH of 
4b), 4.44 (1H, d, J = 9.3 Hz, 5-OH of 4a), 4.91 (1H, s, 2-OH 
of 4a or 4b), 5.56 (1H, d, J = 9.3 Hz, 5-H of 4a), 5.88 (1H, 
d, 8.8 Hz, 5-H of 4b). '3C NMR: see Table 1. Negative 
FAB-MS m/z: 259 ([M - H]-), 242 ([M - H]- -- OH), 241 
([M - HI- - H~O), 227 ([M - H]- - CH3OH); CI-MS 
(ammonia) re~z: 260; EI-MS m/z (relative intensity): 242 
(M + - H 2 0 ,  25.5}, 211 (38.6), 210(100), 183(33.7), 
182(45.2), 173(21.7), 155(29.2), 151(20.0), 150(52.1), 
127(60.2), 123(53.2), 122(21.1), 115(65.0), 95(22.1), 67(29.6), 
59(46.1), 55(63.3). GC/MS analysis of the trimethyl- 
silylated derivatives showed two components in a ratio 
of 1:2.20 with retention times of 10.2 min and 11.0 min, 
respectively. Component with retention time 10.2 min 
(trans): EI-MS m/z (relative intensity): 403 (M + - H, 1.0), 
389 (M + - 15, 5.4), 317(91.7), 315(6.3), 299(7.3), 241(16.7), 
193(6.3), 185(33.3), 169(12.5), 147(15.6), 127(12.5), 
123(13.5), 89(16.7), 75(27.1), 73(100); CI-MS (ammonia) m/z: 
422 (MNH4+), 322 (MNH4+-(CH3)3SiOH), 315 

L1PIDS, Vol. 28, no. 1 (1993) 



41 

OXIDATION PRODUCTS OF UROFURAN ACID 

(MH + -(CHz)zSiOH),  260 (242 + NH4), 242 (NH4 + -  
(CHa)3SiOH-  (CHz)3SiOH). Component  with retention 
t ime 11.0 min (cis): EI-MS m/z (relative intensity): 403 
(M + - H ,  1.0), 389(6.0}, 317(82.8), 315(10.9), 299(17.2), 
241(11.2), 193(10.3), 185(32.8), 169(16.4), 147(30.2), 
127(12.9), 123(20.7), 89(20.7), 75(30.2}, 73(100); CI-MS (am- 
monia) m/z: 422 (MNH4+), 322 (MNH4 + -- (CHa)3SiOH), 
315 ( M H + - ( C H 3 ) a S i O H ) ,  260 ( 2 4 2 + N H 4 ) ,  242 
(NH4 + - (CH3)3SiOH - (CHa)aSiOH). 

Reac t ion  o f  5 w i th  HOCI. A solution of sodium hypo- 
chlorite (0.154 M, 40.6 mL) was added with s t i rr ing to a 
mixture  of 5 (610 mg, 6.35 mmol), acetone (255 mL), and 
sodium phosphate  buffer (pH 7.40, 510 m L  of 0.15 M). 
After  30 s, the mixture  was extracted with diethyl ether 
(1 L • 3). The ext rac ts  were dried over Na2SO4 and con- 
centra ted under  reduced pressure below 10~ to give a 
residue which was chromatographed on silica gel. Elution 
with ethyl acetateJhexane (4:6, vol/vol) gave 287 m g  
(40.3%) of cis - l ,2-d iace ty le thy lene  (6) as a liquid (287 mg). 
1H N M R  (CDC1 a) 6:2.26 (6H, s, 2 X CH~), 6.28 (2H, s, 
CH--CH).  lzc N M R  (CDC13) 6 : 2 9 . 5 7  (CHz), 135.50 
(CH=CH), 200.27 (C=O). E l - M S  m/z (relative intensity): 
112 (M +, 20.5), 97 (54.0), 69 (14.2), 43 (100). 
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Methyl 9,12-epoxy-10-phenyl-9,11-octadecadienoate was 
prepared by acid catalyzed cyclization of methyl 9,12- 
dioxo-10-phenyloctadecanoate, which was derived from 
the oxidation of methyl 9-hydroxy-12-oxo-10-phenylocta- 
decanoate. The latter was exclusively obtained from 
methyl cis-9,10-epoxy-12-oxooctadecanoate with phenyl- 
lithium in the presence of copper (I) bromide. A mixture 
of positional isomers, methyl 9,12-epoxy-10(ll)-phenyl- 
9,11-octadecadienoates, was also prepared by another 
route. The spectroscopic properties of the various in- 
termediates and products were studied. The positional 
isomers of the phenyl substituted furanoid fatty esters 
were characterized by 13C nuclear magnetic resonance 
spectrometry. 
Lipids 28, 43-46 (1993). 

Long-chain fatty acids containing a furan nucleus in the 
alkyl chain have been found in the lipid extracts of fish 
(1-5), plants (6-9}, soft corals (10), crayfish (11), amphib- 
ians and reptiles (12) and in human and bovine blood 
plasma (13,14). Biosynthetic experiments by Sand et  al. 
(15) have shown that furanoid fatty acids in fish are not 
produced from acetate by de novo synthesis, while Gorst- 
Allman et  al. (16) have ruled out 10,13-nonadecadienoic 
acid as a possible precursor of furanoid fatty acids in 
animals. 

In natural furanoid fatty acids, the only substituent 
found at the 3- and/or 4-position of the furan ring is a 
methyl group. We have reported the synthesis of the mono- 
and dimethyl substituted Cls furanoid fatty acid deriva- 
tives (17,18) and have recently extended this work to show 
the possible conversion of a malonic acid group to a methyl 

substituent (19). In the present paper, we describe the syn- 
thesis of a Cls furanoid fatty ester derivative containing 
a phenyl group in the 3-position of the furan ring 
(Scheme 1) and another procedure for the preparation of 
a mixture of positional isomers of Cls furanoid fat ty 
esters containing a phenyl group at either the 3- or 4- posi- 
tion of the furan ring (Scheme 2). 

MATERIALS AND METHODS 

Thin-layer chromatography (TLC} was carried out on silica 
gel coated microscope slides (ca. 0.1 mm layers}. Prepara- 
tive TLC separations were done on glass plates (20 • 20 
cm) coated with silica gel (0.7-mm layers). Column chro- 
matographic purifications were done on silica gel, and mix- 
tures of light petroleum (b.p. 60-80~ ether were 
used as eluent. Elemental analyses were carried out by 
Butterworth Laboratories Ltd. (Teddington, Middlesex, 
England, U.K.). Infrared spectra were obtained with a 
Perkin-Elmer 577 (Perkin-Elmer, Norwalk, CT) spectro- 
photometer. Nuclear magnetic resonance (NMR) spectra 
were recorded with a JEOL FX-90Q (90 MHz) (JEOL Ltd., 
Tokyo, Japan) Fourier transform spectrometer at 89.56 
MHz for protons and at 22.5 MHz for carbon. Chemical 
shifts are expressed as ppm relative to tetramethylsilane 
used as an internal standard. Methyl ricinoleate (methyl 
12-hydroxy-cis-9-octadecenoate)  (1) was obtained from 
castor oil. Methyl 12-oxo-9-cis-octadecenoate (2), methyl 
c i s -9 ,10 -epoxy -12-oxooc tadecanoa te  (3) and methyl 
9,12-epoxy-9,11-octadecadienoate (7) were prepared by 
methods described elsewhere (18). Benzohydroxa- 
mic acid was prepared according to the procedure de- 
scribed by Hauser and Renfrow (20). Phenyllithium in 

OH 0 
i i II ii 

RICHCH2CH = CHR 2 ~ RICCH2CH = CHR 2 

0 
II / 0.,... 

RICCH=CH - CHR 2 

I 2 3 

0 Ph OH 0 Ph 0 
i i i  il I II I clIR2 

RI  CCH2CH - -  

5 

R 1 = C H a ( C H 2 )  5 

R 2 = ( C H 2 ) 7 C O O C H  3 

Reagents: 
i, H2CrO 4, Et20 

Ph 

R 1 R 2 

ii, m-chloroperoxybenzoic acid, CH2CI 2 
iii, Ph2CuLi, Et20 
iv, BF3-Et20, CHCI 3 

SCHEME 1 

*To whom correspondence should be addressed at Department of 
Chemistry, University of Hong Kong, Pokfulam Road, Hong Kong. 

Abbreviations: IR, infrared spectroscopy; NMR, nuclear magnetic 
resonance; PE, mixture of light petroleum and diethyl ether [PE30 

denotes a mixture of light petroleum]diethyl ether (70:30, vol/vol) 
where the numeral stands for the percentage of diethyl ether in the 
solvent mixture]; Rf, retardation factor; TLC, thin-layer chro- 
matography. 
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RI ~ R2 

7 

l~/lq~ ~ ~ ii 

N =  C - -Ph  

Sa,Sb 

P h  
i~Aq' ~ ( . x ,  ~ ~Aq' 

0 0 0 
I I 

N-m-- G - -Ph  

~a,gb 

iii 
P h  
I 

R=~ ' C CI'~CH C R=/R ' 
I1 II 
0 0 

5,5a 

iv 

P h  

6,6a 

R 1 = CH3(CH2) 5 

R 2 = (CH2)7COOCH 3 

Reagents: 
i, benzohydroxamic acid, Pb (IV) oxide 

ii, Ph2CuLi, Et20 
iii, EtOH, H20 
iv, BF3-OEt 2, CHCI 3 

SCHEME 2 

cyclohexane/ether was purchased from Aldrich Chemical 
Co. (Milwaukee, WI). All solvents were distilled and dried 
before use. 

Preparation of methyl 9-hydroxy-12-oxo-10-phenylocta- 
decanoate (4). Phenyllithium in cyclohexane]ether (1.8 M, 
6.4 mL) was added dropwise to a suspension of copper(I) 
bromide (0.83 g, 5.8 mmol) in diethyl ether (20 mL) at 0~ 
under nitrogen and stirred for 30 min. Methyl cis-9,10- 
epoxy-12-oxooctadecanoate (3, 1.5 g, 4.6 mmol) in an- 
hydrous diethyl ether (30 mL) was added, and the reac- 
tion mixture stirred for a further 2 h at 0~ Saturated 
aqueous ammonium chloride solution (50 mL) was added, 
and the reaction mixture was extracted with diethyl ether 
(3 • 50 mL). The organic extract was washed with brine 
(2 • 20 mL) and was dried over anhydrous sodium sulfate" 
The solvent was evaporated, and the residue was chro- 
matographed on a silica column (100 g) using a mixture 
of light petroleum/diethyl ether (3:2, vol/vol) as eluant to 
give methyl 9-hydroxy-12-oxo-10-phenyloctadecanoate (4, 
0.96 g, 52%) as an oil. Retardation factor (R~) 0.3 (PE30); 
infrared (IR) (cm -1) (film) 3400(s, O-H stretching), 1740(s, 
C=O stretching}, 1580(m), 1450(m); 'H NMR (CDC13, d): 
0.87 (t, 3H, CH3), 1.2-1.8 (m, 18H, CH2), 2.30 (t, J = 7.5 
Hz, 2H, 2-/-/), 2.4-2.6 (m, 7H), 3.66 (s, 3H, COOCH3), 4.05 
(q, 1H, J -  7.0 Hz, CHOH), 6.7-6.9 (m, 3H, arom.) and 
7.0-7.3 (m, 2H, arom.); 13C NMR (CDC13, ppm): 14.0 
(C-18), 22.5 (C-17), 23.6 (C-14), 24.9 (C-3), 25.6 (C-7), 29.0, 
29.1, 29.3, 31.6 (C-16), 34.1 (C-2), 34.4 (C-8), 43.6 (C-13), 45.2 
(C-11), 46.2 (C-10), 51.4 (COOCH3) , 60.3 (C-9), 128.4 (C-4' 
arom.), 128.7 (C-2' arom.), 129.0 (C-3' arom.), 129.4 (C-I' 
arom.), 174.5 (C-l) and 210.9 (C-12). 

Preparation of methyl 9,12-dioxo-lO-phenyloctadecano- 
ate (5). Compound 4 (0.18 g, 0.44 mmol) was dissolved in 
diethyl ether (80 mL) and chromic acid (2.0 mL, prepared 
from 20 g of sodium dichromate, 28 g sulfuric acid and 
65 mL water) was added over a period of 5 min at room 
temperature. The reaction mixture was stirred for a fur- 
ther 30 min. The ethereal solution was washed with water 
(20 mL) and then with sodium hydrogencarbonate (10%, 
20 mL). The organic mixture was dried over anhydrous 

sodium sulfate. Silica column chromatographic purifica- 
tion gave methyl 9,12-dioxo-10-phenyloctadecanoate (5, 
0.17 g, 95%) as an oil. Rf 0.5 (PE30); 1H NMR (CDC13, 6): 
0.87 (t, 3H, CH3), 1.2-1.8 (m, 18 H, CH2), 2.2-2.6 (m, 6H, 
CH2), 3.39 (d, J =  10.3 Hz, 1H, CH2CHPh), 3.43 (d, 
J=  10.3 Hz, 1H, CH2CHPh), 3.66 (s, COOCH3), 4.20, 
4.23 (d, J = 3.9 Hz, 1H, CHPh} and 7.1-7.5 (m, 5H, arom.); 
13C NMR (CDC13, ppm): 14.0 (C-18), 22.4 (C-17}, 23.6 
(C-14), 23.8 (C-7}, 24.9 (C-3), 28.6, 28.7, 28.9, 31.5 (C-16}, 
34.3 (C-2), 41.6, 42.9 (C-8/C-13L 45.8 (C-11), 51.4 
(COOCH3L 53.3 (C-10}, 127.4 {C-4' arom.), 128.3 (C-2' 
arom.), 129.0 (C-3' arom.), 138.1 (C-I' arom.), 174.4 (C-l}, 
209.8 and 210.0 (C-9/C-12). 

Preparation of methyl 9,12-epoxy-10-phenyl-9,11-octa- 
decadienoate (6). A mixture of compound 5 (0.15 g, 0.37 
mmol), boron trifluoride etherate (0.2 mL} and chloroform 
(10 mL) was stirred at room temperature for 3 h. Water 
(20 mL) was added and the chloroform layer was isolated. 
The organic layer was then dried over anhydrous sodium 
sulfate. The solvent was evaporated under reduced pres- 
sure, and the residue was separated by preparative TLC 
using a mixture of light petroleum]diethyl ether, (95:5, 
vol/vol) as developing solvent to give methyl 9,12-epoxy- 
10-phenyl-9,11-octadecadienoate (6, 0.13 g, 93%}. Elemen- 
tal analysis: Calc. for C2~H3603 (%), C, 78.08; H, 9.44; O, 
12.48; found, C, 78.18; H, 9.41; O, 12.50. R~ 0.8 (PE20}; IR 
(cm -1) (film): 3100 (w, C-H furan and arom.), 1740 (s, C=O 
stretching), 1560, 1442, 1010 (m, C-O-C furan), 790 and 
730; 'H NMR (CDC13, 6): 0.88 (t, 3H, CH3), 1.2-1.4 (m, 
12H, CH2), 1.4-1.8 (m, 6H, CH2), 2.29 (t, 2H, 2-H), 2.60 
(~ J = 7.0 Hz, 2H, 13-/-/}, 2.73 (t, J = 7.0 Hz, 2H, 8-/-/), 3.65 
(s, 3H, COOCH3), 6.07 (s, 1H, furan CH) and 7.33 (s, 5H, 
arom.); 13C NMR (CDC13, ppm): 14.1 (C-18), 22.6 (C-17), 
24.9 (C-3), 27.0 (C-8), 28.0 (C-13), 28.1, 28.6, 29.0, 31.6 (C-16), 
34.1 (C-2), 51.4 (COOCHa), 106.2 (C-11), 121.2 (C-10), 126.0 
(C-4' arom.), 127.6 (C-2' arom.), 128.4 (C-3' arom.), 134.8 
(C-I' arom.), 149.8 (C-9), 154.3 (C-12) and 174.2 (C-l). 

Preparation of methyl dioxazolyl C18-enone esters 
(8a,Sb). A mixture of methyl 9,12-epoxy-9,11-octadecadi- 
enoate (7, 14 g, 45.5 mmol), benzohydroxamJc acid (9 g, 
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65 mmol), lead(IV) oxide (60 g, 0.25 mol) and ethyl acetate 
(150 mL) was stirred at room temperature for 24 h. The 
reaction mixture was filtered and the solvent was evapo- 
rated under reduced pressure. The residue was chromato- 
graphed on a silica column (200 g) using a mixture of light 
petroleuroJdiethyl ether (7:3, voYvol) as eluant to give com- 
pounds 8a,8b (14.7 g, 73%) as an oil. Rf 0.35 (PE40); IR 
(cm -1) (film): 1735 (s, C=O stretching, ester), 1690 (s, 
C=O stretching, oxo), 1620 (m), 1450, 1360, 760, 690; ~H 
NMR (CDC13, d): 0.87 (t, 3H, CHa), 1.2-1.4 (m, 12H, CH2), 
1.6-1.8 (m, 6H, CH2), 2.20 (t, 2H, J =  7.5 Hz, 
CH2COOCNPh), 2.30 (t, 2H, 2-H), 2.51 (t, J = 7.5 Hz, 2H, 
COCH2), 3.66 (s, 3H, COOCH3), 5.84, 6.18 (2d, J = 12.8 
Hz, 2H, CH=CH), 7.3-7.5 (m, 3H, arom.) and 7.6-7.8 (m, 
2H, arom.); 13C NMR (CDC13, ppm): 14.0 (C-18), 22.5 
(C-17), 23.4 (C-7 or C-14), 24.9 (C-3), 28.9, 29.0, 29.1, 29.3, 
31.7 (C-16), 34.0 (C-2), 37.7, 37.8, (CH2COOCNPh), 43.3, 
43.5 (COCH2), 51.2 (COOCH3), 115.4 (COOCNPh), 123.4 
(C-4' arom.), 126.8 (C-2' arom.), 128.7 (C-3' arom.), 131.4 
(C-I' arom.), 132.4, 132.7 (C-10 or C-11), 158.1 (C-N), 173.8 
(C-l) and 203.0 (C=O, oxo). 

Preparation of phenyl substituted dioxazolyl C18-keto 
esters (9a,9b). A mixture of freshly prepared copper(I) 
bromide (0.85 g, 5.9 mmol), phenyllithium (6.6 mL of a 1.8 
M solution) and anhydrous diethyl ether (150 mL) was stir- 
red at 0~ under nitrogen for 15 min. The mixture of com- 
pounds 8a,8b (2.0 g, 4.5 mmol) was added and the tem- 
perature maintained at 0-5~ for 1 h. The reaction mix- 
ture was stirred for 10 h at room temperature and was 
then poured into cold aqueous ammonium chloride (2.0 M, 
150 mL). The product was isolated by extraction with 
diethyl ether (2 • 100 mL) and was dried over anhydrous 
sodium sulfate. The solvent was evaporated, and silica gel 
column chromatography of the residue yielded a mixture 
of compounds 9a,9b (1.8 g, 80%) as an oil. R~ 0.3 {PE40); 
IR (cm -~) (film): 1734 (s), 1690 (s), 1615, 1570, 1440, 790, 
720; 1H NMR (CDC13, d): 0.81 (t, 3H, CH3), 1.2-1.8 (m, 
20H, CH2), 2.1-2.4 (m, 4H, CH2), 2.90 (m, 2H, 
CH2CHPh), 3.65 (s, 3H, COOCH3), 3.78 (dd, J -  4.0, 9.0 
Hz, 1H, CHPh) and 7.1-7.8 (m, 10H, arom.); 13C NMR 
(CDC13, ppm): 13.9 (C-18), 22.4 (C-17), 23.5 (CH2CH2CO), 
24.8 (C-3), 28.7, 28.8, 28.9, 29.1, 29.2, 31.5 ~C-16), 34.1 (C-2), 
36.4 (C-8 or C-13), 42.8 (CH2CHPh), 43.4 (CH2CO), 47.8 
(CHPh), 51.4 (COOCH~), 119.8 (COOCNPh), 123.1 
(arom.), 126.7 (arom.), 127.3 (arom.), 128.4 (arom.), 128.7 
(arom.), 129.1 (arom.), 131.4 (arom.), 138.9 (arom.), 158.6 
(C=N) and 174.1 (C-I). 

Preparation of methyl 9,12-dioxo-10(11~phenyloctadeca- 
noates (5,5a). A mixture of compounds 9a,9b (1.5 g, 2.8 
mmol and aqueous ethanol (50%, 60 mL) was refluxed for 
20 h. Water (50 mL) was added, and the reaction mixture 
extracted with diethyl ether (2 • 50 mL). The ethereal ex- 
tract was washed with water (20 mL) and was dried over 
anhydrous sodium sulfate. The solvent was evaporated, 
and the residue was chromatographed on a silica gel col- 
umn using a mixture of petroleum ether/diethyl ether (4:1, 
vol/vol) as eluent to give a mixture of methyl 9,12-dioxo- 
10(11)-phenyloctadecanoates (5,5a) (0.97 g, 86%) as an oil. 
R~ 0.30 (PE40); IR (cm -1) (film): 1740 (s, C=O stretching, 
ester}, 1703 (s, C=O stretching, oxo), 1565, 1446, 790, 730. 
~H NMR (CDC13, 6): 0.87 (t, 3H, CH3), 1.2-1.8 (m, 18H, 
CH2), 2.2-2.6 (m, 6H, CH2), 3.39 (d, J =  10.3 Hz, 1H, 
CH2CHPh), 3.43 (d, J = 10.3 Hz, 1H, CH2CHPh), 3.66 (s, 
3H, COOCH3), 4.20, 4.23 (d, J =  3.9 Hz, 1H, CHPh) and 

7.1-7.5 (m, 5H, arom.); ~3C NMR (CDC13, ppm): 14.0 
(C-18), 22.4 (C-17), 23.6, 23.8 (CH2CO), 24.9 (C-3), 28.6, 
28.7, 28.9, 31.5 (C-16), 34.3 (C-2), 41.6, 42.9 (CH2CO), 45.8 
(COCH2CHPh), 51.4 (COOCH3), 53.3 (CHPh), 127.4 (C-4' 
arom.), 128.3 (C-2' arom.), 129.0 (C-3' arom.), 138.1 (C-I' 
arom.), 174.4 (C-l), 209.8 and 210.0 (C=O, oxo). 

Preparation of methyl 9,12-epoxy-10(11)-phenyl-9,11-octa- 
decadienoates (6,6a). A mixture of methyl 9,12-dioxo- 
10(11)-phenyloctadecanoates (5,5a) (1.0 g, 2.6 mmol), boron 
trifiuoride etherate (0.5 mL) and chloroform (20 mL) was 
stirred at room temperature for 3 h. Aqueous sodium car- 
bonate (10%, 10 mL) was added, and the organic mixture 
was extracted with diethyl ether (2 • 20 mL). The solvent 
was evaporated and silica gel column chromatography of 
the residue gave compounds (6,6a) as an oil (0.96 g, 96%). 
Rf 0.8 (PE30); IR (cm -~) (film): 1740 (s, C=O stretching), 
1560 (m), 1142, 1010 (w), 790, 730; 1H NMR (CDC13, 6): 
0.88 (t, 3H, CH3), 1.2-1.4 (m, 12H, CH2), 1.4-1.8 (m, 6H, 
CH2), 2.29 (t, 2H, 2-//}, 2.60 (t, J = 7.5 Hz, 2H}, 2.73 (t, 
J - -  6.8 Hz, 2H), 3.65 (s, 3H, COOCH3), 6.07 (s, 1H, furan 
C/-/) and 7.2-7.4 (m, 5H, arom.); 13C NMR (CDC13, ppm): 
14.1 (C-18), 22.6 (C-17), 24.9 (C-3), 26.9, 27.0 (a-CH 2 to 
furan), 28.0, 28.6, 29.0, 31.6 (C-17), 34.1 (C-2), 51.4 
(COOCH3), 106.0, 106.2 (CH furan), 121.2 (C-Ph), 126.0 
(C-I' arom.), 127.6 (C-2' arom.), 128.4 (C-3" arom.), 134.8 
(C-4' arom.), 149.8, 150.0, 154.1, 154.3 (C-2' furan) and 
174.1 (C-l). 

RESULTS AND DISCUSSION 

Following our earlier success in the regiospecific methyla- 
tion of methyl cis-9,10-epoxy-12-oxooctadecanoate (3) (18), 
the latter compound was reacted with lithiumdiphenyl 
cuprate [generated in situ from phenyllithium and cop- 
per{I} bromidel to yield methyl 9-hydroxy-12-oxo-10- 
phenyloctadecanoate (4, 52%}, exclusively. Two-phase ox- 
idation of compound 4 gave methyl 9,12-dioxo-10-phenyl- 
octadecanoate (5, 95%}. Compound 5 was cyclized in the 
presence of boron trifluoride etherate to methyl 9,12- 
epoxy-10-phenyl-9,11-octadecadienoate (6, 93%}. 

The infrared spectrum of compound 6 showed a weak 
absorption band at 3100 cm -1, while the ester carbonyl 
function absorbed at 1740 cm-'. The presence of the 
phenyl system in methyl 9,12-epoxy-10-phenyl-9,11-octa- 
decadienoate (6) was apparent from the appearance of the 
signal at d 7.33 (s, 5H) arising from the shift of the 
aromatic protons in the 1H NMR spectrum. The furan 
proton (11-/-/) appeared at d 6.07 (s, 1H). The effect of the 
phenyl group at the C-10 position caused the protons of 
the methylene groups adjacent to the furan nucleus to be 
chemically nonequivalent. The shifts of the 8-H and 13-/-/ 
protons were found at d 2.73 and 2.60, respectively. 

In the '3C NMR spectral analysis of compound 6, the 
monosubstituted phenyl system was confirmed by the ap- 
pearance of four signals in the aromatic region, viz. 126.0 
(C-4' arom.), 127.6 (C-2' arom.), 128.4 (C-3' arom.) and 134.8 
(C-I' arom.). The effect of the phenyl ring on the chemical 
shifts of the furan carbon atoms was very significant. The 
carbon atoms of the furan nucleus were shifted to 149.8 
(C-9), 121.2 (C-10) and 154.3 (C-12), while the methine car- 
bon of the furan appeared at 106.2 (C-11) ppm. The shifts 
of the methylene carbon atoms (C-8, C-13) adjacent to the 
furan nucleus were also affected by the phenyl substituent 
in the furan nucleus. The chemical shifts for the C-8 and 
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C-13 carbon a toms were found at  27.0 and 28.0 ppm, 
respectively. 

In  the preparat ion of a mixture  of positional isomers 
of furanoid fa t ty  ester  derivatives containing a phenyl  
group at  the 3- or 4- position of the furan nucleus (6,6a), 
methyl  9,12-epoxy-9,11-octadecadienoate (7) was stirred 
with benzohydroxamic acid in the presence of lead{IV) ox- 
ide. Ring opening of the furan ring resulted in the forma- 
tion of a mixture  of conjugated dioxazolyl Cls-enone in- 
termediates  (8a,8b, 73%) (21). This reaction was non- 
regiospecific, and compounds  8a,8b contain an oxo group 
at  either the C-9 or C-12 position of the alkyl chain. Treat- 
ment  of the mixture  of compounds  8a,8b with phenyl- 
lithium in the presence of copper(I) bromide furnished the 
corresponding 1,4-Michael addition products (9a,9b, 80%). 
The dioxazolyl function was subsequent ly  removed by 
refluxing with aqueous ethanol to yield methyl  9,12-diox(~ 
10(11)-phenyloctadecanoates (5,5a, 86%). The la t ter  mix- 
ture of compounds was t reated with boron trifluoride 
etherate  in chloroform to furnish a mixture  of positional 
isomers of phenyl  furanoid f a t ty  esters, methyl  9,12- 
epoxy-10(ll)-phenyl-9,11-octadecadienoates (6,6a, 96%). 

In  the analysis of the mixture  of compounds  6,6a, the 
infrared and 1H N M R  spectra  were identical to those 
recorded for the single isomer 6. However, the presence 
of the two positional isomers (6,6a) in the mixture  was ap- 
parent  from the 13C N M R  spectral  analysis. The chemi- 
cal shif ts  of the furan carbon nuclei were resolved into 
seven signals (106.0, 106.2, 121.2, 149.8, 150.0, 154.1 and 
154.3 ppm). As the shift values of the furan carbon nuclei 
(106.2, 121.2, 149.8 and 154.3 ppm) for compound 6 were 
already established, it was therefore possible to assign 
unequivocally the shif ts  of the carbon nuclei of the furan 
nucleus of compound 6a. Thus, the chemical shifts  of the 
furan carbon a toms of compound 6a (methyl 9,12-epoxy- 
ll-phenyl-9,11-octadecadienoate) appeared at  154.1, 106.0, 
121.2 and 150.0 p p m  for C-9, C-10, C-11 and C-12, respec- 
tively. ~aC N M R  spec t romet ry  thus  permi t ted  the full 
characterizat ion of C18 furanoid f a t ty  ester derivatives 
containing a phenyl subs t i tuent  at  the 3- or 4-position of 
the furan nucleus. 
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For studies of incorporation, elongation and desaturation 
of fats in humans and animals, methyl 5,11,14,17~eicosate- 
traenoate-8,8,9,~d4 was prepared by Wittig coupling, in 
the presence of sodium b/s(trimethylsilyl) omlde, of 6,9,12- 
pentadecatrienal-3,3,4,4-d4 and 4-carboxybutyltriphenyl- 
phosphonium bromide. The all-c/s isomer was separated 
from trans isomers and other impurities by silver resin 
chromatography. Location and configuration of the dou- 
ble bonds and deuterium atoms were affirmed by nuclear 
magnetic resonance and mass spectrometry. 
Lipids 28, 47-50 (1993). 

For studies of incorporation, elongation and desaturation 
of fats in humans and animals (1,2), we have synthesized 
various monoenoic (3), dienoic (4) and tri- and tetraenoic {5-7) 
fatty acid esters labeled with deuterium in various positions 
In this paper we describe the synthesis of methyl 5,11,14,17- 
eicosatetraenoate-8,8,9,9-d4 (5,11,14,17-20:4-d4) which is 
potentially an intermediate in the conversion of linolenate 
(9,12,15-18:3} to eicosapentaenoate (5,8,11,14,17-20:5). The 
5,11,14,17-20:4-d4 has been synthesized to study the pro- 
posed pathway (8} that involves the action of a A8 desattm 
ase. The results of the biochemical investigation will be 
published separately. 

RESULTS AND DISCUSSION 

The original plan was to generate methyl 5,11,14,17-20: 
4-d4 by Wittig coupling of 3,6-nonadienyltriphenylphos- 
phonium iodide with methyl 11-ox~5-undecenoate-8,8,9,9- 
d4. The synthesis of the nine carbon phosphonium salt 
has been described previously {6,7}. An improved prepara- 
tion of ]-bromo-2-pentyne, the first intermediate in the 
synthesis of the phosphonium salt, is presented in this 
paper. The required aldehyde ester was to be obtained by 
oxidation of methyl ll-hydroxy-5-undecenoat~8,8,9,9-d4. 
We thought this hydroxy ester should be accessible 
through Wittig reaction of 3,3,4,4-tetradeuter~6-hydroxy- 
hexyltriphenylphosphonium iodide and methyl 5-oxo- 
pentanoat~ However, the reaction did not yield the desired 
Wittig coupling product. A hydroxyphosphonium salt 
reacts with a simple aldehyde to give the expected Wit- 
tig coupling product but, according to Ohta et  aL (9), the 
principal product {about 35% yield} of the reaction of a 
hydroxyphosphonium salt and an aldehyde ester is a 
macrocyclic lactone rather than the Wittig coupling pro- 
duct. In an effort to avoid this unwanted reaction, we 
prepared the tetrahydropyranyl (THP} ether of 6-hydroxy- 
hexyltriphenylphosphonium bromide but  were unable to 
obtain it in crystalline form. We were unsuccessful in our 

*Address correspondence at National Center for Agricultural Utiliza- 
tion Research, 1815 N. University Street, Peoria, IL 61604. 

Abbreviations: DHP, dihydropyran; EE, diethyl ether; GC, gas 
chromatography; NMR, nuclear magnetic resonance; PE, petroleum 
ether (35-60~ p-TSA, p-toluenesulfonic acid; THF, tetrahydrofuran; 
THP, tetrahydropyranyl. 

TH POCH2CH2C~-~-CH 
~ CH2CH2(), LiNH~, NH3 

T H POCH2C H2C~C--C H2C H2OH 1 63% 
I D2, [(C61"Is}3P]3R h el 

TH POC HzC H2C D;~C D2C H2C H20 H 2 77% 
~ C6H5NHCrO3CI, CH3COONa 

TH POC H2C H2CD~CD2CH2CHO 3 65% 
CH3CH2(CH=CH--CH2)2CH2P(CeH5)3[ 
C4HgLi, THF 

CH3C H2(C H =CH--CH2)~H=C H--CH2CD2C Di, C H2CH2OTH P 4 57% 
~ CH3OH, p-C H3C6H4SO3H 

CH3CH2(C H =CH--CH2)2CH =C H--CH2CD2C D2C H2CH2OH 5 94% 
~ C6HsNHCrO3CI 

CH3CH2(CH=CH--CH2)2CH=CH--CH~CD2CD2CH2CHO 6 82% crude 
1 HOOC--CH2CHL~CH2CH2P(C6H5)3Br 

NaN{Si(CH3)3]2, THF 
CH3OH , H + 

CH3CH2(CH----CH--CH2)3CD2CD2CH2CH=CH--CH2CH2CH2COOCH3 7 78% crude 

SCHEME 1 

attempts to isolate a Wittig product from the reaction be- 
tween the viscous phosphonium salt and the five-carbon 
aldehyde ester. 

We then decided to approach the synthesis from the 
other end of the molecule {Scheme 1). This would involve 
coupling, via a Wittig reaction, 3,6-nonadienyltriphenyl- 
phosphonium iodide with the THP ether of 6-hydroxy- 
hexanal-3,3,4,4-d4, 3, to yield, after hydrolysis, 6,9,12-pen- 
tadecatrienol-3,3,4,4-d4, 5. 

For the synthesis of compound 3, we condensed the 
THP ether of 3-butynol with ethylene oxide in the pre- 
sence of lithium amide in liquid ammonia to give the 
mon~THP ether of 3-hexyne-l,6-diol, 1. This compound 
was treated with deuterium gas in the presence of tris- 
(triphenylphosphine)chlomrhodium to give the mono-THP 
ether of 1,6-hexanediol-3,3,4,4-d4, 2. Oxidation of this in- 
termediate with pyridinium chlorochromate in the pre- 
sence of sodium acetate (10) produced the THP ether of 
6-hydroxyhexanal-3,3,4,4-d4, 3. Compound 3 was coupled 
with 3,6-nonadienyltriphenylphosphonium iodide and 
butyl lithium to give the THP ether of pentadecatrienol- 
3,3,4,4-d4, 4, which was then hydrolyzed to 5. The penta- 
decatrienol-d4, 5, could be converted to the phosphonium 
iodide through the bromide. The phosphonium iodide 
could then be coupled with methyl 5-oxopentanoate to 
give 20:4-d4. Alternatively, compound 5 could be oxi- 
dized to the corresponding aldehyde and coupled with 
4-carboxybutyltriphenylphosphonium bromide {which is 
commercially available} to give 20:4-d4. We chose the lat- 
ter mute. Accordingly, pentadecatrienol-d4, 5, was oxidiz- 
ed to pentadecatrienal-d4, 6, with pyridinium chlorochr~ 
mate- With unsubstituted phosphonium salts, the Wittig 
reaction with butyl lithium as base yields about 10-15% 
trans in the coupled product. With carboxybutyltriphenyl- 
phosphonium bromide and nonanal we found that the Wit- 
tig reaction with butyl lithium gave about 30% trans 
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isomer, and the yield was poor due to the formation of 
the aldol condensation product from the nonanal. We in- 
vestigated other bases and settled on sodium bis(tri- 
methylsilyl)amide (11) because it gave the desired product 
with only about 10% trans, and without the formation 
of the aldol product. Therefore we used sodium bis(tri- 
methylsilyl)amide to condense pentadecatrienal-d4, 6, 
with 4-carboxybutyltriphenylphosphonium bromide to 
give compound 7. The all-cis isomer of 7 was isolated on 
a 75% Ag/Na XN1010 column using 2-5% concentrations 
of acetonitrile in methanol as eluant. 

EXPERIMENTAL PROCEDURES 

Reagents. Butyl lithium, triphenylphosphine, dihydropy- 
ran, 4-carboxybutyltriphenylphosphonium bromide, 3- 
butynol, sodium bis(trimethylsilyl)amide and pyridinium 
chlorochromate were obtained from Aldrich Chemical 
Company (Milwaukee, WI). 2-Pentynol was purchased 
from Farchan Laboratories (Gainsville, FL), and tr/s(tri- 
phenylphosphine)chlororhodium was obtained from Strem 
Chemicals (Newburyport, MA). Silica gel (60-200 mesh) 
and Florisil (100-200 mesh) were purchased from J.T. 
Baker (Jackson, TN), and Silica Gel 60 A (70-230 mesh) 
was from American Scientific Products (McGaw Park, IL). 

Methods. A 30 m • 0.25 mm SP2340 fused silica 
capillary column (Supelco, Inc, Bellefonte, PA) was used 
for analyzing binary mixtures of geometric isomers. For 
other analyses, a 6 ft • 4 mm column packed with 3% 
EGSS-X on 100/120 GasChrom Q or a 5 m • 0.53 mm 
HP-1 column (Hewlett-Packard Co., Avondale, PA) was 
employed. 

13C Nuclear magnetic resonance (NMR) spectra were 
recorded with a Bruker (Billerica, MA) WM 300 WB 
pulsed Fourier transform spectrometer operating at 75.5 
MHz. Typically, 2500 transients were collected from solu- 
tions in CDC13, which served as both internal lock and 
secondary reference, using 5-mm tubes. Sweep widths of 
200 ppm and 8 K real data points limited acquisition time 
to 0.54 s and were used to obtain chemical shift values 
within • 1.85 Hz, i.e., +_0.05 ppm. A pulse width of 3 ~s 
(40 ~ was employed with no delay be~wveen pulses. 
Decoupling power was held to ca. 1 W to provide adequate 
broadband decoupling power while minimizing sample 
heating (27~ probe temperature). The signal from car- 
bons bearing two deuterium atoms or one deuterium atom 
and a double bond is diminished to such an extent that 
it is usually not detected. 

Mass spectra were obtained on a Finnigan (San Jose, 
CA) 4500 mass spectrometer using isobutane chemical 
ionization with data processing of the isotope distribu- 
tion against standards (12). 

The macroreticular resin used for the separations was 
Rohm and Haas (Philadelphia, PA) XN1010 sulfonic acid 
resin ground to the mesh size indicated. Preparation of 
the silvered columns has been described (13-15). 

Improved preparation of 1-bromo-2pentyne. Triphenyl- 
phosphlne (171.5 g, 655 mmol) was dissolved in methylene 
chloride (325 mL) in a l-L, three-necked flask equipped 
with a mechanical stirrer, a low temperature thermometer 
and a burette or dropping funnel. A slow stream of N2 
was maintained through the apparatus as it was cooled 
in an ice bath. Bromine (102.8 g, 33.2 mL, 643 mmol) was 
added dropwise over 50 min while the temperature was 

kept between 3 and 15~ by intermittent cooling. 2- 
Pentynol (50.1 g, 595 mmol) in CH2C12 (50 mL) was 
added to the off-white slurry over 30 rain at 4 to 8~ The 
ice bath was removed and 15 min later petroleum ether 
(PE) (400 mL) was added. The mixture was filtered with 
suction and the precipitate was washed with PE (2 • 100 
mL). A column (3 X 50 cm) was packed with Baker silica 
gel (100 g), and 900 mL of solution was passed through 
the dry column followed by two 250 mL portions of P E .  
Solvent was removed from the eluate on a rotary evapor- 
ator at about 15~ and about 100 torr to yield 103 g of 
residue. The residue was distilled through a jacketed Vig- 
reux column to yield the title compound (77.59 g, 88.7% 
yield, 98% pure by gas chromatography (GC) b.l~ 63-80~ 
at 90 torr). In contrast to previously described prepara- 
tions, this sample of 1-bromo-2-pentyne was not a lachry- 
mator. 

Preparation of 642-tetrahydropyranyloxy~3-hexynol (1) 
(16). Liquid ammonia (ca. 400 mL) was charged to a l-L, 
three-necked flask equipped with a mechanical stirrer and 
a dry ice-cooled condenser and surrounded by Vermiculite 
insulating material. Ferric nitrate (0.4 g) was added fol- 
lowed by the slow addition of metallic lithium (2.62 g, 328 
retool). After the slurry had turned gray, a solution of the 
THP ether of 3-butynol (45.5 g, 295 mmol) in diethyl ether 
(EE) (25 mL) was added. Liquid ethylene oxide (35.28 g, 
40 mL, 802 mmol) was added in one portion and stirring 
was continued for 8 h. The Vermiculite insulating material 
was removed, and the ammonia was permitted to vent 
overnight through a tube containing KOH pellets. The 
next morning, aqueous NH 3 (5 mL) and water (100 mL) 
were added. The reaction mixture was extracted with EE 
(1 X 100, 2 )< 50 mL), and the combined EE layers were 
washed with saturated NaCI solution (100 mL) and dried 
(Na~SO4). Distillation through a jacketed Vigreux col- 
umn gave a forerun (5.12 g) b.p. 45-80~ at 0.35 torr con- 
taining principally unreacted THP ether of 3-butynol and 
then the title compound, 1, (36.53 g, 62.6% yield, 94% pure 
by GC) b.p. 93-130~ at 0.3 to 0.5 torr. 1H NMR (CDC13; 
ppm): d 1.41-1.73 (m, 6H, CHzCH2CH~_), 2.28-2.40 (m, 4H, 
CH2C=CCH2), 2.76 (t, 1H, OH}, 3.39-3.48 (m, 2H, CH20), 

..... 3:53=-3.60 (m, 2H, THPOCH2), 3.66-3.78 (m, 2H, 
CH2OH), 4.54 (m, 1H, OCHO). 13C NMR (ppm): C-l, 61.0; 
C-2, 22.9; C-3, 77.7; C-4, 78.9; C-5, 20.0; C-6, 65.8; THP 
group: C-2, 98.6; C-3, 30.4; C-4, 19.3; C-5, 25.2; C-6, 
62.1. 

Preparation of 642-tetrahydropyranyloxy)hexanol~,3, 4, 
4-d4, (2). Compound 1 (26.1 g, 132 mmol) in benzene (1 L) 
was treated with deuterium gas in the presence of tris- 
(triphenylphosphine)chlororhodium (3 g) in the manner 
previously described (3). Benzene was removed on the 
rotary evaporator, and the red liquid remaining was di- 
luted with PE (100 mL), filtered and passed through a col- 
umn (3 • 50 cm) containing Silica Gel 60 (100 g) in PE. 
Elution with increasing concentrations of EE in PE (0 to 
50%) yielded fractions which were combined (26 g) and 
distilled through a jacketed Vigreux column to yield a 
forerun (0.39 g), b.p. 50-100~ at 0.5 torr containing all 
the impurities and a main fraction (20.84 g, 76.8% yield), 
b.p. 120-123~ at 0.6 torr containing the title compound, 
2, (98% pure by GC). Deuterium distribution: 2.3% d~, 
96.7% d4, 1.0% ds, 0.1% d6. 1H NMR (CDC13; ppm): d 
1.44-1.76 (m, 10H, CH2CH2CH2 and CH2CD2CD2CH2), 
2.08 (s, 1H, OH}, 3.30-3.37 (m, 2H, CH20), 3.54-3.58 (m, 
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2H, THPOCH2), 3.64-3.72 (m, 2H, CH2OH), 4.51 (m, 1H, 
OCHO). ~3C NMR (ppm): C-1, 62.6; C-2, 32.3; C-5, 29.3; 
C-6, 67.4; THP group: C-2, 98.7; C-3, 30.6; C-4, 19.6; C-5, 
25.4; C-6, 62.3. 

Preparation of 6-(2-tetrahydropyranyloxy)hexanal-3,3, 4, 
4-d4, (3). Pyridinium chlorochromate (38.9 g, 183 mmol) 
and sodium acetate (3 g, 36.6 mmol) were suspended in 
methylene chloride (170 mL) in a 500-mL, three-necked 
flask equipped with a mechanical stirrer and a ther- 
mometer. A stream of nitrogen was maintained through 
the apparatus. A solution of compound 2 (18.8 g, 91.3 
mmol) in CH2Cl~ (10 mL) was added in one portion. The 
reaction mixture turned black, and the mildly exothermic 
reaction was maintained between 25 and 30~ by inter- 
mittent use of an ice bath. Ninety minutes later, EE was 
added to the stirred mixture. The EE layer was decanted, 
and the black residue was stirred with two fresh portions 
(100 mL each) of EE and decanted. The combined EE 
layers were passed through a column containing Florisil 
(40 g) to yield a pale green liquid (17.83 g). This material 
may be used without further purification or it may be 
passed through a column (3 • 50 cm) containing Silica 
Gel 60 (100 g) in PE. The title compound, 3, (12.13 g, 65% 
yield, 89% pure by GC) elutes with mixtures containing 
up to 15% EE in PE. 1H NMR (CDC13; ppm): 6 1.43-1.78 
(m, 8H, CH2CH2CH 2 and CH2CD2), 2.37 (s, 2H, 
CH2CHO), 3.28-3.47 (m, 2H, CH~O), 3.64-3.83 (m, 2H, 
THPOCH2), 4.49-4.51 (m, 1H, OCHO), 9.70-9.71 (t, 1H, 
CHO). 13C NMR (ppm): C-1, 202.5; C-2, 43.5; C-5, 29.1; 
C-6, 67.1; THP group: C-2, 98.9; C-3, 30.7; C-4, 19.6; C-5, 
25.4; C-6, 62.3. 

Preparation of 2-(3',3", 4", 4'-tetradeutero-6 ,9',12'-pentade- 
catrienyloxy)tetrahydropyran, (4). 3,6,-Nonadienyltri- 
phenyl phosphonium iodide (33.5 g, 65.4 mmol) was slur- 
ried in tetrahydrofuran (150 mL) in a 500-mL, three-necked 
flask equipped with a mechanical stirrer, a thermometer 
and a CaC12 drying tube. While a stream of nitrogen 
was maintained through the apparatus, the slurry was 
cooled to 5~ and butyl lithium (2.5 M, 30 mL, 75 mmol) 
was added. A dark red solution was formed. Fifteen 
minutes later, compound 3 (12.13 g, 59.5 mmol) in 
tetrahydrofuran (THF) (15 mL) was added. The color of 
the reaction remained red due to the presence of excess 
phosphonium salt. The ice bath was removed, and 1 h later 
GC analysis of a sample of the reaction mixture (after reac- 
tion with saturated NaC1 solution) showed absence of 
aldehyde and presence of a new component. Thirty min- 
utes later saturated NaC1 solution (100 mL) was added 
and the layers were separated. Solvent was removed from 
the organic layer on the rotary evaporator to give a liquid 
and solid (38.7 g). This mixture was extracted with 
PE (4 • 50 mL), and the combined PE layers were dried 
(Na2SO4). After removal of the drying agent and solvent, 
the residue was placed on a column (3 X 50 cm) contain- 
ing silica gel 60 (100 g) in PE. The title compound, 4, (13.44 
g, 57% yield, 90% pure by GC) was obtained by elution 
with PE containing 2 or 5% diethyl ether. ~H NMR 
(CDC13; ppm): d 0.96 (t, 3H, CH3), 1.49-1.80 (m, 6H, 
CH2CH2CH2), 2.01-2.08 (m, 4H, C-CH-CH2), 2.78 (t, 4H, 
C--CHCH2CH=C), 3.32-3.39 (rn, 2H, OCH 0, 3,68-3.75 
(rn, 2H, THPOCH2), 4.54-4.56 (m, 1H, OCHO), 5.27-5.41 
(m, 6H, HC=CH). ~3C NMR (ppm): C-l, 67.5; C-2, 29.4; 
C-5, 26.9; C-6, 130.1; C-7, 127.7; C-8, 25.6; C-9,10, 128.2; 
C-11, 25.5; C-12, 127.0; C-13, 131.9; C-14, 20.5; C-15, 14.2; 

THP group: C-2, 98.7; C-3, 30.7; C-4, 19.6; C-5, 25.5; C-6, 
62.2. 

Preparation of 6,9,12-pentadecatrienol-3,3,4,4-d4, (5). 
Compound 4 (4.55 g, 14.7 mmol) was dissolved in methanol 
(125 mL). p-Toluenesulfonic acid (0.5 g) was added, and the 
flask was flushed with nitrogen and capped. The next mor- 
ning, solid NaHCO3 was added, and the solvent was 
removed on the rotary evaporator. The residue was dis- 
solved in saturated NaHCO3 solution (25 mL) and ex- 
tracted into EE (2 • 25 mL). The EE solution was dried 
(Na2SO4), and after removal of the drying agent, there 
was obtained the title compound, 5, (3.11 g, 94% yield, 
87% pure by GC). Deuterium distribution: 0.1% d o, 0.4% 
d2, 3.9% d3, 93.4% d4, 1.6% d0, 0.3% d6. 1H NMR (CDCI3; 
ppm): d 0.93-0.98 (t, 3H, CH3), 1.45-1.65 (m, 3H, OH, 
CH2CH2OH), 2.05 (m, 4H, CH2C=C), 2.77 (m, 4H, 
C=CCH2C=C), 3.60 (t, 2H, CH2OH), 5.35 (m, 6H, 
CH=CH). 13C NMR (ppm): C-l, 62.8; C-2, 32.4; C-5, 26.9; 
C-6, 130.0; C-7, 127.8; C-8, 25.6; C-9,10, 128.2; C-11, 25.5; 
C-12, 127.0; C-13, 131.9; C-14, 20.5; C-15, 14.2. 

Preparation of 6,9,12-pentadecatrienal-3,3,4,4-d4, (6). 
Pyridinium chlorochromate (40.7 g, 189 mmol) was 
suspended in methylene chloride (170 mL) in a 500-mL, 
three-necked flask equipped with a mechanical stirrer and 
a thermometer. A flow of nitrogen was maintained 
through the apparatus and 6,9,12-pentadecatrienol-d4, 5, 
{21.4 g, 94.7 mmol) was added in one portion. The mildly 
exothermic reaction was controlled by intermittent cool- 
ing with an ice bath. One hour later, EE (100 mL) was add- 
ed to the black viscous reaction mixture and stirring was 
continued for 10 min. Liquid was decanted and two fresh 
portions of EE (100 mL each) were stirred with the tar 
for about 10 min each and liquid was decanted. The com- 
bined decantates were passed through a column (2 • 30 
cm) containing dry Florisil (40 g). The column was 
flushed with EE (50 mL), and the combined eluates were 
concentrated on the rotary evaporator to yield a slightly 
colored liquid (17.4 g, 82% crude yield, 84% pure by GC 
on HP-1). This liquid was used without further purifica- 
tion in the Wittig reaction with carboxybutyltriphenyl- 
phosphonium bromide An analytical sample was obtained 
by elution through a SepPak (Waters, Milford, MA). 1H 
NMR (CDC13; ppm) : d 0.93-0.99(t, 3H, CH3), 2.01-2.10 
(m, 4H, CH2C=C), 2.40 (s, 2H, CH2CHO), 2.80 (rn, 4H, 
C=CCH2C=C), 5.30-5.40 (rn, 6H, CH=CH), 9.74 (t, 1H, 
CHO). 13C NMR (ppm): C-l, 202.4; C-2, 43.5; C-5, 26.7; 
C-6, 129.4; C-7, 128.0; C-8, 25.6; C-9,10, 128.4; C-11, 25.5; 
C-12, 127.0; C-13, 131.9; C-14, 20.5; C-15, 14.2. 

Preparation of methyl 5,11,14,17-eicosatetraenoate-8,8, 
9,~d4, (7). Carboxybutyltriphenylphosphonium bromide 
(29.36 g, 66 mmol) was slurried in THF (125 mL) in a 
500-mL, three-necked flask equipped with a mechanical 
stirrer, a thermometer and a septum inlet. While a stream 
of nitrogen was passed through the apparatus, sodium 
bisItrimethylsilyl)amide (1M, 133/mL) was added over a 
period of about 10 min. The mildly exothermic reaction 
was kept at 23-30~ by intermittent use of an ice bath. 
The septum inlet was replaced with a reflux condenser, 
and the red-orange reaction mixture was heated at the 
reflux temperature for 1.5 h. The reaction mixture was 
cooled in an ice bath, and compound 6 (14.8 g, 66 mmol) 
in THF (10 mL) was added and the color changed to 
tannish-orange- One hour later, water (25 mL) was added 
to the slurry. The resulting cherry red solution was cooled 
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in an ice ba th  as it was acidified with 5N H2SO4 (70 mL). 
The organic layer was separated, washed with sa tura ted  
NaCI solution and dried (Na2SO4). Removal of the drying 
agent  and solvent left an amber  liquid (43.67 g). Methanol 
(200 mL) and concentrated sulfuric acid (1 mL) were add- 
ed, and the reaction mixture  was heated at  reflux 
tempera ture  for 2 h. The acid was neutralized with solid 
NaHCO3. Solvent was removed on the rotary  evaporator  
to give a mixture  of solid and liquid (47 g). This was ex- 
t racted with hexane (2 • 50 m L  and 1 • 25 mL), and the 
solvent was removed to give a residue (23.15 g). The title 
compound was obtained by purification on a column (3 
• 45 cm) containing Baker  silica gel (100 g) in PE. Elu- 
tion with up to 5% EE in PE gave a product (16.81 g, 78% 
crude yield, about  70% pure by GC on SP2340). The all- 
cis isomer was isolated by silver resin chromatography  
on a 62% Ag/Na XN1010 resin column using 2% 
acetonitrile in methanol  as eluant. Deuter ium distribu- 
tion. 0.3%dl, 0.7%d2, 2.8%d3, 94.8%d4, 1.3%d5, 0.2%d6, 
0.1%d8 (Ave. No. deuteriums=3.97).  1H N M R  (CDCI3; 
ppm): d 0.96 (t, 3, CH3), 1.67 (m, 2H, CH2CH2COO), 
1.91-2.1 (m, 8H, C=CCH2), 2.3 (t, 2H, CH2COO), 2.78 (m, 
4H, C=CCH2C=C), 3.65 (s, 3H, OCH3), 5.32-5.36 (m, 8H, 
CH=CH).  13C NMR (ppm): C-l, 174.0; C-2, 33.4; C-3, 24.9; 
C-4,7 and 10, 26.5 or 26.9; C-5, 130.9; C-6, 128.4; C-11, 
130.1; C-12, 127.7; C-13, 25.6, C-14,15, 128.2; C-16, 25.5; 
C-17, 127.1; C-18, 131.9; C-19, 20.5; C-20, 14.3. Chemical 
shift  ass ignments  are consis tent  with da ta  published by 
Gunstone  et  al. (17) and Gunstone  (18) for similar 
compounds.  
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METHOD L I 

The Enrichment of n-3 Polyunsaturated Fatty Acids Using Aminopropyl 
Solid Phase Extraction Columns 
Robert Wilson a,*, R. James Henderson b, Ivan C. Burkow c and John R. Sargent a 
aDepartment of Biological and Molecular Science and bNERC Unit of Aquatic Biochemistry, School of Natural Sciences, University of 
Stiding, St#ling FK9 4LA, Scotland, United Kingdom and CNorwegian Institute of Fisheries and Aquaculture, N-9001, Tromsr Norway 

A rapid, simple and reliable method is described for the 
preparation of concentrates of methyl or ethyl esters of 
n-3 polyunsaturated fat ty acids by solid phase extraction 
using aminopropyl bonded silica columns. After apply- 
ing mixtures of fatty acid esters in hexane, saturated and 
monounsaturated fatty acid esters are preferentially 
eluted with hexane whereas polyunsaturated fatty acids 
(PUFA) can subsequently be eluted with dichloromethane. 
Concentrates containing 80-90% n-3 PUFA can thus be 
obtained using fish oil fat ty acids esters as a starting 
material. 
Lipids 28, 51-54 (1993). 

The concentration of polyunsaturated fatty acids (PUFA) 
can be achieved by utilizing differences in physical or 
chemical properties between saturated and unsaturated 
fatty acids. Low temperature crystallization, urea adduct 
fractionation and fractional distillation are all traditional 
methods used for the preparation of concentrates of n-3 
PUFA from derivatives of fish oil fatty acids (1-4) and 
are best suited to large-scale preparations. Adsorption 
chromatography using layers or columns of silica gel im- 
pregnated with silver nitrate has been useful to isolate 
gram quantities of individual PUFA (5,6), whereas re- 
versed-phase high-performance liquid chromatography 
(HPLC) has been applied for the same purpose on the mil- 
ligram scale (7,8). More recently, planar thin-layer chroma- 
tography (TLC) using high-performance thin-layer silica 
gel has been used for the separation of C2o and C22 PUFA 
(9). The selective hydrolysis, by neutral lipases, of fish oil 
triacylglycerols, or of derivatives of their component fatty 
acids, has also been used to produce fractions enriched 
in n-3 PUFA (10). Used in conjunction with the above 
techniques, supercritical fluid carbon dioxide fractiona- 
tion of esters of fish oil fatty acids has been utilized to 
produce highly enriched fraction of individual PUFA (11). 

In the present report, a novel method is described for 
the isolation of PUFA concentrates from fish oil fatty acid 
methyl or ethyl esters by solid phase extraction using 
aminopropyl bonded silica. 

MATERIALS AND METHODS 

Materials. Aminopropyl columns (Bond-Elut) were pur- 
chased from Jones chromatography (Hengord, U.K.) and 
from J.T. Baker (Hayes, U.K.). Fish oil derived from sar- 
dines or anchovies was obtained from Seven Seas Ltd. 
(Hull, U.K.). All solvents were of HPLC grade and were 

*To whom correspondence should be addressed at Department of 
Biological and Molecular Sciences, School of Natural Sciences, 
University of Stirling, Stirling FK9 4LA, Scotland, U.K. 

Abbreviations: BHT, butylated hydroxytoluene; FAME, fatty acid 
methyl ester; GLC, gas-liquid chromatography; HPLC, high- 
performance liquid chromatography; MUFA, monounsaturated fatty 
acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty 
acids; TLC, thin-layer chromatography. 

purchased from Rathburn Chemicals (Walkerburn, U.K.). 
[1-14C]18:0 (52.7mCi/mmol), [1-14C]18:1n-9 (50.0mCi/ 
mmol), [1-14C]18:2n-6 (54.7mCi/mmol) and [1-14C]18:3n-3 
(53.9mCi/mmol), all as free acids, were purchased from 
Amersham International (Aylesbury, U.K.). Ecoscint A 
scintillation fluid was supplied by National Diagnostics 
(Manville, NJ). 

Preparation of methyl and ethyl esters of fatty acids. 
Methyl esters of the fatty acids from fish oil were prepared 
by subjecting samples of the oil directly to acid-catalyzed 
transmethylation in methanol containing 1% sulfuric acid 
for 16 h at 50~ under nitrogen (12). Ethanol was sub- 
stituted for methanol for the preparation of ethyl ester 
derivatives (12). [~4C]Fatty acid methyl esters (FAME) 
were prepared as described above by subjecting total lipid 
isolated from rat brain cell cultures that had been incu- 
bated with 1 ~M/0.5 ~Ci of [1-~4C]18:0, [1-'4C]18:1n-9, 
[1-14C]18:2n-6 or [1-14C]18:3n-3 for 48h. Mixtures of satu- 
rated fatty acids (SFA) contained 85% 18:0, 7% 20:0 and 
8% longer chain saturated fatty acids as [~4C]FAME. 
Mixtures of monounsaturated fatty acids (MUFA) con- 
tained 75% 18:1, 6% 20:1, 14% 24:1 and 5% > 24:1 as 
[14C]FAME. Mixtures of n-6 PUFA contained 70% 18:2, 
10% 20:3 and 20% 20:4 as [14C]FAME, whereas n-3 
PUFA contained 15% 18:3, 20% 20:5, 40% 22:5 and 25% 
22:6 as [14C]FAME. 

Fatty acid methyl or ethyl esters were extracted from 
the reaction mixture using hexane/diethyl ether (1:1, 
vol/vol) containing 0.01% butylated hydroxytoluene (BHT) 
as antioxidant. After removal of the solvent by rotatory 
evaporation, the derivatives were redissolved in hexane 
containing 0.01% BHT and purified using 500 mg amino- 
propyl columns (Bond-Elut) (13). For this purpose, the col- 
umns were prewashed sequentially with 4 mL (7 bed 
volumes) hexane/glacial acetic acid (98:2, vol]vol) and 4 mL 
hexane before application of the fatty acid methyl or ethyl 
esters in hexane. Under these conditions the aminopropyl 
silica is protonated, and fatty acid esters are not retained 
on the column and are eluted using 4 mL hexane. Traces 
of free cholesterol, free fatty acids and triacylglycerols re- 
main on the column (14) as do monohydroxy and mono- 
hydroperoxy fatty acids and polymeric material (un- 
published results). To elute bound material, the columns 
were washed with 4 mL hexane/glacial acetic acid (98:2, 
vol!vol) followed by 4 mL hexane. The column could then 
be then be reused for the purification of fatty acid esters 
from the components described above. 

Solid phase extraction. A 500 mg aminopropyl bonded 
silica column was prewashed using 4 mL dichloromethane 
and then 4 mL hexane. In these experiments, 5 mg of 
methyl or ethyl esters of fish oil fatty acids dissolved in 
0.5 mL hexane were then applied to the column. Using a 
syringe attached to the column by an adapter, 4 mL of 
hexane (7 bed volumes) were slowly pushed through the 
column, and the eluting solvent collected in a test tube. 
Similarly, 4 mL of dichloromethane was applied to the 
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column, and the eluting solvent collected in a tube. The 
solvent was evaporated under a s tream of nitrogen; the 
components  present in the hexane and dichloromethane 
fractions were redissolved in hexane containing 0.01% 
B H T  and analyzed by capillary gas-liquid chromatog- 
raphy (GLC) as described below. After  elution with hex- 
ane and dichloromethane, the column was washed with 
4 mL hexane before loading the next  sample  

Quantification of [14C] fatty acid methyl esters. Satu- 
rated,  monounsa tu ra t ed  and po lyunsa tu ra t ed  [~4C]- 
FAME (0.1 ~C~) were mixed separately with 2.5 or 15 mg 
of fish oil FAME and applied to aminopropyl columns 
dissolved in hexane according to the solid phase extrac- 
tion procedure described above The hexane and dichloro- 
methane fractions were collected directly into scintillation 
vials, and the solvent removed under nitrogen. Scintilla- 
t ion fluid (2.5 mL) was added and the level of radioactiv- 
i ty  determined by liquid scintillation counting using a 
Canberra Packard (Pangbourne, U.K.) Tricarb 2000CA 
liquid scintillation analyzer. 

Gas-liquid chromatography (GLC). Methyl and ethyl 
esters of fa t ty  acids were analyzed on a chemically bonded 
CP Wax 52CB fused silica capillary column (50 m • 
0.34 mm i.d.) (Chrompack, London, U.K.) contained in a 
Canberra Packard 436 gas chromatograph equipped with 
on-column injection and a flame ionization detector, using 
hydrogen as carrier gas and a thermal  gradient from 50 ~ 
to 225~ (15). Individual methyl and ethyl esters were iden- 
tified by comparison with authentic s tandards and those 
prepared from a well-characterized fish oil. Values are 
recorded as means _ SD for three separate experiments. 

RESULTS AND DISCUSSION 

When mixtures of [14C]FAME were combined with fish 
oil FAME and applied to aminopropyl columns as de- 
scribed in the Materials and Methods, all (99.5 _+ 1.5%) 
the radioactivi ty applied to the column was recovered in 
the eluting solvents. The recoveries of the various types 
of [14C]FAME in the hexane and dichloromethane frac- 
tions are shown in Table 1 as a function of the amount  
applied to the column. The distr ibution pat terns  of 
radioactivity from 14C-labelled, saturated,  monounsatu- 
rated and polyunsaturated FAME in the two eluants were 
markedly different and were dependent  on column load- 
ing. In addition, it was noted tha t  the proportion of 
radioactivity recovered in the dichloromethane fraction 
was related to the degree of unsaturat ion of the FAME. 

Thus, 83% of n-6 [14C]PUFA and 95% of n-3 [14C]PUFA 
were recovered in the dichloromethane fraction at a col- 
umn loading of 0.5% (wt/wt), whereas only 33% of n-6 
[14C]PUFA and 79% of n-3 [14C]PUFA were recovered in 
the dichloromethane fraction using a column loading of 
3% (wt/wt). The difference in recovery between n-6 and 
n-3 [14CIPUFA correlates with overall degree of unsatura- 
tion, an average of 2.5 and 5 double bonds for n-6 PUFA 
and n-3 PUFA, respectively. 

The fa t ty  acid composition of the fish oil employed in 
this s tudy is typical  of the s tar t ing material  used in the 
preparation of PUFA concentrates or for the isolation of 
20:5n-3 or 22:6n-3 as individual fa t ty  acids (1). Of the total 
FAME, 41.3% were PUFA and 20:5n-3 and 22:6n-3 ac- 
counted for 20.4% and 8.9%, respectively. Saturated and 
monounsatura ted  fa t ty  acids accounted for 29.1% and 
29.6%, respectively, of total FAME with 14:0, 16:0, 16:1n-7 
and 18:1n-9 being major components.  

The maximum loading capacity of aminopropyl col- 
umns was found to be 1-4% by weight depending on the 
batch tested. When the basic solid phase extraction pro- 
cedure was used at  maximum loading capacity for the 
separation of the fish oil esters, the hexane and dichloro- 
methane fractions contained 55 -!-- 3% and 45 _ 3%, 
respectively, of the fa t ty  acid derivatives applied to the 
column. The fa t ty  acid esters recovered in the two frac- 
tions were markedly different in composition (Table 2). 
SFA, MUFA and PUFA comprised 47.3, 42.7 and 10%, 
respectively, of the fa t ty  acid esters in the hexane frac- 
tion. The corresponding values for the dichloromethane 
fraction were 2.6%, 8.7% and 88.7%, and this fraction con- 
tained almost all the 20:5n-3 and 22:6n-3 applied to the 
column. The proportions of individual PUFA, particularly 
those of the n-3 series, in the dichloromethane fraction 
were approximately double those in the original fish oil 
esters, and it was noted that  the ratio of 20:5n-3 to 22:6n-3 
was around 2 to 1 in both  the original fish oil esters and 
the dichloromethane fraction. Fractions having the com- 
positions presented in Table 2 could be obtained repeat- 
ediy using the same column up to 12 t imes without  loss 
of function, and very similar results were found using four 
different batches of aminopropyl columns. Furthermore,  
no difference was observed between the methyl  and ethyl 
ester derivatives of the fish oil fa t ty  acids in terms of their 
chromatographic behavior in the procedures examined in 
this study. 

A simple modification of the basic procedure using 
hexane/dichloromethane, (98:2, vol/vol) as an eluant and 

TABLE 1 

Recovery of [14ClFatty Acid Methyl Esters in Fractions Obtained by Solid Phase Extraction on Aminopropyl Bonded Silica a 

SFA MUFA n-6 PUFA n-3 PUFA 

Loading (wt/wt) b 0.5 3 0.5 3 0.5 3 0.5 3 

Total radioactivity recovered (%) 
Hexane 75 • 5 94 • 2 51 • 4 88 • 2 17 • 3 67 • 5 5 • 2 21 • 4 
Dichloromethane 25 • 5 6 • 2 49 • 4 12 • 2 83 • 3 33 - 5 95 • 2 79 • 4 

aValues are expressed as percentage of total radioactivity recovered in each fraction and are means _ SD for three separate experiments. 
All the radioactivity applied to the columns was recovered either in the hexane fraction or in the dichloromethane fraction (i.e., 99.5 
___ 1.5%, n -- 12). SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. 

bColumn loading is expressed as a percentage aminopropyl weight. 
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TABLE 2 

Fatty Acid Composition of Methyl Esters of Fish Oil and Fractions 
Obtained by Solid Phase Extraction on Aminopropyl Bonded SiUca a 

Fraction 

Fish oil Hexane Dichloromethane 

Total fatty acids (wt%) 

14:0 7.9 • 0.2 13.0 • 0.6 0.7 • 0.4 
16:0 18.0 • 0.3 29.0 • 2.1 1.7 • 0.7 
18:0 2.8 • 0.2 4.6 • 0.3 0.2 • 0.2 
20:0 0.2 • 0.1 0.5 • 0.2 0.0 • 0.0 
22:0 0.1 • 0.1 0.1 • 0.0 0.0 • 0.0 
24:0 0.i • 0.1 0.1 • 0.0 0.0 • 0.0 
Total SFA 29.1 • 0.7 47.3 • 2.2 2.6 • 0.5 

16:1 11.3 • 0.2 15.8 • 1.6 4.6 • 0.4 
18:1 11.9 • 0.3 17.8 • 1.7 3.2 • 0.9 
20:1 2.6 • 0.2 3.7 ___ 0.7 0.4 • 0.1 
22:1 3.1 • 0.2 3.9 • 1.0 0.4 • 0.1 
24:1 0.6 • 0.1 1.0 _ 0.1 0.1 • 0.1 
Total MUFA b 29.6 __ 0.9 42.7 • 1.8 8.7 • 1.1 

16:2n-4 0.8 • 0.1 0.6 • 0.2 1.0 • 0.1 
16:3n-4 0.8 • 0.1 0.5 • 0.2 1.3 • 0.1 
16:4n-1 2.6 • 0.1 0.7 _ 0.1 5.8 • 0.2 
18:2n-6 0.7 • 0.1 0.9 • 0.3 0.9 • 0.2 
18:3n-3 0.8 • 0.2 0.5 • 0.1 1.0 • 0.1 
18:4n-3 2.9 • 0.2 0.8 • 0.2 6.5 • 0.3 
20:4n-6 0.5 • 0.1 0.5 • 0.1 1.0 • 0.1 
20.4n-3 0.5 • 0.1 0.6 • 0.1 1.0 • 0.1 
20:5n-3 20.4 • 0.4 3.7 • 0.6 44.5 • 1.4 
21:5n-3 0.6 • 0.1 0.2 • 0.1 1.6 • 0.1 
22:5n-3 1.8 __ 0.2 0.3 • 0.1 3.7 • 0.2 
22:6n-3 8.9 • 0.3 0.7 • 0.2 20.4 • 1.0 
Total PUFA 41.3 • 1.3 10.0 • 0.7 88.7 • 1.8 

aValues are means • SD for three separate experiments. SFA, 
saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, 
polyunsaturated fatty acids. 

bIncludes all isomers; mainly 16:1n-7, 18:1n-9, 20:1n-9, 22:1n-ll and 
24:1n-9. In these experiments 5 mg of fatty acid methyl ester was 
used, which represents a maximum column loading of 1% of 
aminopropyl weight. 

subsequent elution of the column with dichloromethane 
yielded a fraction containing only PUFA but  just  9 • 2% 
of the fa t ty  acid derivatives applied to the column. 
However, 20:5n-3 and 22:6n-3 each accounted for 45% of 
the total and 16:4n-1 (3%), 18:4n-3 (2.3%), 20:4n-3 (0.4%), 
20:4n-6 (0.4%), 21:5n-3 (1.5%) and 22:5n-3 (2.4%) account- 
ing for the remaining 10%. The presence of 22:6n-3 and 
20:5n-3 in equal proportion reflects the stronger retention 
of 22:6n-3 than 20:5n-3 by the adsorbent since the ratio 
of 20:5n-3 to 22:6n-3 in the s tar t ing fish oil esters was ap- 
proximately 2 to 1. 

The above data show that  aminopropyl columns are 
capable of concentrating PUFA from mixtures of fa t ty  
acid esters by retaining them on the adsorbent when the 
column is eluted with hexan~ Aminopropyl bonded silica 
is an adsorbent tha t  exhibits s trong hydrogen bonding 
properties and functions also as a weak anion exchanger 
(13,16). PUFA exhibit s t rong dipoles at methylene-inter- 
rupted carbon atoms (17), and the formation of dipole- 
dipole interaction between the hydrogen atoms of these 
carbon atoms and aminopropyl bonded silica may form 
the basis of the interaction between PUFA and the amino- 
propyl groups. SFA and MUFA exhibit weaker dipoles 

than PUFA (17) and therefore are likely to bind to amino- 
propyl bonded silica to a lesser extent than PUFA. Since 
hexane is a nonpolar solvent and has an eluotropic 
s t rength of zero (16), it probably does not  interfere with 
interactions based on dipole-dipole interaction between 
PUFA and the aminopropyl groups of the bonded silica, 
whereas saturated and monounsaturated fa t ty  acids, 
being less strongly bonded to the adsorbent, can be eluted 
using hexane. 

The capacity of the adsorbent  is low under the condi- 
tions used here but  the procedure can be easily scaled up 
by increasing the quant i ty  of adsorbent used for extrac- 
tion. Furthermore, the characteristics of the bonded silica 
permit rapid solvent flow through the adsorbent bed 
under conditions of minimal pressure (10-15 psi) (13}. 
Although PUFA can be concentrated from fat ty acid mix- 
tures by other means, including low temperature crystal- 
lization, urea adduct fractionation and fractional distilla- 
tion (1-4), these techniques usually have inherent disad- 
vantages such as the requirement for sophisticated equip- 
ment, large volumes of solvent, or low yields. Furthermore, 
there is a risk of structural  modification of PUFA during 
fractional distillation. Biotechnological procedures involv- 
ing fungal lipases may be prohibitory in cost. Therefore. 
procedures based on the method described here. using 
large reusable columns packed with aminopropyl bonded 
silica, may provide an alternative to traditional methods 
for the preparation of PUFA concentrates. On a small 
scale, the method may prove most  useful as a rapid 
method of enriching fa t ty  acid mixtures in PUFA before 
further separation by other techniques such as silver 
nitrate chromatography or HPLC (5-8). Indeed, given fur- 
ther development, aminopropyl HPLC bonded silica (18) 
may ultimately provide analytical capabilities similar to 
silver nitrate chromatography or reversed-phase HPLC for 
the analysis of fa t ty  acid derivatives. 

In conclusion, the procedure described here allows the 
simple, rapid and reproducible concentration of methyl or 
ethyl esters of n-3 PUFA from natural mixtures of fa t ty  
acids. The procedure may lend itself to the large-scale 
preparation of high quality concentrates of n-3 PUFA for 
applications in human nutri t ion (19). 
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Phospholipids containing a 1-alkylamido linkage have 
shown promising in vitro neoplastic cell growth inhibi- 
tory properties and anti-human immunodeficiency viral 
activity. We have synthesized a series of alkylamido ether 
lipid analogues on a milligram scale for initial evaluation, 
but for further in vivo testing of these bioactive phospho- 
lipids, synthesis on a larger scale is required. The multi- 
gram synthesis of 1-alkylamido ether phospholipids was 
accomplished by modifying reaction conditions in the 
amidation step and changing reagents and solvent sys- 
tems in both the detritylation and phosphorylation steps. 
This was most crucial in the phosphorylation step, where 
in the multigram synthesis 2-bromoethyl dichlorophos- 
phate in diethyl ether/tetrahydrofuran (7:3, vol/vol) gave 
much improved yields as compared to the 2-chloro-2-oxo- 
1,3,2-dioxaphospholane reagent. The modifications also 
resulted in a product that could be more easily purified 
in sufficient quantities for use in in vivo inhibition 
studies. 
Lipids 28, 55-57 fl993). 

Over the past decade, it has become apparent that some 
classes of phospholipids may play a significant role in in- 
flammatory processes, in cellular signalling events, in 
tumor growth inhibition, and in the processing of human 
immunodeficiency virus (HIV). For example, platelet-acti- 
vating factor (1, Scheme 1) is a well-documented mediator 
of inflammatory processes and is involved in various other 
biological processes as well (1,2}. Other alkyl ether lipids 
and their analogues (2-4, Scheme 1) have been shown to 
be potent, biologically active molecules (2-5) with the 
ability to modify biological responses through their action 

f - - O - C I g H 3 7  

- - - . r - ' ~  ?, § 
CH3"C'O---~ II + O-P-OCH2CH2N(CH3)3 
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x . - . - -  O.P.OC~2CH2N(CH3)3 0 - 
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O- 

1 
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( C I $ - P A F )  ET-I$-OMe 

O O 
II II 

~ NHC-CI7H35 f " - - N H C ' C 1 7 H 3 s  

O-P-O- AZT O-P'4~2CH2N(C~]3)3 
I I 
O -  " 3  O .  4 

Ether Lipid-AZT 1.Alkylamido Ether Lipid 
Conjugate 
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Abbreviations: CEP-C1, cyclic enediol phosphochloridate; DMAP, 
N,N-dimethylaminopyridine; DMF, dimethylformamide; HIV, 
human immunodeficiency virus; NMR, nuclear magnetic resonance; 
THF, tetrahydrofuran; TLC, thin-layer chromatography. 

at the cell membrane level (3,4) or by modifying signal 
transduction pathways (5). The 1-alkylamido types of 
lipids (ag., 4, Scheme 1) have shown promise as neoplastic 
cell growth inhibitors (4) and anti-HIV agents (6,7) based 
on their in v i t ro  activities. Further evaluation of these 
ether lipids required the preparation of the compounds 
in multigram quantities. As is often the case when scal- 
ing up a procedure that is adequate for synthesis on the 
milligram scale, problems arose in both the reaction and 
purification steps. Specific improvements were realized in 
the amidation reaction, in the detritylation of the 1-alkyl- 
amido-2-alkyl-3-tritylpropanediol intermediates, and in 
the subsequent phosphorylation step. The present paper 
describes the problems associated with and the alternative 
methods developed for the multigram synthesis of 1-alkyl- 
amJdo ether lipids. 

RESULTS AND DISCUSSION 

The multigram synthesis of four phospholipids contain- 
ing 1-alkylamido linkages was completed as shown in 
Scheme 2. The synthesis of these compounds on a multi- 
gram scale required several modifications of our previ- 
ously published procedure (4) for the synthesis of milli- 
gram quantities of these alkylamido lipids. 

Using commercially available (_F3-amino-l,2-propane- 
diol 5 and the appropriate acid chloride (palmitoyl or 
stearoyl}, the amidation reaction (4) was carried out in a 
larger volume of pyridine, omitting N,N-dimethylforma- 
mide The amidation reaction thus proceeded smoothly, 
which appears to be an improvement over published pro- 
cedures {8,9}. Our previous method produced a significant 
amount of ester and ester/amide by-products that were dif- 
ficult to remove during purification on the larger scale. 
A more dilute reaction solution resulted in a mixture that 
was more easily stirred, produced less ester by-product, 
and was easier to purify (one precipitation from isopro- 
panol) than previously reported (4). The alkylamidopro- 
panediol 6 formed by the new procedure was of higher 
purity, as judged by the 300 MHz 1H nuclear magnetic 
resonance (NMR) data {i.e., no signal was found that cor- 
responded to ester a-methylene protons}, and based on the 
higher melting point (106-107~ vs. 96-98~ ref. 4). The 
tritylation was carried out using N,N-dimethylamino- 
pyridine (DMAP) in CH2C12 to yield the desired product 
7 which did not result in an improvement over the pre- 
viously published procedure (4}. The alkylation of the 
2-hydroxyl group to produce 8 was performed as before 
using Nai l  and either methyl or ethyl iodide in tetra- 
hydrofuran (THF). 

Use of p-toluenesulfonic acid in CH2C12/CHaOH ri0) 
rather than BFa/MeOH for removal of the trityl group 
also simplified the purification. The trityl methyl ether 
formed with the former reagent is more easily removed 
than the trityl alcohol produced by the latter, either by 
recrystAllization of the product, alcohol 9, from hexane or 
by chromatography with the solvent CH2C1JMeOH 
(95:5, vol]vol) or hexanelethyl acetate (2:1, vol]vol). The 
yields were also generally higher using the new reagent 
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(90% vs. 50% for the 3-hexadecylamido-2-methoxypro- 
panol). 

A final major problem was the phosphorylation of 
the 1-alkylamido-2-alkylpropanol intermediate. Different 
phosphorylation reagents have been used in attempts to 
synthesize the alkylamidolipids: (i) POC13, (ii)1,2-di- 
methylethenylene phosphochloridate {cyclic enediol phos- 
phochloridate, CEP-C1), (iii) 2-chloro-2-oxo-l,3,2-dioxaphos- 
pholane, or (iv} 2-bromoethyl dichlorophosphate. As noted 
previously (4,9,11), POC13 proved unsuitable in the pres- 
ence of a variety of bases (Et3N, CsHsN, or 2,6-1utidine) 
and resulted in polyphosphorylation and/or decomposition 
of the starting material. Previously, the appropriate phos- 
phocholine 11 was synthesized on a milligram scale by 
treating the 3-alkylamidoether propanol intermediate 9 
with 2-chloro-2-oxo-l,3,2-dioxaphospholane followed by 
treatment with condensed trimethylamine. However, 
in the multigram synthesis, this procedure gave poor 
results with milligram yields from 2-3 g of starting 
material. 

Previous attempts to phosphorylate these 3-alkylamido 
ether lipids with 2-bromoethyl dichlorophosphate were un- 
successful due to difficulties in finding appropriate sol- 
vents (9,12-14}. The alkylamido ether lipids are much less 
soluble in less polar solvents, as compared to the cor- 
responding acyl, thioether or ether analogues. The start- 
ing material was not soluble in Et20, and solvents such 
as CHC13 have been shown to lead to chlorinated and 
polyphosphorylated by-products (14). However, the alcohol 
starting material was soluble in a mixture of Et20/THF 
(7:3, vol/vol), and the product (bromoethyl phosphochlor- 
idate 10) precipitated out of the reaction mixture before 
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SCHEME 2 

further side reactions could occur, analogous to the 
approach described by Hansen et  aL (14). It was abso- 
lutely critical to purify the intermediate bromoethyl phos- 
phates to remove any traces of pyridine. The presence of 
pyridine in the amination reaction resulted in some 
pyridinium analogue formation, as indicated by 1H NMR 
and the appearance of a fluorescent product peak in thin- 
layer chromatography (TLC). Therefore, all bromoethyl- 
phosphates were purified by chromatography prior to 
amination with either anhydrous or aqueous trimethyl- 
amine to produce the desired phosphocholine ether lipids 
11 from the 3-alkylamido glycerols 9 in gram quantities 
in yields of 23-40%. The yields for the phosphorylation 
of multigram quantities using the bromoethyl dichloro- 
phosphate/Me3N procedure were similar to those re. 
ported for the milligram synthesis via 2-chloro-2-oxo- 
1,3,2-dioxaphospholane 

EXPERIMENTAL PROCEDURES 

(+)-3-Amino-l,2-propanediol, palmitoyl chloride, stear- 
oyl chloride, chlorotriphenylmethane (trityl chloride), 
4-DMAP, 80% sodium hydride (oil dispersion), methyl 
iodide, ethyl iodide, p-toluenesulfonic acid monohydrate, 
and aqueous (40%) trimethylamine were used as obtained 
from the supplier (Aldrich, Milwaukee, Wl). Anhydrous 
trimethylamine was condensed in a coldtrap (liquid nitro- 
gen) immediately prior to use. Pyridine and triethylamine 
(Et3N) were distilled from KOH, and THF was distilled 
from LiAIH4. All reactions requiring anhydrous or inert 
conditions were performed under a positive pressure of dry 
nitrogen. 2-Chloro-2-oxo-l,3,2-dioxaphospholane (15,16) 
and 2-bromoethyl dichlorophosphate (12) were prepared 
according to literature procedures and freshly distilled 
before us~ Chromatographic purifications were done using 
silica gel 60 (230-400 mesh; Merck, Darmstadt, Germany) 
and the indicated solvent systems. TLC was done on 
Whatman MK6F plates (Maidstone, England) and frac- 
tions were visualized by either spraying with sulfuric 
acid/dichromate or phosphomolybdate reagent followed by 
heating. Melting points were determined on a Thomas- 
Hoover capillary melting point apparatus and are uncor- 
rected. IH NMR spectra were determined on a Bruker 
(Karlsruhe, Germany) AC-300 300-MHz spectrometer or 
a Varian (Palo Alto, CA) FT-80A spectrometer. 

(+_~3-Hexadecanamido-l ,2-propanediol (6a). To a me- 
chanically stirred solution of (+_)-3-amino-l,2-propanediol 
5 (33.2 g, 0.36 mol) in 200 mL pyridine was added 100 g 
(0.36 mol) palmitoyl chloride over 1.5 h at room tempera- 
ture. After addition, the reaction was stirred for three 
hours, and the mixture was poured onto an ice]water mix- 
ture with vigorous stirring. The solid crude product was 
filtered on a coarse sintered glass filter and the filtrate 
discarded. The precipitate was dissolved in 2 L of solvent 
(CHC13/MeOH, 2:1, vol/vol) and extracted successively 
with 2 • 200 mL 10% HC1, 3 • 200 mL 10% NaOH, and 
2 • 200 mL 10% HC1, using MeOH to break the emul- 
sions that formed. The nonaqueous layer was dried over 
anhydrous MgSO4, filtered and solvents were removed 
with a rotary evaporator. The resulting solid was dissolv- 
ed in 1.8 L of warm isopropanol, decanted from a small 
amount of insoluble material, and left at room tempera- 
ture The precipitated product was filtered and the filtrate 
placed in a - 5  ~ coldroom to precipitate a second crop of 
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product. The product  6a was dried under vacuum over 
P20~ to yield 85.3 g (72%) of a white powder (m.p. 
106-107~ lit. ref. 4, 96-98~ that  was pure by TLC (R~ 
0.43, CHC13/MeOH , 9:1, vol/vol). The same procedure was 
followed to synthesize the octadecanamido analogue 6b 
in 68% yield (m.p. 111.0-111.5~ lit. ref. 4, 104-106~ 

(+ )-3-Hexadecanamido-l-(triphenylmethoxy)-2-propanol 
(7a). To a slurry of the amidodiol 6a (25 g, 0.076 mol) 
in 750 mL CH2C12 was added t r i e thy lamine  (23 g, 
0.228 mol) and 4-DMAP; 0.375 g, 3 mmol). The mixture  
was heated to 35~ t r i ty l  chloride (23 g, 83.5 mmol)was 
added in one aliquot, and the reaction stirred overnight. 
TLC of an aliquot in hexane/ethyl acetate (2:1, vol/vol) 
showed the presence of s tar t ing material; so the reaction 
was heated at 60~ for 24 h. The reaction was cooled to 
room temperature and the solvents removed with a rotary 
evaporator, resulting in a viscous oil tha t  solidified on 
standing. The residue was taken up in 1 L CH2C12 and 
extracted with 3 • 250 mL cold 10% HC1, 250 mL satu- 
rated NaC1, and dried over MgSO4. The drying agent 
was filtered, the solvent removed on a rotary evaporator, 
the residue taken up in 800 mL MeOH and placed in a 
cold room at - 5  o C. The precipitate was filtered and dried 
as before to yield 54.2 g of product  7a tha t  was identical 
to the previously prepared material (4). The same pro- 
cedure was utilized to synthesize the octadecanamido 
analogue 7a in 72% yield, resulting in 43 g of product (m.p. 
86-88oC). 

(+ )-3-Hexadecanamido-2-methoxy-l-(triphenylmethoxy)- 
propane  (8a). The compound was synthesized as before (4) 
from 28.2 g (0.049 mol) of 7a and purified by flash chroma- 
tography on 300 g silica gel (hexane/ethyl acetat~ 2:1, vol/vol) 
to yield 18.5 g (65%) of product 8a. The remaining inter- 
mediates were synthesized by the same procedure and were 
either used without further purification (8b, 8c) or purified 
by the same chromatographic procedure (8d, 78%). 

(+-_)-3-Hexadecanamido-2-methoxy-l-propanol (9a). To 
160 mL CH2C1JMeOH (5:1, vol/vol) was added 18.5 g 
(31.6 mmol) of the t r i ty la ted compound 8a and 1.0 g ofp- 
toluenesulfonic acid monohydrate. The reaction was stir- 
red at room temperature  for 15 h at which time TLC in 
hexane/ethyl acetate (2:1, vol/vol) showed no remaining 
s tar t ing material. The acid catalyst  was neutralized with 
saturated sodium bicarbonate solution (~50 mL), and 
50 mL H20 was added. The nonaqueous layer was sepa- 
rated and extracted with 3 X 100 mL H20, the non- 
aqueous layers combined and extracted again with 
100 mL H20 and dried over anhydrous Na2SO4. Solvents 
were removed with a rotary evaporator and the crude solid 
residue was purified by flash chromatography on 300 g 
of silica gel in CH2C12/MeOH (95:5, vol/vol) to give 9.8 g 
(91%) of product  9a (m.p. 67-68~ lit. ref. 4, 61-62~ 
The other analogues (9b-9d) were prepared in 45-63% 
yields using the same procedur~ 

(+__)-3-Octadecanamido-2-methoxypropyl-l-phosphocho- 
line (llc). To 150 mL anhydrous E t20 /THF (7:3, vol/vol), 
cooled to 0~ in an ice ba th  under a positive atmosphere 
of dry nitrogen, were added 2.2 mL (0.016 mol) of freshly 
distilled 2-bromoethyl dichlorophosphate (12), followed by 
6.5 mL pyridine. The alcohol 10c (2.0 g, 0.0054 tool) was 
added to the reaction flask and the mixture warmed to 
room temperature and then heated to gentle reflux for 4 h. 
The solution was cooled to 4~ in an ice bath, 6 mL H20 
was added and stirred for 30 min. Solvents were removed 

with a rotary  evaporator to give a semisolid tha t  was 
dissolved in CHCI3/MeOH (5:1, vol/vol). The solution was 
extracted with water, dried over sodium sulfate, filtered, 
and  so lv en t s  were r em o v ed  as before.  Co lumn 
chromatography on silica gel with a gradient  of 
CHC13/MeOH (100:0 to 3:1, vol/vol) gave 600 mg of pure 
product and 1.6 g of impure product. The impure material 
was r e c h r o m a t o g r a p h e d  us ing  CHCl3/hexane (5:1, 
vol/vol), CHC13, and CHCI3/MeOH (15:1 to 10:1, vol/vol) 
to give a further  1.0 g of pure bromoethylphosphate  10c. 
The yield for 10c was 52%, and the range for the other 
analogues was 37-47%. 

The intermediate 10c (1.4 g, 0.0025 mol) was dissolved 
in a solution of C H C I J i - P r O H / D M F  (91 mL, 3:3:5, 
voYvol/vol) and trimethylamine (18 mL, 40% aqueous) was 
added. The reaction mixture was heated to 65~ for 5 h 
and then cooled to room temperature  before Ag2CO 3 
(1.2 g) was added. The mixture was heated for i h, cooled 
to room temperature, and filtered. Solvents were removed 
on a rotary evaporator, and the phospholipid was purified 
by column chromatography using CHC1JMeOH (10:1 to 
3:1, vol/vol) followed by CHC1JMeOH/NH40H (75:25:5, 
vol/vol/vol) to give 1.0 g (76%) of pure product  l lc .  The 
amination step for the other intermediates gave 47-63% 
yields. The overall yield of phospholipid l l c  from the 
alcohol 9c was 40% and the range for the other compounds 
(l la,  l l b  and l ld)  was 23-26%. 
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COMMUNICATION I 
Release of Lipoprotein Lipase from Cardiac Myocytes 
by Low-Molecular Weight Heparin 
J.E.A. Braun and D.L. Severson* 
MRC Signal Transduction Group, The University of Calgary, Faculty of Medicine, Calgary, Alberta T2N 4N1, Canada 

Incubation of cardiac myocytes from rat heart with low- 
molecular weight heparin (LMWH; Mr approx. 3 kDa) for 
30 min resulted in a concentration~iependent release of 
lipoprotein lipase (LPL) activity into the incubation me- 
dium. The release of lipoprotein lipase from cardiac 
myocytes isolated from both control and diabetic rat hearts 
induced by LMWH (10 pg/mL) following incubation times 
of 10 or 30 min was significantly greater than that pro- 
duced by unfractionated heparin (10 and 30 pgfmL) or 
decavanadate (1 mM). Since LMWH released more LPL 
activity into the incubation medium than unfractionated 
heparin following a short (10 min) incubation time LMWH 
is probably more effective in displacing LPL bound to 
heparan sulfate proteoglycan binding sites on the cell sum 
face of cardiac myocytes. 
Lipids 28, 59-61 (1993). 

Lipoprotein lipase (LPL) catalyzes the hydrolysis of the tri- 
acylglycerol component of circulating lipopreteins at the 
luminal surface of the vascular endothelium (1). The enzyme 
is bound v/a electrostatic interactions to heparan sulfate pr~ 
teoglycans on the surface of vascular endothelial cells (2,3). 
The in vivo administration of the anticoagulant heparin 
displaces LPL from its endothelial binding sites into the ci~ 
culation as a lipase-heparin complex (post-heparin lipolytic 
activity). In the heart, LPL is synthesized in cardiac 
myocytes and then translocated to functional sites at the 
endothelium (4,5). LPL can be released into the medium of 
cardiac myocytes by short-term incubations with heparin 
(6,7), suggesting that the enzyme is also bound to heparan 
sulfate proteoglycans on the surface of parenchymal cells 
(8). The glycosaminoglycan specificity for the release of LPL 
from cardiac myocytes (6) was the same as observed for 
cultured endothelial cells (2). 

Conventional (unfractionated) heparin is a heterogeneous 
polymer of repeating disaccharide sequence~ with molecular 
weights ranging from 3-30 kDa (9). Low-molecular weight 
heparin (LMWH) subfractions are effective anticoagulants 
with improved pharmacokinetic properties and a reduced 
incidence of side effects (9). The intravenous administration 
of LMWH to rats or humans resulted in reduced plasma 
LPL activity compared to the administration of unfrac- 
tionated heparin (10,11). IAu et aL (11) have recently 
demonstrated that LMWH was as effective as unfraction- 
ated heparin in releasing LPL from the capillary endo- 
thelium of perfused rat hearts and concluded that the lower 
plasma LPL activity measured after in vivo LMWH was 
due to the reduced ability of LMWH to prevent the rapid 
uptake of circulating LPL by the liver as compared to un- 

fractionated heparirL The objective of our investigation was 
to compare the ability of LMWH and unfractionated hepa- 
rin to displace LPL from the surface of cardiac myocytes. 

MATERIALS AND METHODS 

Preparation of cardiac myocytes. Calcium-tolerant cardiac 
myocytes were isolated from the hearts of male Sprague- 
Dawley (Charles River Canada Inc, St. Constant, Quebec, 
Canada) rats (200-300 g), essentially as described pre- 
viously (12,13). The freshly isolated myocytes were re- 
suspended in Joklik minimal essential medium supple 
mented with 1.2 mM MgSO4 1 mM carnitine~ 1.5 mM 
CaC12 and 1% (wt/vol) defatted albumin (13) to a cell den- 
sity of 4 X l0 s cells/mL and were incubated for 10 or 30 
min at 37~ with the indicated additions. The myocyte 
suspension was then centrifuged (10 s at 10,000 X g in 
a microcentrifuge), and the supernatant (medium) was 
removed for LPL assays (6). In some experiments, cardiac 
myocytes were isolated from rat hearts 3-4 d after the in- 
duction of diabetes by 100 mg/kg streptozotocin (13). 

LPL assay. The activity of LPL in the post-heparin in- 
cubation medium was assayed with a sonicated [3H]trio- 
lein (glycerol-[9,10-ZH]trioleate) substrate emulsion (12). 
The standard assay conditions were: 0.6 mM [3H]triolein 
(I mCi/mmol), 25 mM piperazine-N,N'-bis(2-ethanesulfonic 
acid) (PIPES), pH 7.5, 0.05% (wt/vol) defatted albumin, 
50 mM MgC12, 2% (vol]vol) chicken serum as the LPL ac- 
tivator and 100 ~L of post-heparin medium (13). After a 
30-min incubation at 30~ the release of [3H]oleic acid 
was determined by liquid-liquid partitioning (12}. All 
assays were performed in duplicate; LPL activity is rou- 
tinely expressed as nmol oleate released per hour per 106 
cells. LPL activity was linear with respect to the volume 
of post-heparin medium added to the assay, indicating 
that  the introduction of different amounts of heparin in- 
to the assay had no effect on the determination of LPL 
activity. 

Materials. Heparin (porcine intestinal mucosa) and 
LMWH (bovine intestinal mucosa; average molecular 
weight approx. 3 kDa) were obtained from Sigma Chemi- 
cal Co. (St. Louis, MO) and were dissolved in water. 
Heparin was also obtained in solution (hepalean; 1000 
U/mL) from Organon Teknika (Toront~ Ontario, Canada) 
(1 U/mL = 6 ~g/mL). A 100 mM stock of decavanadate 
(V100286-; yellow solution) was prepared by dissolving 
sodium orthovanadate (Na3VO4) in water and by adjust- 
ing the pH to 7.0 with concentrated HC1 (14). [3H]Trio- 
lein was purchased from Amersham Canada (Oakville~ On- 
tari~ Canada). 

*To whom correspondence should be addressed at The University 
of Calgary, Faculty of Medicine, 3330 Hospital Drive N.W., Calgary, 
Alberta T2N 4N1, Canada. 

Abbreviations: DV, decavanadate; LMWH, low-molecular weight 
heparin; LPL, lipoprotein lipase; PIPES, piperazine-N, hr-bis(2-ethane~ 
sulfonic acid). 

RESULTS AND DISCUSSION 

Heparin produced a concentration-dependent increase in 
the release of LPL into the incubation medium of cardiac 
myocytes (Fig. 1). At every concentration (0.1-10 ~g/mL) of 
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FIG, 1. Effect of heparia and low-molecular weight heparin (LMWH) 
concentrations on Hpoprotein lipase (LPL) release from cardiac 
myocytes. LPL activity was determined in the incubation medium 
after cardiac myocytes were incubated for 30 min in the presence 
of the indicated concentrations of heparin (11) and LMWH (D). 

the glycosaminoglycans, incubation of cardiac myocytes 
with LMWH resulted in greater medium LPL activity 
than was measured after incubations with unfractionated 
heparin. Maximal LPL activity in the medium was ob- 
served at 3 ~g/mL LMWH and 10 ~g/mL heparin, sug- 
gesting that  LMWH was more potent as well as being 
more effective in promoting the release of LPL into the 
medium of cardiac myocytes. On the other hand, if molar 
concentrations are calculated assuming Mr values of 3,000 
and 12,000 (mean) for LMWH and heparin, respectively, 
then the optimal concentrations for LPL release (1.0 and 
0.83 ~M) were very similar. Interestingly, Liu et  al. (15) 
have recently reported that a LMWH fraction (Mr 2,400- 
3,000) produced by enzymatic digestion was only one- 
tenth as potent by weight as a larger heparin fraction (Mr 
12,700) in terms of release of LPL into plasma after in- 
travenous injection into rats. Therefore, LMWH is much 
less effective (by weight) in displacing LPL from en- 
dothelial binding sites in vivo compared to the release of 
LPL from cardiac myocytes. 

The heparin-induced release of LPL into the incubation 
medium of cardiac myocytes occurs in two phases: a rapid 
phase (5 to 10 min) followed by a slow phase (10 to 60 min) 
that is dependent on protein synthesis (6) and microtubu- 
lar function (16). The rapid heparin-induced release of LPL 
was not decreased by cycloheximide or by a reduction in 
the incubation temperature from 37 to 23~ (6,16) and 
thus presumably reflects displacement of preformed en- 
zyme from heparan sulfate proteoglycan binding sites on 
the myocardial cell surface (1,8,14). Incubation of cardiac 
myocytes with 10 ~g/mL LMWH for 10 rain (Fig. 2) re- 
sulted in a substantial release of LPL activity into the 
incubation medium (635 _+ 52 nmoYh]106 cells) which 
was much greater than after incubation with unfraction- 
ated heparin (409 __ 41 umoles/h/106 cells). Decavanadate 
(DV}, a negatively charged polymerized vanadium com- 
pound, has recently been shown to mimic heparin and 
displace LPL from the surface of cardiac myocytes (14). 
As shown in Figure 2, medium LPL activity following 
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FIG.  2. Effect of heparin, low-molecular weight heparin (LMWH),  
and decavanadate (DV) on lipoprotein lipnse (LPL) release from car- 
diac myecytes isolated from control rat hearts. Cardiac myocytes 
were incubated for I0 mi~ (hatched bars) and 30 rain (solid bars) with 
the following additions: beparin (I0 ~g/mL), hepar/n (hepalean; 5 U/mL 
or 30 ~g/mL), LMWH (I0 ~g/mL) and DV (I mM). LPL activity in 
the medium is presented as the mean +_. SE for the number of ex- 
periments indicated in parentheses. 

incubations with 1 mM DV for 10 and 30 min was very 
similar to heparin-releasable LPL activity and thus sub- 
stantially less than the LMWH-induced release of LPL. 

Incubation of cardiac myocytes with a commercially 
available unfractionated heparin solution (hepalean; 5 
U/mL or 30 ~g/mL) resulted in slightly greater medium 
LPL activity than enzyme activity measured after incuba- 
tion with the heparin solution prepared in our laboratory 
from the purchased powder (Fig. 2). Nevertheless, the net 
increment in medium LPL activity after incubation of con- 
trol cardiac myocytes for 30 rain with 10 ~g/mL LMWH 
was 32 _ 4% greater (P < 0.001) than the heparin (hepa- 
lean)-induced release of LPL (Table 1). Braun and Sever- 
son (13) have reported that the heparin-induced release 
of LPL is reduced when cardiac myocytes are isolated from 
diabetic rat hearts. Incubation of diabetic cardiac myo- 
cytes with either heparin (hepalean) or LMWH resulted 
in lower LPL activity in the medium (Table 1) as compared 
to control myocytes, but the LMWH-induced release of 
LPL activity was still significantly greater (36 __ 7% in- 
crease) than the increment in medium LPL activity due 
to unfractionated heparin. 

It is clear, therefore, that LMWH is significantly more 
effective than unfractionated heparin in displacing LPL 
from binding sites on the surface of cardiac myocytes; it 
follows that unfractionated heparin must not release the 
entire pool of LPL on the cell surface of cardiac myocytes. 
The observation by Rodrigues et  al. (17) that  preincuba- 
tion of cardiac myocytes with unfractionated heparin 
reduced, but did not eliminate, the degradation of ex- 
ogenous triolein in a subsequent incubation which is cata- 
lyzed by LPL bound to the surface of the myocardial cells 
(7) is consistent with this suggestion that  the displace- 
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TABLE 1 

Heparin- and Low-Molecular Weight Heparin (LMWH)-Induced 
Release of Lipoprotein Lipase (LPL) Activity into the Medium 
of Control and Diabetic Cardiac Myocytes a 

Net increment in medium LPL activity 
(nmoles/h/10 s ceils) 

Myocyte preparation Heparin LMWH (%)b 

Control (11) 470 +_ 42 616 _ 50 c (32 + 4%) 
Diabetic (3) 325 +- 47 447 +__ 84 c (36 + 7%) 

aCardiac myocytes from either control or diabetic rat hearts were 
incubated for 30 min with no additions, 30 ~g/mL heparin (5 U/mL 
hepalean), or 10 ~g/mL LMWH, and the net increment of LPL ac- 
tivity in the incubation medium was measured (mean +_ SEM) for 
the number of myocyte preparations indicated in parentheses. 

bpercentage increase in the increment in medium LPL activity after 
LMWH compared to the heparin incubation. 

cp  < 0.001 (paired Student's t-test) relative to heparin. 

ment  of surface-bound L P L  by  unfract ionated heparin is 
incomple te  The reduced mass  of L M W H  may permi t  a 
more effective interaction with endogenous heparan 
sulfate proteoglycans t ha t  are in tegrated into the glyco- 
calyx on the p lasma membrane  so t ha t  the displacement  
of bound L P L  is enhanced, a l though other factors m u s t  
also play a role because L M W H  was also more effective 
in releasing LPL than  polymerized decavanadate  which 
has an even lower molecular mass. L M W H  may also com- 
plex differently with the dimeric L P L  molecule (18). I t  
m u s t  be acknowledged tha t  unfract ionated heparin and 
L M W H  were isolated from porcine and bovine intest inal  
mucosa, respectively. Therefore, s t ructural  differences be- 
tween two species, such as the degree of sulfation, may  
also contr ibute  to the observed differences in promot ing  
LPL release from cardiac myocytes. Previous experiments  
have shown tha t  LPL  act ivi ty  released into the medium 
of cardiac myocytes  was stable during incubation t imes 
up to 60 rain (6). Therefore. the greater  L P L  act ivi ty  in 
the  medium af ter  incubation with L M W H  reflects en- 
hanced release, not  improved stability, of L P L  in the 
medium of cardiac myocytes.  

The increased effectiveness of L M W H  to release L P L  
from isolated cardiac myocytes  can be contras ted  with 
results using other cell and t issue preparat ions.  Unfrac- 
t ionated heparin and L M W H  were not  different with 
respect  to their  abil i ty to release L P L  from isolated 
adipocytes (10), whereas L M W H  was slightly more effec- 
t ive than  conventional heparin in promot ing  the release 
of L P L  from the capillary endothelium of perfused hearts  
(11). These differences between the effectiveness of 
L M W H  relative to unfract ionated heparin will likely be 
a reflection of differences in the precise nature  of the 
heparan sulfate proteoglycan binding sites for LPL  on dif- 
ferent cells. For example. LPL  is bound to heparan sulfate 
proteoglycans tha t  are covalently linked to the cell sur- 
face by a phosphatidylinositol-glycan membrane  anchor 
in cardiac myocytes  (13). In  contrast ,  a similar pool of 
phosphatidylinositol-glycan-anchored heparan sulfate p r ~  

teoglycans could not  be detected on the surface of cultured 
aortic endothelial cells (3). Recently, Hoogewerf  e t  aL (19) 
reported t ha t  the degree of sulfation of heparan sulfate 
proteoglycans influences the binding of LPL; cell-specific 
differences in the chemical composition of heparan sulfate 
proteoglycans could thus  account  for the observed vari- 
abil i ty in whether  L M W H  is more effective than  unfrac- 
t ionated heparin in p romot ing  the release of L P L  from 
the surface of cells. Our results with cardiac myocytes rein- 
force the conclusion of Liu e t  al. (11) tha t  lower p lasma  
L P L  act ivi ty  following in v i v o  adminis t ra t ion of L M W H  
is not  due to a diminished ability to displace the enzyme 
from cellular binding sites, bu t  ra ther  is a consequence 
of more rapid hepatic clearance of circulating LPL released 
by L M W H  as compared to unfract ionated heparin. 

ACKNOWLEDGMENT 
This work was supported by an operating grant from the Medical 
Research Council of Canada 

REFERENCES 
1. Braun, J.E.A., and Severson, D.L. (1992) Biochern. J. 287, 

337-347. 
2. Cheng, C-F., Oost, G.M., Bensadoun, A., and Rosenburg, R.D. 

(1981) J. BioL Chem. 256, 12893-12898. 
3. Saxena, U., Klein, M.G., and Goldberg, I.J. (1991)J~ Biol. Chem. 

266, 17516-17521. 
4. Blanchette-Mackie, E.J., Masuno, H., Dwyer, N.K., Olivecrona, 

T., and Scow, R.O. (1989) Am. J. PhysioL 256, ES18-E828. 
5. Camps, L., Reina, M., Llobera, M., Vilar~ S., and Olivecrona, T. 

(1990) Am. J. Physiol. 258, C673-C681. 
6. Severson, D.L., Lee, M., and Carroll, R. (1988) MoL CelL Biochern. 

79, 17-24. 
7. Rodrigues, /3., Spooner, M., and Severson, D.L. (1992) Am. J. 

PhysioL 262, E216-E223. 
8. Cisar, L.A., Hoogewerf, A.J., Cupp, M., Rapport, CA., and Ben- 

sadoun, A. (1989)J. Biol. Chem. 264,1767-1774. 
9. Harenberg, J., Stehle, G., Augustin, J., and Zimmermann, R. 

(1989) Sern. Thromb. Hernost. 15, 414-423. 
10. Persson, E., and Nilsson-Ehle, P. (1990) Scand- J. Clin. Lab. In- 

vest. 50, 43-49. 
11. Liu, G., Bengtsson-Olivecmna, G.,Ostergaard, P., and Olivecrona, 

T. (1991) Biochern. J. 273, 747-752. 
12. Ramirez, I., Kryski, A.J., Ben-Zeev, O., Schotz, M.C., and Sever- 

son, D.L. (1985) Biochern. J. 232, 220-236. 
13. Braun, J.E.A., and Severson, D.L. (1991) Am. J. Physiol. 260, 

E477-E485. 
14. Braun, J.E.A., and Severson, D.L. (1992) Am. J. Physiol. 262, 

E663-E670. 
15. Liu, G., Hultin, M., ~)stergaard, P., and Olivecrona, T. (1992) 

Biochern. J. 285, 731-736. 
16. Severson, D.L., and Carroll, R. (1989) Mol. Cell. Biochem. 88, 

17-22. 
17. Rodrigues, B., Spooner, M.R., and Severson, D.L. (1992) ]VIOL CelL 

Biochern. 116, 33-37. 
18. Clarke, A.R., Luscombe, M., and Holbrook, J.J. (1983)Biochirn. 

Biophys. Acta 747, 130-137. 
19. Hoogewerf, A.J., Cisar, L.A., Evans, D.C., and Bensadoun, A. 

(1991) J. Biol. Chem. 266, 16564-16571. 

[Received March 26, 1992, and in revised form October 19, 1992; 
Revision accepted October 27, 1992] 

LIPIDS, Vol. 28, no. 1 (1993) 



Effect of Simvastatin on Desaturase Activities in Liver 
from Lean and Obese Zucker Rats 
B. Georges, J.P. Blond*, C. Maniongui and J. Bezard 
Unit~ de Recherche de Nutrition Cellulaire et M~tabolique, Universit~ de Bourgogne, 21004 Dijon Cedex, France 

63 

The effect of simvastatin, a hypocholesterolemic drug, on 
the biosynthesis of arachidonic acid was studied in obese 
and lean Zucker rats. After administration of 2 mg/kg 
body weight/d for 13 d, A6 and A5 desaturase activities 
were measured in liver microsomes at two substrate con- 
centrations. In untreated rats, the A6 desaturation rate 
was similar in the obese and lean rats when measured at 
saturating substrate levels, whereas A5 desaturation was 
lower in the obese animals. Treatment with simvastatin 
did not change A6 desaturation in either phenotype but 
increased h5 desaturation in obese rats to reach the un- 
changed rate observed in lean animals. The changes were 
not  reflected in the fatty acid composition of liver micro- 
somal phospholipids when expressed as/~g fatty acid/g 
of liver. 
Lipids 28, 63-65 (1993). 

Drugs such as resins or fibrates are commonly prescribed 
as therapeutic agents for the treatment of hypercholes- 
terolemia. Simvastatin, also a hypocholesterolemic agent, 
belongs to a new series of competitive inhibitors of 
3-hydroxy-3-methylglutaryl coenzyme A {CoA) reductase, 
the key regulatory enzyme of mammalian cholesterol 
biosynthesis {1-5}. A recent study showed changes in fatty 
acid profiles of hepatic microsomal phospholipids from 
simvastatin treated Wistar rats, which suggested an ef- 
fect of the drug on the activity of one or several de- 
saturases involved in the biosynthesis of n-6 polyun- 
saturated fatty acids {6). 

The genetic obesity of Zucker rats is often associated 
with hyperlipidemia. Increased rates of lipogenesis {7,8} 
and A9 desaturase activity (9) with concomitantly de- 
creased activity of fatty acid (FA) oxidation (10) in the 
liver were the major abnormalities of the obese {fedfa) 
animal as compared to its littermate {Fed-}. There was also 
an inhibition of linoleic acid (18:2n-6) conversion into ara- 
chidonic acid (20:4n-6), resulting from decreased A5 
desaturation activity Ill}. 

The purpose of the present study was to compare obese 
with lean Zucker rats with respect to the effect of sim- 
vastatin on the in vitro activities of hepatic A6 and A5 
desaturases. The fatty acid composition of microsomal 
phospholipids was also studied in order to examine 
whether simvastatin treatment induced changes in the 
biosynthesis of n-6 and n-3 polyunsaturated fatty acids 
in v iva 

MATERIALS AND METHODS 

[1-14C]Linoleic acid and [2-14C]dihomo-),-linolenic acid 
(56 mCi]mmol, 97% radiochemical purity} were purchased 
from the Radiochemical Centre {Amersham, U.K.). The 

*To whom correspondence should be addressed at Unit~ de 
Recherche de Nutrition Cellulaire et M~tabolique, Universit~ de 
Bourgogne, Facult~ des Sciences Mirande, BP 138, 21004 Dijon 
Cedex, France. 

Abbreviations: CoA, coenzyme A; FA, fatty acid. 

substrates were diluted with the corresponding unlabelled 
fatty acid using ethanol as solvent. Cofactors and bio- 
chemicals were from Sigma Chemical Co. (St. Louis, MO). 

Male obese rats {fedfa) of the Zucker strain were pur- 
chased from INSERM U177 {Paris, France}. They were 
12 weeks old on arrival at the laboratory and were given 
free access to a standard laboratory chow (A04 from UAR, 
Villemoisson sur Orge, France} and tap water. The animals 
were divided into four groups of six animals each; two 
groups of untreated {control), both obese and lean, and two 
groups of treated animals. From days 1 to 13 of the ex- 
periment, treated rats received a daily dose of 2 mg/kg 
body weight of simvastatin in 0.1 mL of corn oil by gastric 
intubation. For each phenotype, control rats received only 
the equivalent volume of excipient. On day 13, animals 
were treated as above, but they were kept fasting 16 h up 
to killing by decapitation on day 14. The liver of each rat 
was removed, weighed and perfused with ice-cold 0.154 M 
KCI solution and then homogenized in 5 vol of sucrose and 
0.05 M phosphate (pH 7.4) solution using a Teflon Potter 
Elvejhelm homogenizer. The preparation of microsomal 
fractions from ca. 3 g of liver was done as described pre- 
viously (11). The protein content of microsomal fractions 
was determined by the Biuret method {12). 

Five mg microsomal protein was incubated in an open 
flask with [1-14C]18:2n-6 or [2-14C]20:3n-6. The substrate 
levels (60 nmol and 30 nmol, respectively} were non- 
saturating so they would be close to physiological concen- 
tration. In addition, saturating levels, 120 and 60 nmol 
respectively, also were used to evaluate the A6 and A5 
desaturation capacity of liver microsomes. Incubations 
were performed at 37~ in a shaking water bath for 15 
min with a total volume of 2.1 mL incubation medium con- 
taining in mmol]L: phosphate buffer {pH 7.4) 72, MgC12 
4.8, CoA 0.5, adenosine 5'-triphosphate 3.6, and reduced 
nicotinamide adenine dinucleotide phosphate 1.2. Incuba- 
tions were stopped by adding 15 mL of chloroforrrgmeth- 
anol {1:1, vol/vol). The lipids were saponified, and the ex- 
tracted fatty acids were methylated with methanol/boron 
trifluoride {13). The conversion of labelled substrates 
{linoleic and dihomo-),-linolenic acids, respectively} into 
their A6 n-6 and A5 n-6 products (),-linolenic and arachi- 
donic acids, respectively} was determined after separation 
by reversed phase high-performance liquid chromatog- 
raphy as described by Narce et aL {14}. Fractions cor- 
responding to individual FA methyl ester were collected 
at the detector outlet {differential refractometer), and 
radioactivity was measured in the sample by liquid scin- 
tillation counting. 

Lipids from aliquots of liver microsomes were extracted 
with dimethoxymethane]methanol (4:1, vol]vol) according 
to Delsal {15}. Phospholipids were separated by silicic acid 
column chromatography {16}. After heptadecanoic acid 
was added as internal standard, FA were transmethylated 
{13). Methyl esters were analyzed by gas-liquid chroma- 
tography using a Becker Packard Model 419 gas chroma- 
tograph {Packard Instruments, Rungis, France} equipped 
with a laboratory-made 30 m • 0.4 mm i.d. glass capillary 
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co lumn  c o a t e d  w i th  C a r b o w a x  20 M (App l i ed  Sc ienc~  
S t a t e  College, PA). P e a k s  on the  c h r o m a t o g r a m s  were 
a s s i g n e d  b a s e d  on the i r  r e t e n t i o n  t i m e  re la t ive  to  m e t h y l  
h e p t a d e c a n o a t e .  Peak  a reas  were m e a s u r e d  u s i n g  a De l s i  
En ica  21 in t eg ra to r  (Delsi I n s t rumen t s ,  Suresnes,  France).  

D a t a  p r e s e n t e d  are  m e a n s  +_ SD. A f t e r  a n a l y s i s  of 
var iance  us ing  a Duncan ' s  mul t ip le  range  test ,  m e a n s  were 
compared  according  to  the  leas t  s igni f icant  difference (P < 
0.01) and  c lass i f i ed  in i nc r ea s ing  order. 

RESULTS AND DISCUSSION 

I n  t he  u n t r e a t e d  obese  ra t s ,  t he  A6 d e s a t u r a s e  a c t i v i t y  a t  
t h e  s a t u r a t i n g  level of  s u b s t r a t e  was  no t  s ign i f i can t ly  dif- 
fe rent  f rom t h a t  o b s e r v e d  in lean  r a t s  (Table 1). However ,  
a t  h a l f - s a t u r a t i n g  concen t ra t ion ,  t he  A6 d e s a t u r a t i o n  r a t e  
was  h ighe r  in obese  ra t s ,  c o n t r a r y  to  w h a t  was  o b s e r v e d  
p rev ious ly  in u n f a s t e d  an ima l s  (11). The  A6 d e s a t u r a s e  af- 
f in i ty  for t he  s u b s t r a t e  m i g h t  be  s l i g h t l y  h ighe r  in t he  
f a s t e d  obese  ra t ,  a c o n d i t i o n  wh ich  would  n o t  a p p e a r  in 
t he  presence  of  a h igh  level of subs t r a t e .  In  u n f a s t e d  ra ts ,  
t h e  p resence  in m i c r o s o m e s  of free un l abe l l ed  d i e t a r y  

l inole ic  ac id  f rom the  blood,  which  are  p r o b a b l y  p r e s e n t  
in h ighe r  a m o u n t s  in t h e  h y p e r p h a g i c  obese  ra t s ,  m a y  
dec rease  t h e  a p p a r e n t  A6 d e s a t u r a t i o n  r a t e  in obese  ra t s .  
The  t r e a t m e n t  w i th  s i m v a s t a t i n  d id  n o t  induce  any  
change  in A6 d e s a t u r a t i o n  in e i ther  p h e n o t y p e  or  a t  e i ther  
s u b s t r a t e  concen t r a t ion .  On  the  con t ra ry ,  t h e  A5 desa tu -  
r a s e  a c t i v i t y  was  lower in u n t r e a t e d  obese  r a t s  as  com- 
p a r e d  to l ean  r a t s  a t  b o t h  s u b s t r a t e  c o n c e n t r a t i o n s  
(Table 1). Th i s  was  p r o b a b l y  due  to  a lower a f f i n i t y  of t h e  
e n z y m e  for t he  subs t r a t e ,  as  shown p rev ious ly  (11). Treat-  
m e n t  b y  s i m v a s t a t i n  r e s to red  the  d e s a t u r a t i o n  r a t e  to  t he  
con t ro l  level in obese  ra t s ,  b u t  h a d  no  s i gn i f i c an t  effect  
on the  l ean  an imals .  The  s a m e  effect  h a d  been  o b s e r v e d  
w i t h  f eno f ib ra t~  a n o t h e r  h y p o l i p i d e m i c  d r u g  (17). 

In  l iver  m ic ro soma l  p h o s p h o l i p i d s  (Table 2) t he  a m o u n t  
of t o t a l  F A  pe r  g r a m  of l iver  was  lower in u n t r e a t e d  obese  
r a t s  t h a n  in l ean  ra t s ,  c o n t r a r y  to w h a t  was p r e v i o u s l y  
o b s e r v e d  in t o t a l  m i c r o s o m a l  l iver  l ip ids  of 12-week-old 
r a t s  (11). I n  obese  ra t s ,  s i m v a s t a t i n  t r e a t m e n t  dec rea sed  
the  a m o u n t  of  18:2n-6, 20:3n-6 and  of  t o t a l  n-6 f a t t y  acids,  
b u t  no t  20:4n-6. Th is  effect  was  n o t  o b s e r v e d  in lean  ra ts .  
The  t o t a l  n-6 p lus  n-3 F A  f rom mic rosoma l  p h o s p h o l i p i d s  

TABLE 1 

A6 and A5 Desaturase Activit ies  in Liver Microsomes from Lean and Obese Zucker Rats  a 

A6 Desaturation A5 Desaturation 
18:2-*18:3n-6 20:3-'20:4n-6 

Phenotype Treatment 60 b 120 c 30 b 80 c 

Lean Control 1.8 • 0.3 d 3.0 • 0.5 d 10.6 • 0.6 e 15.8 • 1.3 e 
Treated 2.0 • 0.2 d 3.7 • 0.5 d 11.2 • 0.5 e 15.2 • 1.4e 

Obese Control 2.6 • 0.2 e 3.6 • 0.2 d 8.7 • 0.5 d 11.8 • 1.9 d 
Treated 2.5 • 0.2 e 3.5 • 0.3 d 10.6 • 0.8 e 15.1 • 1.8 e 

aDesaturase activities are expressed as nmoles of substrate converted per 15 min per 5 mg microsomal pro- 
tein. Results are means • SD of six animals in each group. Means were compared in each column and classified 
according to increasing order. Means assigned different superscript letters were significantly different 
(P < 0.01). 

bNonsaturating substrate concentration (nmoles). 
c Saturating substrate concentration (nmoles). 

TABLE 2 

Concentration {/~g/g of liver) of Total and Polyunsaturated Fat ty  Acids  in Liver Microsomal Phospholipids 
from Lean and Obese Zucker Rats a 

Phenotype 

Lean Obese 

Fat ty  acids Control Treated Control Treated 

Total 2510 • 400 e 2500 __ 200 e 1530 + 100 d 1300 _ 260 d 

18:2n-6 283 +- 30 f 275 __ 10 f 143 • 14 e 111 • 12 d 
20:3n-6 19 • 7 d,e 16 • 4 d 37 • 5 f 25 • 4 e 
20:4n-6 695 • 55 e 700 • 20 e 330 • l i  d 298 • 20 d 
22:6n-3 258 • 12 e 270 • 12 e 226 • 12 d 200 • 13 d 
Total n-6 b 1013 • 53f 1013 • 13f 520 • l i  e 442 • 9 d 
Total n-3 c 310 • 14f 315 • 15f 283 • 12 e 240 • 9 d 
n-6 plus n-3 1323 • 50f 1328 • 14f 803 • 12 e 682 • 9 d 

a Results expressed as ~g fatty acid/g of liver are means • SD for n ----- 6 animals in each group. Within each 
line, means not showing a common superscript letter are significantly different {P < 0.01}. They are classified 
according to increasing order. 

bTotal n-6 includes 18:3, 20:2, 22:4 and 22:5n-6, not listed individually. 
CTotal n-3 includes 18:3, 20:5 and 22:5n-3, not listed individually. 
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was 39% lower in un t rea ted  obese ra t s  t h a n  in un t r ea t ed  
lean animals.  However, when  expressed as a percen tage  
of to ta l  f a t t y  acids, there  was  no change,  and the  percen- 
t age  (52.5% in bo th  cases) was  similar  to t h a t  found  in 
t rea ted  animals.  

The m e c h a n i s m  by which s imvas ta t in  increases the  45 
desa tu ra t ion  rate  is unknown.  F ibra tes  have been shown 
to  exhibi t  the  same effect (17,18). T h e y  are also pro- 
l iferators of peroxisomes (19), and some desa tu ra t ion  ac- 
t ivi t ies have been observed  in these  organelles (20). This  
m a y  explain the  increased rate  of h5 desa tu ra t ion  in 
fenofibrate t rea ted  obese ra t s  (17). Because  s imvas t a t in  
is no t  a perox isome prol i ferator  (6), this  m e c h a n i s m  can- 
no t  be evoked hem Alternatively, changes in the hormonal  
s t a tus  of s imvastat in- t reated obese rats  cannot  be ignored 
as several hormones ,  such  as insulin, increase the  h5 
desaturat ion rate (21). However, fur ther  studies are needed 
to  tes t  this  hypothesis .  

The increase in h5 desatura t ion rate in t reated obese rats  
was  no t  accompanied  by an  increase in the  a m o u n t  of  
arachidonic  acid in liver microsomal  phospholipids .  Be- 
cause of the  relat ively low turnover  ra te  of these const i tu-  
ents,  pro longed d r u g  t r e a t m e n t  m a y  be necessary  to re- 
s tore  a f a t t y  acid profile in obese ra t s  similar  to t h a t  
observed  in lean rats. 
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Composition of the Phospholipids and Their Fatty Acids 
in the ROC.10ligodendroglial Cell Line 
Eric J. Murphy* and Lloyd A. Horrocks 
Department of Medical Biochemistry and Neuroscience Program, The Ohio State University, Cotumbus, Ohio 43210 

ROC-1 cells are a hybrid of C4} rat glioma and rat oligoden- 
droglia cells. Biochemically these cells resemble the oli- 
godendroglia parent, but their lipid composition is un- 
known. The phospholipid composition in mole % was: car- 
diolipin, 1.0; phosphatidylglycerol, 1.2; ethanolamine gly- 
cerophospholipids, 27.6; phosphatidylinositol, 5.8; lyso- 
phosphatidylethanolamine, 0.8; phosphatidylserine, 5.6; 
choline glycerophospholipids, 43.7; sphingomyelin, 13.7; 
phosphatidylinositol-t-monophosphate, 0.8; and lysophos- 
phatidylcholine, 0.6. The choline and ethanolamine plas- 
malogens made up 7.2 and 18.4% of the total phospho- 
lipids, respectively. The phospholipid composition reflects 
that of both parental cells. The cells had moderate to high 
levels of 20:3n-9 indicating n-6 series fatty acid deficiency. 
The phosphatidylinositol had very high 20:3n-9 levels with 
a 20:3n-9120:4n-6 ratio of 2.1 compared to 0.44 and 0.58 for 
ethanolamine glycerophospholipids (EtnGpl) and choline 
glycerophospholipids (ChoGpl) respectively. The satur- 
ated/polyenoic fatty acid ratios were 0.40 for EtnGpl, 3.38 
for ChoGpl and 1.48 for phosphatidylinositol. 
Lipids 28, 67-71 (1993). 

Phospholipids and their constituent fatty acids in the cell 
membrane have a major role in maintaining membrane 
structure integrity and function including recepto~mediated 
signal transmission (1-8}. Many different cell lines are used 
to study these areas, but for many of the cells the phos- 
pholipid and fatty acid compositions are unknown. 

The partial phospholipid composition of oligodendroglia 
has been reported {9-12} as well as the composition of C-6 
glioma cells {13}. The fatty acid composition of oligoden- 
droglia (14) and the fatty acid composition of oligodendroglia 
polar lipids (11) have also been reportec~ 

In this communication, we report the phospholipid and 
fatty acid composition of ROC-1 cells. ROC-1 oligonden- 
droglia cells are a hybrid between a C-6 rat glioma and a 
rat oligondendrocyte {15). 

MATERIALS AND METHODS 

ROC-1 cells were obtained from F.A. McMorris (Wistar 
Institute of Anatomy and Biology, Philadelphia~ PA}. The 
cells were maintained in modified Eagle's medium sup- 
plemented with 10% fetal calf serum, 100 ~M hypoxan- 
thine. 0.4 ~M aminopterin and 16 ~M thymidine The 

*To whom correspondence should be addressed at The Ohio State 
University, Department of Medical Biochemistry, 1645 Nell Avenue, 
Rm 471, Columbus, OH 43210. 

Abbreviations: CerPCho, sphingomyelin; ChoGpl, choline glycero- 
phospholipids; EtnGpl, ethanolamine glycerophospholipids; FA, fat- 
ty acid; FAME, fatty acid methyl ester; GLC, gas-liquid chromatog- 
raphy; Gpl, glycerophospholipid; HPLC, high-performance liquid 
chromatography; lysPtdEtn, lysophosphatidylethanolamine; PBS, 
phosphate-buffered saline; PlsCho, plasmenylcholine; PlsEtn, plas- 
menylethanolamine; PtdIns, phosphatidylinositol; PtdSer, phospha- 
tidylserine; PUFA, polyunsaturated fatty acid; RCF, relative correc- 
tion factors; TLC, thin-layer chromatography; UV, ultraviolet. 

cells were fed by removing half of the culture medium and 
replacing it with fresh culture medium. The cells were 
maintained in a 95% humidified air, 5% CO2 atmosphere 
at a constant temperature of 37~ Upon reaching con- 
fluency, medium was removed and cells were washed with 
phosphate-buffered saline (PBS) to remove any detached 
cells. Trypsin was added to remove attached cells and 
these cells were then suspended in medium. The cell 
suspensions were split and plated upon 100-mm poly- 
styrene culture plates. 

Confluent cells were extracted using n-hexane/2-pro- 
panol {3:2, vol/vol) {16). Compared with chloroforndmeth- 
anol, this extraction method gives better recovery of lipids 
with less protein contamination. Prior to extraction, the 
medium was removed and the cells were washed with two 
3-mL portions of cold PBS buffer to remove traces of 
mediun~ The plates were immediately placed upon dry ice 
and frozen to minimize acylhydrolase activity during ex- 
traction {17}. Two 2-mL aliquots of 2-propanol were used 
to remove the cells from the cultured dishes. The initial 
aliquot was added to the frozen cells which were subse- 
quently removed from the plate using a Teflon cell scraper. 
The second aliquot was used to rinse the plate~ Both of 
these aliquots were added to a tube containing 6-mL of 
n-hexane for a final n-hexane/2-propanol ratio of 3:2 by 
volume The extracts were kept under nitrogen to mini- 
mize autoxidation of lipids. 

Prior to phospholipid separation, lipid extracts were 
ultrafiltered using a Rainin 0.2/~n nylon filter (Woburn, 
MA). The sample was dried under a stream of nitrogen 
and redissolved in a known volume of n-hexane]2-propa- 
nol/water (56.7:37.8:5.5, vol]vol]vol) before high-perform- 
ance liquid chromatography (HPLC). 

The cell lipid extracts were separated into major phos- 
pholipid classes by HPLC including the separation of the 
acidic phospholipids phosphatidylserine (PtdSer) and 
phosphatidylinositol (PtdIns), as well as lysophosphatidyl- 
ethanolamine (lysoPtdEtn} {18}. The lower limit of sen- 
sitivity was 100 nmol of injected phospholipid. Each 
phospholipid class was quantitated by measuring lipid 
phosphorus {19}. The solvents, HPLC grade n-hexane and 
2-propanol from E.M. Science {Cherry Hill, NJ), were 
filtered through a 0.5 ~m Millipore FH-type nylon filter 
{Bedford, MA} and degassed. Solvent A was n-hexane/2- 
propanol {3:2, vol/vol) and solvent B was n-hexane/2- 
propanol]water (56.7:37.8:5.5, vol/vol/vol). Water was puri- 
fied using a Millipore water purification system. The 
HPLC consisted of two Altex {Berkeley, CA} 100A pumps, 
an Altex 420/421 controller and an Altex model 210 in- 
jection port. The Dupont {Wilmington, DE) Zorbax Silica 
column (4.6 mm • 250 mm, 5-6 ~a-n) was maintained at 
a constant temperature of 34~ with a Jones Chromatog- 
raphy (Lakewood, CO) heating block. An ISCO {Lincoln, 
NE) V4 ultraviolet (UV) variable wavelength detector was 
used to monitor absorption at 205 nm. 

Plasmalogens were assayed by HPLC after mild acidic 
hydrolysis of the previously collected ethanolamine gly- 
cerophospholipid {EtnGpl) and choline glycerophospho- 
lipid {ChoGpl) fractions {20}. This caused hydrolysis of the 

Copyright �9 1993 by the American Oil Chemists' Society LIPIDS, Vol. 28, no. 1 (1993) 



68 

COMMUNICATION 

alkenyl ether bond of the plasmalogens while the alkylacyl 
and diacyl glycerophospholipids (Gpl) remained intact. 
The sample was reextracted and rechromatographed uti- 
lizing the same separation procedure as used in the initial 
separation. The lysophospholipid fractions were collected 
for phosphorus assay (19). The fraction containing the 
alkylacyl and diacyl Gpl was then collected and subjected 
to alkaline transmethylation in 2 mL of 0.1 M NaOH in 
methanol. After 15 min the reaction was terminated with 
addition of 1-mL ethyl formate (21). The two reaction pro- 
ducts were separated by the addition of chloroform/iso- 
butanol/water (4:2:3, vol/vol/vol) to the methanol fol- 
lowed by centrifugation to complete the phase separation. 
The top layer contained glycerophosphocholine or glycero- 
phosphoethanolamine and the bottom layer contained the 
lysophospholipid. Aliquots were taken for phosphorus 
assay (19). 

Phospholipid acyl chains were converted to fat ty acid 
methyl esters (FAME} through base-catalyzed transester- 
ification (22). This method, unlike BF3-catalyzed trans- 
esterification, avoids oxidative side reactions and the for- 
mation of dimethylacetals from plasmalogens. FAME 
were extracted with 2-mL of hexane The upper phase was 
pipetted off and the remaining methanol phase washed 
with two 2-mL aliquots of hexane FAME were stored in 
a nitrogen atmosphere at -20~ 

FAME were separated and quantitated by gas-liquid 
chromatography (GLC). A set of standards (NuChek Prep, 
Elysian, MN) was used to establish relative retention 
times and relative correction factors (RCF) for each 
FAME. The internal standard was 17:0 methyl ester. The 
detector response was linear within the concentration 
range of the samples for all identified fatty acids of vary- 
ing chain lengths and degrees of unsaturation with cor- 
relation coefficients of 0.985 or greater. This standard was 
used to establish standard curves and for each sample run. 

The GLC system was comprised of a Shimadzu (Kyot~ 
Japan) GC-8A, a Supelco (Bellefonte, PA) SP-2330 capil- 
lary column (30 m long) and a flame-ionization detector. 
Column temperature was maintained at 190~ with nitro- 
gen as the carrier gas at a pressure of 0.5 kg/cm 2. Detec- 
tor and injector temperatures were maintained at 220 o C. 
A split ratio of 100:1 was used. Peak area data were col- 
lected with a Nelson Analytical 760 series intelligent in- 
terface (Cupertino, CA) and computed with Nelson model 
2600 software. 

RESULTS 

The ChoGpl comprise the largest proportion of the phos- 
pholipids in ROC-1 cells {Table 1). The order of the other 
phospholipids in decreasing proportions is EtnGpl > 
sphingomyelin (CerPCho) > PtdIns = PtdSer. The lyso- 
phospholipids make up a small portion of the total phos- 
pholipid. 

The compositions of EtnGpl and ChoGpl subclasses are 
reported in Table 2. Ethanolamine plasmalogen {PlsEtnl, 
the alkenylacyl subclass, accounted for 18.4 mol% of the 
total phospholipids. Of the ChoGpl subclasses, the diacyl 
subclass was the largest fraction making up 33.0 mol% 
of the total phospholipids. There was a large amount of 
choline plasmalogen (PlsCho), accounting for 7.2% of the 
phospholipids. 

The fatty acid (FA) compositions of EtnGpl, ChoGpl 

TABLE 1 

Phospholipid Composition of ROC-1 Cells a 
Phospholipid mol % 
Cardiolipin 
Phosphatidylglycerol 
Ethanolamiae glycerophospholipids 
Phosphatidylinositol 
Lysophosphatidylethanolamine 
Phosphatidylserine 
Choline glycerophospholipids 
Sphingomyefin 
Phosphatidylinositol 4-phosphate 
Lysophosphatidylcholine 

1.0 • 0.4 
1.2 • 0.7 

27.6 • 3.3 
5.8 • 1.4 
0.8 • 0.8 
5.6 • 1.5 

43.7 • 5.1 
13.7 • 2.8 

0.8 • 0.2 
0.6 • 0.2 

aThe values are means • SD and are expressed as mole percent 
of each phospholipid class. For each value n=5. 

TABLE 2 

Composition of Ethanolamine and Choline 
Glycerophospholipid (Gpi) Subclasses a 

Total 
Phospholipid Gpl phospholipid 
subclasses (%) (%) 

Ethanolamine glycerophospholipid 
(EtnGpl) 
Diacyl 25.6 • 1.5 7.1 
Alkylacyl 7.6 • 0.9 2.1 
Alkenylacyl 66.8 • 1.9 18.4 

Choline glycerophospholipid 
(ChoGpl) 
Diacyl 75.5 • 1.8 33.0 
Alkylacyl 8.1 • 1.3 3.5 
Alkenylacyl 16.4 • 1.7 7.2 

aValues are means • SD and are expressed as mole percent of the 
individual glycerophospholipid class. The total % phospholipid 
represents the mole percentage of each subclass with respect to 
total phospholipid composition. For EtnGpl n= 5 and for ChoGpl 
n----7. 

and PtdIns are reported in Table 3. For EtnGpl the com- 
position of the major FA in decreasing mole percent was: 
20:4n-6 > 18:1n-9 > 18:0 > 20:3n-9 > 22:6n-3. There was 
a relatively large amount of the Mead acid, 20:3n-9. The 
20:3n-9/20:4n-6 ratio was 0.43. For ChoGpl, the composi- 
tion of the major FA in decreasing mole percent was: 
18:1n-9 > 16:0 >> 18:0 > 20:4n-6. The 20:3n-9/20:4n-6 ratio 
was 0.58. The PtdIns FA composition in decreasing mole 
percent was: 18:0 > 18:1n-9 > 20:3n-9 > 16:0 >18:2n-6 = 
20:4n-6. There was a large proportion of the Mead acid 
present, accounting for 12.6% of the total FA. The 
20:3n-9/20:4n-6 ratio was 2.1. 

The EtnGpl FA composition was the most unsaturated, 
with a saturated/unsaturated fatty acid ratio of 0.27. The 
unsaturation index for ChoGpl and PtdIns was 0.64 and 
0.69, respectively. The saturated/monoenoic fatty acid 
ratios for ChoGpl and EtnGpl were essentially the same; 
however, this ratio was higher for PtdIns. There were large 
differences in the saturated]polyenoic fatty acid ratios for 
the phospholipid classes. These ratios were 0.40 for 
EtnGpl, 3.38 for ChoGpl and 1.48 for PtdIns. 

DISCUSSION 

One inherent problem of growing primary oligodendroglial 
cells in culture is the difficulty of isolating cells from 
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Ethanolamine Choline 
glycerophospholipid glycerophospholipid Phosphatidylinositol 

Fatty acid (EtnGpl) (ChoGpl) {PtdIns) 

16:0 3.8 + 1.3 32.7 + 3.7 7.8 
16:1n-9 0.8 _ 0.5 3.8 + 1.5 3.0 
18:0 17.5 +_ 4.9 6.5 • 1.1 32.8 
18:1n-9 23.9 + 2.2 43.6 • 3.1 28.4 
18:2n-6 1.8 • 0.4 2.8 • 2.1 5.6 
18:3n-6 0.5 • 0.1 0.2 • 0.2 0.3 
18:3n-3 0.7 • 1.0 0.6 • 0.5 0.8 
20:1n-9 1.1 +__ 0.4 0.7 • 0.3 -- 
20:2n-6 0.8 + 0.5 1.0 _+ 0.8 -- 
20:3n-9 10.9 ___ 0.8 1.8 • 0.2 12.6 
20:3n-6 0.4 + 0.4 0.4 • 0.1 -- 
20:4n-6 24.9 • 1.5 3.1 • 0.3 6.0 
20:5n-3 2.9 • 1.7 -- -- 
22:1n-9 0.6 • 0.4 -- -- 
22:2n-6 0.7 • 0.9 0.1 • 0.1 -- 
22:3n-3 1.0 • 0.3 0.9 • 0.3 2.0 
22:4n-6 1.9 • 0.8 0.2 • 0.2 -- 
22:6n-3 6.1 • 1.0 0.5 • 0.3 - -  
24:1n-9 - -  0 .8  • 1.3 - -  

20:3n-9/20:4n-6 ratio 0.44 0.58 2.1 
n-3/n-6 ratio 0.37 0.40 0.44 

Monoenoic 26.4 • 3.5 48.9 • 6.2 31.4 
Polyenoic 52.6 • 9.4 11.6 • 6.8 27.3 
Unsaturated 79.0 • 13.2 60.5 • 13.0 58.7 
Saturated 21.3 +_ 6.2 39.2 _ 4.8 40.6 

Saturated/unsaturated 0.27 0.64 0.69 
Saturated]monoenoic 0.81 0.80 1.29 
Saturated/polyenoic 0.40 3.38 1.48 

aValues are mol% for each fatty acid for the respective phospholipid class. The values for PtdIns represent 
the means of two determinations. For ChoGpl and EtnGpl the values represent mean • SD for 4 and 5 
determinations, respectively. 

tissue (23,24). Clonal cell lines are useful because large 
quantities can be grown with little or no difference be- 
tween batches and no contamination from other cell types 
as commonly occur with primary cell cultures. The ROC-1 
cell hybrid is the best oligodendroglia cell line now avail- 
able and has morphological and biochemical character- 
istics that  closely resemble those of the primary oligoden- 
drocyte (25). 

The ROC-1 oligodendroglial cell is a hybrid cell made 
from a rat oligodendrocyte and a C-6 rat glioma cell (15). 
Thus, the phospholipid composition should closely resem- 
ble one or both of the parent cell types. The CerPCho, 
EtnGpl, ChoGpl and cardiolipin mol% phospholipid com- 
position of ROC-1 cells is similar to that  of C-6 glioma cells 
(13). P td Ins  and PtdSer levels reflect those in glial cells 
(9). These values are found in Table 4 for comparison. In 
the s tudy using whole oligodendroglia, the P td Ins  and 
PtdSer were not resolved from each other and the two 
classes made up 10.4% _ 0.6 of the total phospholipid 
composition (10). Our values for the phospholipid composi- 
tion of ROC-1 cens agree with these reported values. Thus, 
the ROC-1 cell phospholipid composition is a hybrid, with 
a composition similar to the composition of both parent  
cells. 

The ROC-1 cells had a lower ChoGpl content  (43.7%) 
than reported for fresh oligodendroglia preparations 
50.6% • 4.8 (10) and 49.6% (12). Our lower value may 

reflect the complete separation of CerPCho from the 
ChoGpl which we achieve using HPLC. The EtnGpl  com- 
position {27.6%) was slightly higher than fresh oligoden- 
droglia preparations 23.0% + 2.6 (10) and 23.6% (12}. Our 
values for P td Ins  and PtdSer agree with those reported 
by other workers (10,12), suggest ing the P td Ins  and 
PtdSer composition closely resembled the oligodendroglial 
parent cell. 

We report compositional values for the EtnGpl  and 
ChoGpl subclasses. In freshly isolated glial cells from 14- 
day-old rat, the ethanolamine plasmalogen made up 7.5% 
of the total phospholipid compared to our value of 18.4%, 
but  no choline plasmalogen was reported {9). ROC-1 cells 
contained a high proportion of choline plasmalogen (7.2% 
of the total phospholipid) and high proportions of 1-O- 
alkyl-2-acyl-glycerophosphoethanolamine and 1-O-alkyl- 
2-acyl-glycerophosphocholine. These two phospholipid 
classes made up 2.1 and 3.5% of the total phospholipids, 
respectively. 

The fat ty acid compositions of the EtnGpl, ChoGpl and 
P td Ins  are reported in Table 3. The EtnGpl  had a low 
saturated/unsaturated fa t ty  acid ratio. This is part ly due 
to the high ethanolamine plasmalogen proportion which 
contributes a large amount  of 20:4n-6. There was a large 
proportion of 20:3n-9 (Mead acid} in the EtnGpl.  Mead 
acid is thought  to be increased in PUFA deficient cells 
in an a t tempt  to maintain a normal saturated/unsatu- 
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TABLE 4 

Comparison of Phospholipid Compositions of ROC-1, C-6 Glioma and Glial Cells a 

ROC-1 C-6 glioma b Mixed glial c 
Phospholipid n=5 n=5 n=9 

Cardiolipin 1.0 • 0.4 1.9 • 0.7 2.5 
Sphingomyelin 13.7 • 2.8 8.1 • 1.1 7.0 
Ethanolamine glycerophospholipids 27.6 • 3.3 28.5 • 1.7 22.9 
Choline glycerophosphollpids 43.7 • 5.1 52.2 • 2.3 52.4 
Phosphatidylinositol 5.8 • 1.4 3.8 • 0.5 5.8 
Phosphatidylserine 5.6 • 1.5 4.5 • 0.5 6.2 
aThe values are mole percent of total phospholipid. ROC-1 phospholipids were sep- 

arated by high-performance liquid chromatography and quantitated as lipid phos- 
bPhOrUS. Values are means • SD. 
The C-6 glioma cell phospholipids were separated by thin-layer chromatography (TLC) and 
quantitated as lipid phosphorus (13}. 

CThe glial cell phospholipids were separated by two-dimensional TLC and quantitated 
as lipid phosphorus (9). 

ra ted f a t ty  acid index (26). The ChoGpl and P t d In s  have 
even higher 20:3n-9/20:4n-6 ratios. This increase in 
20:3n-9/20:4n-6 ratio indicates the apparent  need to main- 
tain a high level of PUFA in the cell through the increase 
in 20:3n-9 levels. Overall, the ROC-1 cells are deficient in 
the n-6 series, part icularly in arachidonlc acid as indicated 
by the higher 20:3n-9 proportions.  

Cultured murine brain cells have a 20:3n-9/20:4n-6 rat io 
of 0.27 for cells grown in 10% fetal calf serum and 1.6 for 
cells grown in a chemically defined medium devoid of 
PUFA (14). We found a 20:3n-9/20:4n-6 ratio of 0.44 for 
EtnGpl,  0.58 for ChoGpl and 2.1 for PtdIns.  These results 
indicate ~,hat the ROC-1 cells were in a s tate  of PUFA defi- 
ciency. The two major  phospholipid classes had moderate  
PUFA deficiency, while the P td Ins  was severly PUFA 
deficient. 

Oligodendrocytes in culture for 34 d have a satu- 
rated/polyenoic fa t ty  acid ratio of 0.41 for fa t ty  acids from 
polar lipids (11). Cells cultured for only 8 d have a satu- 
rated/polyenoic ratio in the total  lipid ext rac t  of 1.29 for 
serum-supplemented cells, 1.86 for cells grown in a chem- 
ically defined medium deficient in PUFA and 0.84 for cells 
in culture for 34 d in a chemically defined medium sup- 
plemented with PUFA (26). Our cells were grown in 
medium supplemented with 10% fetal calf serum and were 
not  supplemented with exogenously added PUFA. The 
saturated/monoenoic f a t ty  acid rat io was essentially the 
same in E tnGp l  and ChoGpl, Le., 0.81 and 0.80, respec- 
tively. The saturated]monoenoic ratio for P tdIns  was 1.29. 
ChoGpl had a saturated]polyenoic f a t t y  acid rat io of 3.38 
compared to a ratio of 0.40 for E tnGpl  and 1.48 for PtdIns.  
Clearly, the ChoGpl had a lower polyenoic f a t ty  acid con- 
tent,  a l though this is generally the case for the more 
saturated ChoGpl. Regardless of the variation in the satu- 
rated/polyenoic fa t ty  acid ratios, the values for ROCA cells 
indicate a decrease in PUFA compared to oligodendroglia 
cells grown under  similar conditions. These differences 
cannot  be explained due to medium conditions since the 
cells were grown in 10% fetal bovine serum. Further,  the 
ROC-1 cells had a larger proport ion of 20:3n-9 indicat ing 
tha t  the cells were PUFA deficient, even though the 
culture conditions are known not  to produce PUFA defi- 
ciency in other cells. The lower levels of PUFA in ROC-1 
cells may  be directly related to the tumor  origin of the 
cell line. This deficiency may  cause possible signal trans- 

duction problems and an interrupt ion of normal  cellular 
events. 
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A rapid and high-yielding two-step synthesis of fatty thio- 
acids from readily available starting materials has been 
devised. In the first step, an acid chloride is reacted with 
thioacetic acid at room temperature to produce a mixed 
thioanhydride, which in the second step is nucleophilical- 
ly deacetylated with propylamine or butylamine at 5~ 
Each step is complete in five minutes and proceeds in quan- 
titative yield. The versatility of the procedure is demon- 
strated by the synthesis of fatty thioacids from six to six- 
teen carbons in length. 
Lipids 28, 73-74 {1993}. 

Replacement of oxyester with thioester functions provides 
alternate lipolytic enzyme substrates that are close struc- 
tural mimics of physiological lipid subtrat~s. Hydrolysis of 
thiolipid substrates can be followed in coupled spectroscopic 
assays and thus has analytical advantages over traditional 
mdiochemical assays. For example, thiolipid assays for phos- 
pholipase A1 {1,2) and phospholipase A2 (3,4} have been de- 
scribed. 

Hendrickson and colleagues {5,6} have devised synthetic 
methods for the preparation of racemic and enantiomeric 
thiophospholipid substrates of phospholipases A1 and A2. 
Their procedure uses Na2S-9H20 and the appropriate acid 
chloride to synthesize thioacids {6). However, the nonahy- 
drate of Na2S must be dehydrated, typically by drying in 
vacuo over P20~ for two days, before reaction with the acid 
chloride, and yields are only ~50%. Residual water, or adven- 
titious water contamination, promotes the formation of an- 
hydrides and oxyacids as side products, and thus inert- 
atmosphere techniques are required to achieve maximal 
yields of thioacids Moreover, the reaction mixture is a slurry 
because Na2S is poorly soluble in the solvent, pyridine An 
alternate method, reaction of H2S with the appropriate 
acid chloride (7), has several disadvantages: extreme stench 
and toxicity of H2S; a complicated experimental apparatus 
is required to contain H2S; the reaction is conducted at 
-30~ far from ambient temperature 

In this communication we describe a rapid, efficient and 
high-yielding synthesis of fatty thioacids that avoids these 
complications. 

EXPERIMENTAL PROCEDURES 

Materials. Thioacetic acid (TAA}, hexanoyl chloride, de- 
canoyl chloride, myristoyl chloride, palmitoyl chloride" pr~ 
pylamine {PA} and anhydrous pyridine were purchased 
from Aldrich Chemical Ca (Milwaukee" WI). TAA was 
usually distilled before use  Butylamine (BA} was pur- 
chased from Matheson, Coleman and Bell {Norwood, OH). 
Concentrated HC1 was purchased from Fisher Scientific 
{Fair Lawn, NJ). High-performance liquid chromatog- 

*To whom correspondence should be addressed. 
Abbreviations: BA, butylamine; EI-MS, electron impact mass spec- 
trometry; FTIR, Fourier transform infrared; HPLC, high-performance 
liquid chromatography; PA, propylamine; RBF, round-bottom flask; 
TAA, thioacetic acid; TD A, thiodecanoic acid; TH A, thiohexanoic add; 
TLC, thin-layer chromatography; TMA, thiomyristic acid. 

raphy {HPLC)-grade hexane was from EM Science (Cherry 
Hill, N J). Flexible plastic thin-layer chromatography 
(TLC) plates (Polygram SIL G/UV254, silica gel with 
fluorescent indicator) were purchased from Brinkman In- 
struments, Inc (Lauda-K6nigshofen, Germany) and were 
produced by Macherey-Nagel (Diiren, Germany). 

Synthesis and product characterization. Scheme 1 out- 
lines the procedure for the thioacid synthesis; the prepara- 
tion of thioadecanoic acid (TDA) is illustrative of the 
methods used. Except where specified, all manipulations 
were performed at room temperature. Reaction mixtures 
were analyzed by TLC, with hexane/diethyl ether (7:3, 
vol/vol) as the mobile phase. In a round-bottom flask 
(RBF) equipped with a magnetic stirrer, 4.2 mL of deca- 
noyl chloride (0.02 mol) and 1.5 mL of TAA; (0.021 mol) 
were dissolved in 100 mL of hexane that contained 2.0 mL 
(0.025 mol) of pyridine" and the reaction mixture was stir- 
red for 5 min. TLC of the reaction mixture showed a new 
spot at R~ 0.7 for the mixed acetic-decanoic thloanhy- 
dride The reaction mixture was then cooled in an ice bath, 
3.4 mL of propylamine {0.041 mol) was added and stir- 
ring was continued for 5 min. Use of an ice bath was 
necessary to moderate the exothermic reaction of the 
amine with the mixed anhydride. After these reactions, 
the acid chloride and mixed thioanhydride spots were no 
longer detected by TLC. The reaction mixture was wash- 
ed with 6 N aqueous HC1 to protonate the thioacid prod- 
uct and to remove pyridine and propylamine A single 
trailing spot beginning at Rf 0.1 was detected that cor- 
responded to thiodecanoic acid. The thioacid was isolated 
by drying the hexane phase with anhydrous Na2SO4, 
followed by solvent evaporation. 

Thloacids products were characterized by Fourier trans- 
form infrared (FTIR) spectroscopy and electron impact 
mass spectrometry (EI-MS); the respective spectra were 
acquired on Mattson Instruments Cygnus 25 FTIR 
(Madison, WI) and VG-TRIO1 (VG Instruments Co., 
Altrincham, England) spectrometers. The melting point 
of thiopalmitic acid was measured on a Laboratory De- 
vices Melt-temp melting point apparatus and was not 
corrected. 

0 0 
0 0 

CHsC-SH + RC-Cl hexane CH31 "~S" "R 
5 min 

1 ) H2N ~ 
5 rain 0 

5 "C R-C-SH 
2)  HCl 

R = C5H11, 
R - CeHle, 

R = CI4H2g, 
R - C16Hss, 

THA 
TDA 

TMA 

TPA 

SCHEME 1 
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TABLE 1 

Physical and Spectroscopic Data for Thioacid Products 

Molecular Formula Characteristic 
Thioacid formula weight MS data a infrared frequencies 

THA C6HlzOS 132.22 2563 cm -]  (SH) 
1707 cm -1 (C=O) 

TDA CloH2oOS 188.32 155 (-SH) 2561 cm -1 (SH) 
1701 cm -1 (C=O) 

TMA C14H28OS 244.43 228 (-OH) 2564 cm - l  (SH) 
211 I--SH) 1718 cm -I (C=O~ 

TPA b C16H32OS 272.49 2564 cm -] (SH) 
1716 cm -1 (C=O) 

aData are m/e values. Mass spectra (MS) were not acquired for thiohexanoic acid (THA) and 
bthiopalmitic acid (TPA). TMA, thiomyristic acid; TDA, thiodecanoic acid. 
Melting point, 27-28~ The other thioacids are colorless liquids. 

RESULTS AND DISCUSSION 

Table 1 lists spectroscopic data and other physical pro- 
perties for the four fatty thioacids that were synthesized 
by the route shown in Scheme 1. Thiohexanoic (THA), 
TDA and thiomyristic acids (TMA) are liquids, and 
thiopalmitic acid is a low-melting solid. All the thioacids 
show C=O and S-H stretches in the FTIR spectra at 
1700-1720 cm -1 and 2560-2565 cm -I, respectively. These 
spectra lack the broad feature in the region 2500-3300 
cm -1 expected for carboxylic acids, which demonstrates 
that the thioacids are not contaminated with the cor- 
responding oxyacids. The EI-MS spectrum of TDA con- 
tains a peak at m/e = 155 for loss of SH, while the spec- 
trum of TMA contains peaks at 211 and 228 for loss of 
SH and OH, respectively, from the parent ion. 
The ease of the thioacid synthesis outlined herein is its 

greatest advantage. The use of highly toxic, foul-smelling 
reagents is avoided, and particular caution to exclude at- 
mospheric moisture is not required. The synthesis is con- 
ducted at mild temperatures and takes only ten minutes. 
In addition, product workup is straightforward and quan- 
titative yields are realized. Our procedure readily and in- 
expensively provides thioacid precursors for the enan- 

t iospecific syn thes i s  of chiral  su l fu r -con ta in ing  phos- 
pholipid, t r iacylglycerol  and  1,2-diacylglycerol ana logues  
(6). 
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Lipids from the Paracloacal Glands of the Chinese Alligator 
(Alligator sinensis) 
B.S. Dunn, Jr. a, P.J. Weldonb, *, R.W. Howard c and C.A. McDaniel  a 
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Lipids from the paracloacal glands of adult Chinese alli. 
gators (Alligator s/hens/s) were analyzed by gas chromatog- 
raphyfmass spectrometry. Acetates, aliphatic alcohols, free 
fatty acids and waxes consisting primarily of hexadecan- 
oates were indicated in the secretions of males and females. 
Cholesterol, a diterpene hydrocarbon, and a diterpene 
ketone were detected in secretions of males but not in those 
of females. Lipids identified in the paracloacal secretions 
of/L sinensis are compared with those reported from the 
American alligator and other crocodilians. 
Lipids 28, 75-78 (1993). 

All extant crocodilians possess paired exocrine organs, 
known as paracloacal glands, embedded in the walls of the 
cloaca (1). Behavioral observations of free-ranging adult 
crocodilians suggest that secretions discharged from these 
glands contain pheromones used in mating and/or nesting 
activities (2). Laboratory studies show that immature 
American alligators (Alligator mississippiensis) detect air- 
borne paracloacal gland chemicals (2), but no specific 
pheromonal function for these exudates has been demon- 
stratecL 

Comparative analyses of paracloacal gland secretions by 
thin-layer chromatography (TLC) indicate a variety of lipid 
classes, as well as taxonomic and other possible sources of 
variation in secretion composition (3,4). Analyses by gas 
chromatography/mass spectrometry (GC/MS) revealed ter- 
penes, cholesterol, free fatty acids, acetates and other lipids 
among the paracloacal gland products of the American 
alligator (5) as well as in the dwarf (Paleosuchus palpebmsus) 
and the smooth-fronted caimans (P. trigonatus) (6,7). 

We report here the results of GC/MS analyses of lipids 
from the paracloacal glands of the Chinese alligator (A. 
sinensis), an endangered species from the lower Yangtze 
Valley in the Anhui and Zhejiang Provinces of the People's 
Republic of China (8). TLC of the paracloacal gland secre- 
tions of this species has previously indicated the presence 
of bands that can be attributed to sterols, free fatty acids 
and other lipid classes (3), but structural details of the com- 
pounds in these exudates have not been reporte(L 

MATERIALS AND METHODS 

Secretions from the paracloacal glands ofA. sinensis were 
obtained in September, 1989 from four 9-year-old females 
at the Houston Zoological Gardens (Houston, TX) and in 
November 1989 from seven 4-year-old and three 9-year- 
old females and one 5-year-old and two 10-year-old males 

*To whom correspondence should be addressed at Department of 
Biology, Texas A&M University, College Station, TX 77843. 

Abbreviations: DMDS, dimethyl disulfide; FFA, free fatty acid(s); 
FTIR, Fourier transform infrared; GC/MS, gas chromatography/mass 
spectrometry; TLC, thin-layer chromatography. 

at the New York Zoological Park (Bronx, NY). All animals 
were hatched at the Rockefeller Wildlife Refuge in Grand 
Chenier, LA, and raised in captivity. 

Each gland was manually compressed while secretions 
were directed into a vial held next to the everted gland 
duct opening. Approximately 3-5 mL of dichloromethane 
were added to each vial, and the vials were stored on ice 
for 48 h or less before being shipped on dry ice. Samples 
were kept at -10~ prior to analysis. 

The paracloacal secretions of each individual sampled 
were placed separately into a glass tissue grinder and ex- 
tracted three times with 25-mL vol of pesticide-grade hex- 
ane while they were macerated with a pestle The hexane 
extracts were decanted from insoluble materials and com- 
bined in a separatory funnel. Extracts were separated in- 
to free fatty acid (FFA) and neutral lipid fractions by par- 
titioning them with 75 mL of a saturated solution of 
NaHCO 3. The lower aqueous layer, which contained FFA, 
was acidified with 10M H3PO4 to pH 1 and extracted 
with 75 mL of diethyl ether/hexane (50:50, vol/vol). The 
extract was rinsed with distilled water and dried over 
anhydrous sodium sulfate. 

Neutral lipids in the hexane layer were dried over anhy- 
drous sodium sulfate and separated by TLC on 0.75-mm 
silica gel layers developed in hexane/ethyl acetate (95:5, 
vol/vol). TLC bands were visualized by spraying with a 
solution of Rhodamine B and dichlorofluorescein (9) and 
viewed under ultraviolet light. Bands were scraped from 
the plate, extracted with diethyl ether and analyzed by 
GC/MS. 

FFA in the residue were converted to methyl esters by 
reacting them with CH2N2 in diethyl ether (10). They 
were then separated by TLC, as described above Alcohols 
were converted to acetates by placing microgram quan- 
tities into a vial with 0.2 mL of acetic anhydride/pyridine 
(2:1, vol/vol). Waxes in the lipid mixture were saponified 
with alcoholic KOH and separated into alcohol and fatty 
acid fractions. Alcohols formed by saponification were 
acetylated; ethyl esters of the fatty acids were prepared 
with Ethyl-8 (Pierce Chemical, Rockford, IL). 

Portions of the unsaturated lipids were hydrogenated 
in ether solution in a 5-mL Reactivial (Wheaton Scientific, 
Millville, NJ) using 50 mg of PtO2 as a catalyst (T. Jones, 
personal communication). Hydrogen gas was bubbled 
through the solution at approximately 0.5 mL/min for 30 
min. Dimethyl disulfide (DMDS) derivatives were pre- 
pared by placing approximately 1/~g of unsaturated lipid 
in approximately 50 ~L of DMDS, along with a crystal 
of iodine (11,12). 

GC/MS analyses were performed on a Hewlett-Packard 
(Palo Alto, CA) 5890 gas chromatograph interfaced with 
a 5970 Mass Selective Detector (Hewlett-Packard). GC 
was done on a 30-m X 0.25-mm DB-1 fused silica column 
(J&W Scientific, Folsom, CA) using the following tempera- 
tures: injection port 250~ transfer line, 280~ oven, in- 
itially 50~ then programmed to 150~ at 25~ and 
then to 325~ at 4 ~ The carrier gas was chromatog- 
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raphy-grade helium maintained at a head pressure of 105 
kPa. All spectra were obtained at an ionizing voltage of 
70 eV. 

Fourier transform infrared {FTIR) vapor-phase spectra 
were obtained on a Hewlett-Packard 5890 GC with a 
5965A FTIR detector and a 7958 data system. A 30-m 
X 0.32-mm DB-5 column (J&W Scientific) using chro- 
matographic conditions identical to those described above 
was used. 

RESULTS 

C14-C18 FFA, with a predominance of C16 and C18 com- 
pounds, were characterized as methyl esters in the secre- 
tions of A. sinensis {Table 1}. Pentadecanoic, Z-9-hexa- 
decenoic and Z-9-octadecenoic acids were indicated in the 
secretions of females but not in those of males; males 
possessed a small amount {1%) of heptadecanoic acid, 
which was not detected in females. 

TLC separation of neutral lipids from female A. sinen- 
sis revealed three major bands. The eluants of Band I (PH 
0.37) displayed GC retention times and mass spectra con- 
sistent with primary aliphatic alcohols, as confirmed by 
comparisons with authentic alcohols {NuChek Prep, Ely- 
sian, MN). The identification of alcohols was further veri- 
fied by derivatization of TLC eIuates with acetic anhy- 
dride/pyridine to form acetates that  were analyzed by 
GC/MS {Table 1). The mass spectra of DMDS derivatives 
of monounsaturated acetates displayed characteristic 
methyl thioether ions, thus allowing double-bond posi- 
tions to be assigned. Some ambiguous spectra, likely r~ 
presenting heterocyclic adducts formed from diunsat- 
urated alcohols, were observed; interpretation of these 
spectra was confounded by the co-elution of two or more 
compounds. 

Band II {R~ 0.51) consisted of a series of acetates with 
alcohol moieties similar to those of the free alcohols eluted 
from Band I {Table 2). The double-bond positions of the 
acetates were determined by adding DMDS and analyz- 
ing the resulting vicinal dithiomethyl ethers by GC/MS, 
as described above. 

Band III  (Rf 0.81) consisted of a complex mixture of 
waxes, the major components of which were esters of hex- 
adecanoic acid {percent compositions in parentheses): hep- 
tyl {7%), octyl {12%), nonyl (4%), decyl {4%), undecyl (3%), 
dodecyl (2%), tridecyl {3%), tetradecyl {13%}, pentadecyl 
(11%), hexadecyl (28%) and octadecyl (11%). The mass 
spectrum of each of these compounds contained the pro- 
tonated hexadecanoate ion (ClsH33CO2 +, rn/z 257) and a 
corresponding hydrocarbon fragment. MS ions character- 
istic of dodecanoates {C1~H25CO2 +, m/z 201), tride- 
canoates (C~2H27CO2 +, rn/z 215), tetradecanoates 
{C13H~CO2 +, m/z 229), pentadecanoates (C14H31CO2 +, m/z 
243), hexadecenoates (C1sH28CO +, m/z 236), hep- 
tadecanoates (C~6H35CO2 +, m/z 271}, octadecenoates 
{C17H32CO +, m/z 264) and octadecanoates {C17H37CO2 +, 
m/z 285) also were observed. Compounds of the same 
molecular weight co-eluted, even on capillary columns, 
thereby yielding complex mass spectra and frustrating 
our attempts to identify and quantify the percent com- 
positions of many of these components. 

The percent compositions of alcohols, acetates and 
waxes in the paracloacal gland secretions of female A. 

T A B L E  1 

Free Fatty Acids and Alcohols from the Paracloacal Gland 
Secretions of Alligator sinensis Showing Typical Percent 
Compositions Within Each Compound Class 
for Males and Females 

% Composition 
Male Female 

Fatty acids 
Tetradecanoic acid 5 trace 
Pentadecanoic acid 0 6 
Hexadecanoic acid 33 47 

Z-9-Hexadecenoic acid 0 10 
Heptadecanoic acid 1 0 
Octadecanoic acid 61 16 

Z-9-Octadecenoic acid 0 21 
Alcohols 

3-Dodecen-l-ol 0 1 
Dodecanol 0 1 

4-Tridecen-l-ol 0 1 
Tridecanol 2 2 

5-Tetradecen-l-ol 4 5 
Tetradecanol 6 4 

x,y-Pentadecadien- 1-ol 0 1 
z,w-Pentadecadien-l-ol 0 2 

x-Pentadecen-l-ol 0 2 
8-Pentadecen-l-ol 0 3 
x-Pentadecen-l-ol 0 1 

Pentadecanol 14 8 
x,y-Hexadecadien- 1-oi 0 2 

5-Hexadecan-l-ol 0 6 
9-Hexadecen-l-ol 0 2 

Hexadecanol 17 18 
x,y-Heptadecadien- 1 -ol 0 1 
z,w-Heptadecadien- 1-ol 0 2 
u,v-Heptadecadien- 1 -ol 0 4 

8-Heptadecen-l-ol 22 5 
10-Heptadecen- l-ol 0 1 

Heptadecanol 5 0 
5,9-Octadecadien- 1 -ol 0 8 
x,y-Octadecadien-l-ol 0 5 

9-Octadecen-l-ol 21 8 
11-Octadecen-l-ol 0 3 

Octadecanol 7 5 

sinensis, calculated from the weights of residues eluted 
from TLC plates, were 19, 72 and 9%, respectively. 

TLC separation of neutral lipids in the paracloacal gland 
secretions of male A. sinensis yielded six major bands. 
Band I (Rf 0.03} contained a single compound, cholest-5- 
en-3-ol {cholesterol). Band II (Rf 0.28) consisted of a 
phthalate ester, a plasticizer that belongs to a class of ubi- 
quitous environmental contaminants, readily classified by 
a base peak at m/z 149. The presence of this compound 
in the paracloacal glands is curious, but it was not char- 
acterized further because we assumed that it is not of 
biological origin. 

Band III (Rf 0.38) consisted of a mixture of saturated 
and mono- and diunsaturated primary alcohols similar to, 
but not as complex, as that observed from female alli- 
gators {Table 1). These compounds were identified by form- 
ing acetate derivatives that were analyzed by GC/MS, as 
described above Likewise, DMDS derivatives were made 
of the unsaturated acetate derivatives to determine dou- 
ble-bond positions. 

Band IV (Rf 0.66) was shown by MS and FTIR to con- 
tain a diterpene ketone with a molecular weight of 288 
and a molecular formula of C20H320. Band VI (Rf 0.91) 
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TABLE 2 

Acetates from the Paracloacal Gland Secretions of Female Alligator 
sinensis Showing Typical Percent Compositions a 

Compounds % Composition 
3-Dodecenyl acetate 

Dodecyl acetate 
4-Tridecenyl acetate 

Tridecyl acetate 
x,y-Tetradecadienyl acetate 

5-Tetradecenyl acetate 
Tetradecyl acetate 

x,y-Pentadecadienyl acetate 
z,w-Pentadecadienyl acetate 

x-Pentadecenyl acetate 
8-Pentadecenyl acetate 
x-Pentadecenyl acetate 

Pentadecyl acetate 
x,y-Hexadecadienyl acetate 

5-Hexadecenyl acetate 
Hexadecyl acetate 

4,8-Heptadecadienyl acetate 
x,y-Heptadecadienyl acetate 
z,w-Heptadecdienyl acetate 
10-Heptadecenyl acetate 
8-Heptadecenyl acetate 

Heptadecyl acetate 
5,9-Octadecadienyl acetate 
x,y-Octadecadienyl acetate 

9-Octadecenyl acetate 
11-Octadecenyl acetate 

Octadecyl acetate 

1 
1 
1 
2 
1 
4 
4 
1 
1 
1 
3 
3 
8 
1 
6 

20 
3 
3 
3 
2 
4 
1 
7 
7 
6 
1 
3 

aTrace amounts of pentadecenyl (10%), hexadecenyl (25%) and hepta- 
decenyl acetates {65%) were detected in males. 

contained a diterpene hydrocarbon that exhibited a 
molecular weight of 272 and a molecular formula of 
C12H32. Comparison of the FTIR spectra of the diterpene 
ketone and the diterpene hydrocarbon revealed identical 
absorbances, except for a carbonyl absorbance in the 
ketone at 1721 cm-'. 

Band V (R~ 0.81) consisted of a series of waxes that, as 
in females, was predominated by hexadecanoates (percent 
compositions in parentheses): dodecyl {2%), tridecyl {2%), 
tetradecyl {16%}, pentadecyl {47%), hexadecyl {25%), hep- 
tadecyl {1%) and octadecyl {7%). MS ions characteristic 
of dodecanoates, tridecanoates, tetradecanoates, penta- 
decanoates, heptadecanoates, octadecenoates and oc- 
tadecanoates also were observed; in contrast to the results 
with females, however, hexadecenoates were not detected 
in males. 

The percent compositions of cholesterol, alcohols, the 
diterpene ketone, waxes and the diterpene hydrocarbon 
in the paracloacal gland secretions of male A. sinensis, 
calculated from the weights of residues eluted from TLC 
plates, were 1, 10, 15, 53 and 2%, respectively. 

DISCUSSION 

A TLC survey of 21 crocodilian species suggested the 
widespread occurrence of FFA in the paracloacal gland 
secretions (3). C16 and C,8 FFA from the secretions of the 
American alligator and the dwarf caiman have been  
elucidated previously by GC/MS (5,7). Saturated and un- 
saturated C~4-C21 fat ty acids also have been reported in 
the skin gland secretions of crocodiles {Crocodylus spp.), 
however, the exudates analyzed included secretions 

pooled from both the paracloacal glands and the gular 
glands (paired exocrine organs on the lower jaw) (13,14); 
thus, unfortunately, the source of the FFA is unclear. Our 
analysis indicates C14-C18 FFA among the paracloacal 
products of A. sinensis. Cholesterol, another common 
tetrapod skin product, also was detected among the 
paracloacal gland secretions of male alligators. 

A number of aliphatic alcohols have been documented 
among the paracloacal products of caimans {Caiman spp. 
and Paleosuchus spp.) (7,15,16), but these compounds were 
not reported for an analysis of the secetions of the 
American alligator (5). Our investigation indicates C12- 
C,s saturated and unsaturated aliphatic alcohols in A. 
sinensis, thus establishing the presence of this compound 
class in the paracloacal secretions of the genus Alligator. 
3-Dodecen-l-ol, dodecanol and an array of unsaturated 
C15-Cls primary alcohols were detected in females, but 
not in males. 

Acetates ranging in carbon-chain length from C10 to 
C18 were indicated in the paracloacal gland secretions of 
American alligators of both sexes and, to a lesser extent, 
in immature {unsexed) individuals (5). Our analysis of A. 
sinensis indicates C~2-Cts acetates primarily in females. 
C,5, C,6 and C,7 monounsaturated acetates in the total 
lipid mixture of some males were indicated by MS ions 
at m/z 61 and molecular ions 60 mass units less than the 
molecular weight {M-60); the unsaturation sites of these 
compounds were not determined because only trace 
amounts of these compounds were present and they were 
not detected by TLC. A number of mono- and diun- 
saturated compounds not detected in the American 
alligator were indicated in A. sinensis. 

Dodecanoates, tetradecanoates and other waxes were 
observed in the paracloacal gland secretions of immature 
American alligators (5). Our results indicate a complex 
mixture of waxes in the secretions of adult A. sinensis, 
but detailed identifications were made only for hex- 
adecanoates. The hexadecanoates indicated in female A. 
sinensis secretions range in carbon-chain length from C7 
to C18 whereas those of males range from C12 to C~s. 
Waxes comprised a larger percentage of the total lipids 
of the secretions of males than those of the females {53% 
vs. 9%, respectively}. 

A recent study of the smooth-fronted caiman indicates 
{E,E)-7,11,15-trimethyl-3-methylenehexadeca-l,6,10,14- 
tetraene {~-springene) in the paracloacal gland secretions 
{6). Traces of other diterpenes and ~-farnesene also were 
detected. The diterpene hydrocarbon observed in male A. 
sinensis has the same molecular weight as/]-springene, 
but the mass spectra of these two compounds are dif- 
ferent. Carbon-13 and proton nuclear magnetic resonance 
data are needed to determine the structure of the com- 
pound in A. sinensis and that of an apparently related 
ketone. 
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ERRATUM 

In Lipids, Vol. 27, no. 11 (November 1992), "Bile Salt Stimulated Lipase: 
Comparative Studies in Ferret Milk and Lactating Mammary Gland," Ellis, 
L.A., and Hamosh, Mo, pp. 917-922, columns A and B of Figure 2 on page 
919 were inadvertently omitted. The entire figure is reproduced below. 

7 
6 
5 
4 

A B C D E F G H 

FIG. 2. Sodium dodecyl sulfate polyacylamide gel electrophoresis 
of purified ferret and human milk bile salt stimulated llpase 
(BSSL). Lanes: A, BSSL purified from ferret milk; B, BSSL purified 
from human milk; C, human milk, skim milk fraction; D, standards 
for molecular weight; E, BSSL purifed from ferret milk; F, ferret 
milk casein pellet, second centrifugatiou; G, ferret milk casein pellet, 
first centrifugation; H, ferret milk, skim milk fraction. Standards 
for molecular weight (kD), lane D: 1, lysozyme (14.4 kD); 2, trypsin 
inhibitor (22 kD); 3, carbonic anhydrase (31 kD); 4, ovalbnmin (45 kD); 
5, serum albumin (66 kD); 6, phosphorylase B (97 kD); 7, /~ 
galaetosidase (116 kD); 8, myosin (200 kD). 
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Overexpression of a Rhizopus delemar Lipase Gene in Escherichia coli 
Rolf D. Joerger* and Michael J. Haas 
Eastern Regional Research Center, Agricultural Research Service, U.S. Department of Agriculture, Philadelphia, Pennsylvania 19118 

A cloned complementary deoxyribonucleic acid encoding 
the precursor polypeptide of an extracellular lipase from 
the fungus Rh/zopus de/emar was altered by site-directed 
mutagenesis to generate deoxyribonucleic acid fragments 
that specifically code for the polypeptides of the proen- 
zyme and the mature form of the lipase. Attempts to pre~ 
duce these polypeptides in enzymatically active form in 
Escherichia coli revealed toxic effects toward the host. 
Therefore the polypeptides were expressed as inactive and 
insoluble forms in the cytoplasm of E. co//BL21 (DE3) cells 
using plasmid vector pET11~l. With this tightly regulated 
high-level expression system, lipase and prolipase polypep- 
tides were produced to estimated levels of up to 21% and 
15%, respectively, of total cellular protein. The insoluble 
polypeptides were solubilized in 8 M urea. Refolding into 
active forms was achieved by treatment with the redox 
system cystine/cysteine and dilution. Refolded mature 
iipase was purified to homogeneity by affinity and ion ex- 
change chromatography. The enzyme had a specific activi- 
ty comparable to that of lipase from the fungal culture. 
The quantities of pure enzyme obtained from a 1-L culture 
of E. coli exceeded those obtained from the fungal culture 
by a factor of at least 100. Refolded recombinant prolipase 
was purified essentially to homogeneity and had a specific 
activity similar to that of the mature enzyme. Its pH op- 
timum was 7.5, rather than the pH 8 determined for re- 
combinant mature lipase and for the enzyme purified from 
the fungal culture. Recombinant prolipase retained activity 
after 15 min incubation at 65~ while mature lipase re- 
tained activity only up to 45~ 
Lipids 28, 81-88 (1993). 

Lipases (acylglycerol acylhydrolases, EC 3.1.1.3) are enzymes 
capable of hydrolyzing ester bonds of watePinsoluble sul> 
strates at the substrate-water int~Mace Lipolytic enzymes 
are ubiquitous and their physical and biochemical diversi- 
ty provides the basis for many current and future biotech- 
nological uses. In nature, the hydrolysis of acylglycerols is 
probably the main function of lipase~ Under laboratory con- 
ditions, lipases are able to catalyze transesterification and 
ester synthesis reactions with alcohols other than glycerol 
and to hydmlyze a diversity of esters in nonaqueous solvent 
systems (1). 

The fungus Rhizopus delemar {presently designated P~ 
oryzae} produces extracellular lipases that hydrolyze the 
ester bonds at the sn-1 and sn-3, but not the sn-2 position, 

1Mention of brand or firm names does not constitute an endorsement 
by the U.S. Department of Agriculture over others of a similar nature 
not mentioned. 

*To whom correspondence should be addressed at USDA-AIL~ERRC, 
600 E. Mermaid Lane, Philadelphia, PA 19118. 

Abbreviations: bp, base pairs; cDNA, compementary deoxyribonucleic 
acid; CM-Sepharose, carboxymethyl Sepharose; DNA, deoxyribo- 
nucleic acid; D2"r, diethiothreitol; EDTA, ethylenediaminetetraacetic 
acid; IPTG, isopropyl-fl-D-thiogalactopyranoside; OA, oleic acid; 
PAGE, polyacrylamide gel electrophoresis; SDS, sodium dodecyl- 
sulfate; U, units of lipase activity. 

of a triacylglycerol (2). This pronounced positional speci- 
ficity is one of the reasons for continued basic studies on 
the/~ de/emar lipases and for the use of partially purified 
P~ de/emar enzyme preparations in acylglycerol restructtm 
ing (3), the exchange of acyl groups of phospholipids (4) and 
ester and glyceride synthesis {5-7}. 

Industrial applications of lipases and basic scientific ex- 
periments are often hampered by the lack of sufficient en- 
zyme or by the heterogeneity of the available preparations. 
The complete purification of the R. de/emar lipase is time- 
consuming and yields only about 0.2-0.6 mg per liter of cul- 
ture supernatant (8). ~ purification yields have prompted 
researchers to employ molecular cloning techniques to im- 
prove the production of lipases. For example, the comple- 
mentary DNA (cDNAs) for extraceUular lipases from 
Rhizornucor miehei and Humicola lanuginosa were overex- 
pressed in the fungus AspergiUus oryzae, and mature lipase 
was purified from the culture medium (9,10}. The gene for 
a thermostable lipase from the bacterium Pseudomonas 
fluorescens was overexpressed in Escherichia coli to a level 
of 40% of the total protein (11). 

The use of recombinant DNA techniques for the produc- 
tion of an/~ de/emar lipase became possible after a cDNA 
clone of the lipase was obtained and its nucleotide sequence 
was determined (12). The sequence data predict that the 
fungus produces a mRNA that is translated into a preproen- 
zyme The export signal peptide and the propeptide are then 
removed proteolytically to produce the mature lipase en- 
zyme Here we report on the cloning of DNAs encoding the 
prolipase and the mature lipase in E. coli, their expression 
in the bacterium in inactive form, their refolding in vitro 
to active lipolytic proteins, and their purificatiorL 

MATERIALS AND METHODS 

DNA manipulations. Plasmid DNA and phage M13 RF 
DNA were isolated by an alkaline lysis procedure (13) 
followed by a phenol/chloroform extraction. Restriction en- 
zyme digestions and ligation reactions were performed 
under conditions recommended by the suppliers. TransfoP 
mation with plasmid DNA was accomplished using 
CaC12-treated E. coli cells as described by Sambrook et 
al. (14). 

Construction of lipase expression plasmids. The previ- 
ously cloned cDNA encoding the R. delemar lipase (12) 
was excised from plasmid pUC8-2.14 {12} as an EcoRI 
fragment and inserted into the EcoRI site of bacterio- 
phage M13 mpl8 {15}. Site-directed mutagenesis of the 
insert DNA was carried out according to the method of 
Kunkel (16) using the MUTA-GENE M13 I N  VITRO 
MUTAGENESIS KIT (Bio-Rad Laboratories, Richmond, 
CA). Mutagenic primers were obtained from the Depart- 
ment of Chemistry, University of Pennsylvania, Philadel- 
phia, PA. A primer, 5'GGTTCATCCATGGTTCCTGT 3', 
was used to replace the codon for the C-terminal amino 
acid, alanine, of the predicted signal peptide of prepro- 
lipase with a codon representing methionine. This primer 
also changes the nucleotide sequence to introduce an NcoI 
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A 
112 

] M V P V- -RECOMBINANT PROLZPASE- > 

primer, GGTTCATCCATGGTTCCTGT 

cD~, CTCGGTTCATCTGCTGTTCCTGTTTCTGGTAAATCTGGATCT 

L G S S A V P V S G K S G S 

-SIGNAL PEPTZDE~ > ] .......... PROPEPTIDE ......... > 

B 
292 

I 
primer ,  GAGTCCCACGGTGGC 

cv~, TATGAGTCCCATGGTGGCAACCTGACATCCAT ........ 

Y E S H G G N L T S ....... 

C 
407 

l M D G G - -mcconzmu~  LZPJUW=--> 
p = ~ , r  = ACAGCGCCATGGATGGTGG 

cm~= AGCTCTACCAACAGCGCCTCTGATGGTGGTAAGGTTGTTGCTGCT 

S S T N S A S D G G K V V A A 

- -PROPEPTIDE ...... > ] ......... LIPABZ ............ > 

FIG. 1. Oligonucleotide primers used for mutagensis of the R. 
de/emar lipase cDNA. A. Primer for the introduction of a methionine 
codon and an NcoI site at the position in the R. de/emar lipase cDNA 
encoding the junction between signal peptide and propeptide. B. 
Primer for the removal of an NcoI site within the propeptide encoding 
region. C. Primer for the introduction of a methionine codon and 
an NcoI site at the position in the lipase cDNA encoding the june ~ 
tion between propetide and mature Hpase. The amino acid sequence 
predicted from the cDNA is given below the nucleotide sequence. 
The amino acid sequence resulting from the oligonucleotide directed 
mutagenesis is given above the primer sequence. The numbers in- 
dicate positions of nucleotides in the published nucleotide sequence 
of the R. delemar cDNA (ref. 12). 

site (Fig. 1A). An already existing NcoI site within 
the coding region was removed using a primer 
5'GAGTCCCACGGTGGC 3' (Fig. 1B). This base change 
did not alter the predicted amino acid sequence, but 
replaced the histidine codon, CAU, with the histidine 
codon, CAC, found considerably more frequently in mRNA 
from highly expressed genes of E. coli (17). Both primers 
were employed in a single mutagenesis experiment. In a 
second mutagenesis, a primer, 5'ACAGCGCCATGGAT- 
GGTGG 3', was used to replace the codon for the N-ter- 
minal amino acid serine of the mature lipase enzyme (12) 
with the codon representing methionine (see Fig. 1C). This 
change also introduced an NcoI site. Phage carrying muta- 
genized cDNA inserts were identified by restriction en- 
zyme cleavage of their double-stranded DNA. NcoI- 
BamHI fragments, approximately 800 base pairs (bp) and 
1100 bp in size, representing lipase- and prolipase- 
encoding DNA respectively, were isolated and ligated to 
vector pET11-d (18) that had been cleaved with NcoI and 
BamHI (Fig. 2). The resulting plasmids, pETll-d-431 (Fig. 
2A) and pETll-d-1231 (Fig. 2B), were introduced into E. 
coli BL21 (DE3) (18) by transformation. 

Induction of lipase gene expressiora E. coli BL21 (DE3) 
harboring the pET11-d recombinant plasmids were grown 
on solid LB agar medium (19} containing ampicillin (100 
/~g/mL). Cells from a single colony were inoculated into LB 
broth (19) containing ampicillin (100 ~g/mL) and grown 
overnight at 30~ with light sh,ldng. The culture was 
then diluted 100-fold into medium made up of the com- 

FIG. 2. Schematic representation of the lipase- and proHpase~encoding 
segments in the expression plasmid pETll~I  Oref. 18). The lipase and 
proHpase genes were cloned as NcoI-BamHI fragments between the 
T7/ac promoter and T7 terminator sites in plasmid pET11~I. The 
termination codon for Hpase and prolipase is indicated by the 
nuclcotide triplet TAA. 

ponents of LB and of M9 minimal medium (19), pH 7.4, 
containing ampicillin (200 ~g/mL). The cultures (500 mL 
of medium in 2 L baffled flasks) were shaken vigorously 
at 37~ until the optical density at 600 nm reached a 
value between 0.6 and 1.0. Isopropyl-fl-D-thiogalactopyra- 
noside (IPTG) was then added to a final concentration of 
1 mM. Incubation was resumed, and the cells were har- 
vested by centrifugation 3 to 4 h after the addition of 
IPTG. For experiments using lactose as inducer, the sugar 
was added to a final concentration of 10 raM. 

Refolding of lipas~ The cells obtained from a 1-L culture 
were resuspended in 50 mL of 50 mM Tris-HC1, pH 8, 
5 mM ethylenediaminetetraacetic acid (EDTA), 10% 
sucrose Lysozyme was added to a final concentration of 
0.8 mg per mL. The mixture was incubated for 30 min at 
room temperature Four-hundred mL of Triton buffer (10 
mM Tris-HCl, pH 8, i mM EDTA, 0.5% Triton X-100) were 
added. After mixing, the lysate was sonicated to reduce 
viscosity and centrifuged at 15,000 >< g for 30 min at 4~ 
The insoluble pellet was resuspended in 400 mL of the 
Triton buffer and sonicated briefly. The resulting suspen- 
sion was centrifuged at 15,000 >< g for 20 rain. The pellet 
was resuspended in 400 mL of 10 mM Tris-HC1, pH 8, 1 
mM EDTA, and the suspension was centrifuged as above 
The pellet was finally washed with distilled water and 
resuspended in 10 mL of distilled water. This suspension 
was added to 200 to 400 mL of 8 M urea [previously 
deionized by passage through mixed-bed resin AG 501-X8 
(Bio-Rad Laboratories, Hercules, CA)] in 25 mM sodium 
phosphate, pH 7, I mM EDTA, 5 mM dithiothreitol (DTT). 
The solution was incubated at room temperature for 1 h, 
then centrifuged at 15,000 X g for 30 min at room temper- 
atur~ Cystine (dissolved in 0.6 N NaOH) was added to 
a final concentration of 15 mM. The pH of the solution 
was maintained at 8.5 to 9 for 10 min. Then the solution 
was slowly added to 10 to 20 vol of cold (4-10~ 50 mM 
sodium phoshate, pH 7.5-8, 1 mM EDTA, 5 mM cystein~ 
This solution was incubated for at least 48 h at 4~ to 
allow refolding of the denatured protein. 

Purification of lipase and prolipasa The pH of the 
refolding solution was adjusted to 6.5 for lipase and 6.0 for 
prolipase by the dropwise addition of H3PO4. The solu- 
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tions were filtered through Whatman No. 1 paper (What- 
man International Ltd, Maidstone, England) and concen- 
trated in a stirred ultrafiltration cell using Diaflo ultra- 
filtration membranes YM10 or YM30 (Amicon, Beverly, 
MA) or by filtration through Minitan ultrafiltration filter- 
plates type PLGC (Millipore, Bedford, MA). 

The concentrated solution containing refolded lipase 
was filtered through Whatman Na 1 filter paper and 
loaded onto an oleic acid (OA) affinity chromatography 
column (16 X 250 ram) prepared as described previously 
(8). The column was washed with 200 mL 20 mM sodium 
phosphate, pH 6.5, 5% NaCl, followed by 200 mL 20 mM 
sodium phosphate" pH 6.5. The lipase was eluted with a 
gradient of Triton X-100 (0-0.5%) in 20 mM sodium phos- 
phate" pH 6.5. For applications where the presence of 
detergent was not desirable, 60% ethyleneglycol in 20 mM 
sodium phosphate buffer, pH 6.5 was used for elution. 
Fractions containing lipase activity in excess of 200 U/mL 
were pooled and loaded onto a 12 • 200 mm column of 
carboxymethyl-sepharose (CM-Sepharose) CCL-6B-100 
(Sigma, St. Louis, MO) equilibrated with 20 mM sodium 
phosphate, pH 6.5. The column was washed with 40 mL 
of the same buffer, and the lipase was eluted with 200 mL 
of an NaC1 gradient (0-500 mM) in 20 mM sodium phos- 
phat~ pH 6.5. 

Refolded prolipase did not bind to the oleic acid affini- 
ty gel. The buffer of the concentrated refolding solution 
was therefore exchanged for 20 mM sodium phosphate, 
pH 6, by diafiltration, and the solution was loaded onto 
a CM-Sepharose column (12 X 200 mm) equilibrated with 
20 mM sodium phosphate, pH 6. The prolipase was eluted 
with a 0-500 mM NaC1 gradient in the same buffer. 

General protein techniques. Sodium dodecylsulfate 
(SDS)-12.5% polyacrylamide gel electrophoresis (PAGE) 
was performed as described by Laemmli (20). The molecu- 
lar weight of proteins was estimated by comparison of 
their mobilities with those of protein standards (Dalton 
Mark VII-L, Sigma). Protein bands on gels were stained 
with Coomassie Brilliant Blue R. An estimate of the 
relative intensity of bands on dried Commassie Blue- 
stained gels was obtained by scanning with a Bio-Rad 
Model 620 Video Densitometer (Bio-Rad, Richmond, CA) 
and analysis of the scanning profile with the Bic~Rad 1-D 
Analyst II programs. 

Protein concentrations were determined by the method 
of Bradford (21) using the Bio-Rad Protein Assay Kit (BiD 
Rad Laboratories, Richmond, CA). Bovine~y-globulin was 
used as the standard. 

N-Terminal amino acid sequences of recombinant lipase 
and prolipase were determined by automated Edman 
degradation using an Applied Biosystem (Foster City, CA) 
473A Protein Sequencer. Determinations were made from 
300 pmoles of protein dissolved in 0.1% trifluoroacetic 
acid. 

Determination of lipase activity. Activity was deter- 
mined qualitatively by spotting samples onto solid media 
containing olive oil (25 mL/L) emulsified in 20 mM sodium 
phosphate, pH 7.5, 0.001% Rhodamine B (Sigma). Lipase 
activity was visualized under ultraviolet light (22). Quan- 
titative activity determinations were carried out titra- 
metrically as described previously (8) using a VIT 90 
Video titrator (Radiometer, Copenhagen, Denmark). The 
pH of the reaction mixture was maintained by the con- 
tinuous addition of 0.1 N NaOH. For routine activity 

measurements, the assays were conducted at 25~ at pH 
of 7.5 using purified olive oil (Sigma) as substrate~ A ther- 
mostatted, water-jacketed reaction chamber was used for 
the determination of the effect of temperature on the 
lipase activity. Lipase activity was calculated from the 
maximum rate of titrant addition using a lipase titramet- 
ric assay program (Cichowicz, D.J. et al., unpublished). A 
unit (U) of activity released one ~mole of fatty acid per 
minute- 

RESULTS AND DISCUSSION 

Expression of recombinant lipase and prolipase. Over the 
years, E. coli has proven to be a suitable and often 
preferable organism for the overexpression of both pro- 
and eukaryotic genes. The ability of this bacterium to syn- 
thesize lipolytic protein from R. delemar cDNA cloned in 
lambda gt l  1 was crucial in the original isolation of the 
lipase cDNA (12). This cDNA was subsequently cloned 
in plasmid pUC8-2 (23), and, after addition of IPTG, E. 
coli cells harboring the resulting recombinant plasmid 
pUC8.2-14 (12) produced lipolytic protein with the same 
positional specificity as that of lipase produced by the 
fungus (12). However, only small amounts of lipolytic pro- 
tein were present in cell-free extracts from induced recom- 
binant E. coil, and the protein species that cross-reacted 
with polyclonal antibody raised against the fungal lipase 
were all larger than the 30 kDa molecular mass of mature 
R. delernar lipase (8,12). This indicated that E. coli JM 101 
was unable to fully process precursor proteins. Therefore, 
to obtain recombinant lipase corresponding to the mature 
fungal enzyme, it was necessary to remove the portions 
of the R. delemar lipase cDNA that encode the pre- and 
propeptide fragments (Fig. 1C). A DNA fragment encod- 
ing prolipase was also generated by removal of the part 
of the cDNA encoding the fungal signal peptide (Fig. 1A). 
The availability of a prolipase clone was desirable, because 
it was unknown if the propeptide was required for or 
beneficial to obtaining active lipase 

Many factors are known to determine the ultimate level 
of expression of a cloned gene Among those factors are 
transcription rate and stability of the mRNA, rate of 
translation and stability of the protein product and also 
the amount of protein that can be accumulated before tox- 
ic effects occur. Attempts to clone the R. delernar lipase 
cDNA, excised from pUC8-2.14, into expression vectors 
pRX-1 (24) allowing transcription from a trp promoter or 
into the pMAL vectors (New England Biolabs, Beverly, 
MA) allowing the production of MaLE fusion proteins 
after transcription from a/ac promoter, demonstrated that 
the presence of the cDNA in the correct orientation with 
respect to the promoters lead to plasmid instability and 
impaired viability even in the absence of inducer sub- 
stances (data not shown). Thus the protein species pro- 
duced from the cDNA have toxic properties which could 
lead to the selection of recombinant strains with low ex- 
pression levels. The toxicity might be caused by the pre~ 
sence of the fungal signal peptide in the recombinant 
polypeptides or by lipolytic activity of the protein species 
produced from the cDNA. As mentioned above, the muta- 
genesis outlined in Figure 1 allowed the isolation of lipase- 
and prolipase~encoding DNAs that lack the sequences 
coding for the fungal signal peptide To further improve 
the chances for successful expression of these DNAs in 
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E. coli, an expression system was sought that  would pro- 
vide a tighter control over transcription than either trp 
or/ac promoters could provide. Such a system should pre 
vent the appearance of damaging levels of lipolytic recom- 
binant protein during the growth phase of the cells in the 
absence of an inducing substance. 

Studier et al (18) developed an E. coli expression system 
that included an additional layer of gene control. The vec- 
tor components (pET plasmid series) place the transcrip- 
tion of insert DNA under the control of a bacteriophage 
T7 gene 10 promoter. This promoter is recognized by T7 
RNA polymerase, which is in turn regulated by a/ac pro- 
moter in the host component of this expression system, 
E. coli BL21 (DES3) (18). The activity of low levels of T7 
RNA polymerase synthesized under noninducing condi- 
tions is inhibited by the presence of intracellular lysozyme 
produced in strain E. coli BL21 (DE3)[pLysS] (18). Us- 
ing a derivative of this system, Deng et al (25) were able 
to overexpress bovine pancreatic phospholipase A 2, an 
enzyme toxic to E. coli. The phospholipase accumulated 
in the periplasm of E. coli since the phospholipase gene 
had been fused to DNA encoding the OmpA signal pep- 
tide from E. coli. We attempted to express the R. delemar 
lipase and prolipase genes using the system employed by 
Deng et al. (25). However, recombinant lipase and, to a 
lesser extent, recombinant prolipase were still toxic to E. 
coli BL21 (DE3)[pLysS]. 

The toxic effect of the expressed lipase, which mani- 
fested itself even under noninducing conditions, 
necessitated a more tightly controlled expression system 
for recombinant R. delernar lipas~ Therefore plasmid 
pETll-d (18) was selected. It is similar to the vector of 
the expression system described above, but it contains, 
as additional control features, a/ac operator site (required 
for lac repressor binding) located in the T7 promoter 
region and also the gene encoding the/ac repressor. The 
lipase and prolipase genes, on their respective NcoI-EcoRI 
fragments, were cloned into one of these plasmids, vec- 
tor pETll-d (18) (Fig. 2). E. coli BL21 (DE3) cells contain- 
ing the recombinant plasmids were stable under nonin- 
ducing conditions. Upon induction with IPTG, the cells 
accumulated protein that migrated to positions on SDS- 
PAGE corresponding to the predicted molecular weights 
of prolipase or lipase (Figs. 3 and 4). Scanning of gels in- 
dicated that  recombinant lipase constituted between 15 
and 21% of the total cellular protein. Extracts from cells 
producing recombinant prolipase contained between 9 and 
15% prolipase. 

Lactose can be used as a substitute for the relatively 
expensive inducer substance IPTG. As was observed 
earlier with E. coli HB101 harboring a recombinant plas- 
mid containing a tac promoter (26) and with E. coli BL21 
harboring a recombinant pET3 plasmid (27), the appear- 
ance of recombinant protein was delayed by approximate- 
ly one hour when lactose was added instead of IPTG. 
However, Neubauer et a/.(27) demonstrated that  lactose 
can be as efficient an inducer as IPTG provided that the 
addition of lactose was timed with respect to the glucose 
level in the growth medium. Therefore, lactose might be 
a suitable inducer for lipase-producing E. coli strains 
grown in fermentors equipped with glucose biosensors. 

Lysates of cells containing the pETll-d derivatives and 
expressing the recombinant lipase or prolipase exhibited 
very little, if any, lipase activity (Tables 1 and 2). After low- 
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FIG. 3. Sodium dodecyisulfate-polyacrylamide gel eleetrophoresis 
of protein samples obtained during refolding and purification of 
recombinant R. de/emar lipase. Lane a, molecular weight markers; 
lane Ix lysate of E. coli BL21 {DE3) harboring pET11-d~131, in- 
duced for lipase expression; lane c, soluble fraction of lysate; lane 
d, buffer-insoluble fraction of lysate, dissolved in 8 M urea; lane e, 
concentrated refolding mixture to be subjected to affmity chromatog- 
raphy; lane f, combined fractions from affmity chromatography that 
exhibited significant lipase activity; lanes g and h, lipolytically ac- 
tive fractions eluted from CM-Sepharese column; lane i, R. de/emar 
lipase purified from the fungal culture medium. 
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FIG. 4. Sodium dodecylsulfate*polyacrylamide gel electrophoresis 
of protein samples obtained during refolding and partial purifica- 
tion of recombinant/~ de/emar prolipnse. Lane a, molecular weight 
markers; lane b, lysate of E. coli BL21 (DF_,3) harboring pETll~l-1231, 
induced for prolipase expression; lane c, soluble fraction of lysate; 
lane d, bullet'insoluble fraction of lysate, dissolved in 8 M urea; lane 
e, concentrated refolding mixture, to be subjected to ion exchange 
chromatography on CM-Sepharose; lanes f and g, lipolytically ac- 
tive fractions eluted from CM-Sepharose. 

speed centrifugation of cell lysates, the supernatant ap- 
peared to be devoid of the IPTG-inducible protein (Fig. 
3, lane c), which was now found in the pellet. This is in- 
dicative of protein that has aggregated as inclusion bodies, 
a phenomenon often encountered with high expression 
systems (28). The highly expressed polypeptides remain 
in unfolded or partially folded states, and their sulfhydryl 
groups are mostly reduced (29). In this inactive state, 
lipase and prolipase polypeptides did not appear to cause 
cell lysis during the thre~ to four-hour induction period. 

Refolding of recombinant lipasa The appearance of pro- 
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TABLE 1 

Refolding and Purification of Recombinant R. de/emar Lipase 

Step Protein a (rag) Activity b (U) Specific activity (U/rag) 

85 

Soluble fraction of lysate 
Insoluble fraction of lysate 
dissolved in 8 M urea 

Refolding solution 
(concentrated and filtered) 

Combined fractions from oleic 
acid affinity column 

Peak fractions CM-Sepharose 
column 

1243 n.d. c -- 

308 n.d. --  

152 402234 2646 

104 397420 3821 

62 315840 5094 

aBic~Rad protein assay. 
bAssayed titrametrically. Units: ~nole fatty acid released per min. 
CNone detected. 

T A B L E  2 

Refolding and Purification of Recombinant R. de/emar Prolipase 

Step Protein a (nag) Activity b (U) Specific activity (U/mg) 

Soluble fraction of lysate 1246 
Insoluble fraction of lysate 
dissolved in 8 M urea 170 

Refolding solution 
{concentrated and filtered) 117 

Peak fractions CM-Sepharose 
column 59 

n.d .  c 

n.d. 

429408 3670 

373678 6333 

aBic~Rad protein assay. 
bAssayed titrametrically. Units: ~mole fatty acid released per min. 
CNone detected. 

tein in insoluble form makes it necessary to devise a way 
to solubilize the polypeptides and to induce them to refold 
into an active form. The R. delemar lipase contains six 
cysteine residues which, based on amino acid sequence 
similarity with the lipase from Rhizomucor miehei (30,31), 
probably form three disulfide bridges. Therefore, refolding 
of recombinant R. delemar lipase has to include the for- 
mation of the proper disulfide bonds. The procedures nec- 
essary for successful refolding potential ly add to the ef- 
fort  required for obtaining a pure protein, but  there are 
advantages as well when protein is produced as inclusion 
bodies. First, a protein fraction highly enriched in the 
recombinant protein is obtained simply by separating the 
soluble from the insoluble fraction of a lysate~ Second, 
recombinant protein is often synthesized in considerably 
higher amounts  when deposited in inclusion bodies than  
when produced as soluble product. Thus, as shown for 
recombinant bovine interferon (32), the yield of active 
recombinant protein from cells producing inclusion bodies 
might  be greater than tha t  obtained from cells produc- 
ing the recombinant protein in soluble form, even if only 
about  10% of the insoluble protein could be refolded 
properly. 

The lipase-containing inclusion bodies were solubilized 
with 8 M urea, and unwanted inter- or intramolecular 
disulfide bonds tha t  might  have formed within the host 
cells or during isolation of the inclusion bodies were re- 
duced with 5 mM DTT. In the resulting solution, 61 to 
85% of the protein present co-migrated with purified R. 
delemar lipase on SDS-PAGE. Refolding was conducted 
on this solution of crude urea-solubilized inclusion bodies. 

The refolding procedure tha t  gave the highest yield of 
refolded lipase was similar to tha t  described for secretory 
leukocyte protease inhibitor (33). First,  the  urea- 
solubilized proteins were oxidized by the addition of 
cystine at a pH of 8.5 to 9. Then the urea concentration 
was reduced 10- to 20-fold by dilution to allow the folding 
process to commence  The dilution buffer contained cys- 
teine to catalyze disulfide bond interchange~ A pH of 7.5 
to 8 in the dilution buffer gave the highest yield of active 
lipase. 

During refolding, lipase displayed a tendency to ag- 
gregate and precipitate. Protein concentrations had to be 
kept  below 100 ~g/mL when diluting the urea-denatured 
protein in order to minimize this phenomenon. As was 
observed with other  proteins (34,35), low temperatures  
during dilution also reduced the loss due to aggregation. 
The highest yield of active enzyme was achieved in 
refolding experiments conducted at 4 to 10~ The yield 
was lower when the dilution buffer was at  room tempera- 
ture, and no active enzyme was obtained in experiments 
conducted at  37~ 

Refolding in buffer of pH 7.5 to 8 at 4~ was a relative- 
ly slow process and required several days for completion 
{Fig. 5). Some precipitate appeared during this time in the 
refolding solution. I t  was removed by fil tration through 
Wha tman  No. 1 filter paper. In order to avoid strong 
precipitation during subsequent ultrafil tration and puri- 
fication steps, the pH of the refolding solution was lowered 
to 6.5. 

Purification of  recombinant lipase. The mature  recom- 
binant  lipase was purified by oleic acid affinity and ion 
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FIG. 5. Appearance of llpase activity after reduction of urea con- 
centration from 8 M to 0.4 M. Samples were withdrawn from the 
refolding solution at the indicated time points and assayed for lipase 
activity as described in Materials and Methods. 

so go io so 

exchange chromatography steps similar to those used for 
purification of the fungal enzyme (8). The activity re- 
covered from 1 L of culture was almost completely re- 
tained by the 16 • 250 mm oleic acid affinity column. This 
activity was eluted virtually quantitatively as a single 
peak at a Triton X-100 concentration of approximately 
0.25%. For purposes such as crystallization of the purified 
lipase" the presence of Triton X-100 might be undesirable 
due to its ability to bind to hydrophobic portions on pro- 
teins. Therefore an agent that presumably would not bind 
tightly to protein was sought to elute lipase from the OA 
affinity column. Ethylene glycol (60%) successfully eluted 
lipase from the column. The activity emerged in a broad 
peak, and trailing of activity was observed. Partially pure 
enzyme, recovered from the OA column either with Triton 
X-100 or ethylene glycol, was purified to apparent homo- 
geneity by chromatography on CM-Sepharose at pH 6.5. 
(Fig. 3, lanes g-i). Migration of purified recombinant lipase 
on SDS-PAGE gels under reducing and nonreducing con- 
ditions was identical to that  of lipase purified from R. 
delemar. The specific activity of fractions obtained after 
the ion exchange chromatography step was between 5000 
and 8000 U per mg of protein. Similar specific activities 
were reported for purified lipase from R. delemar (8). 

Amino acid sequence determination revealed that the 
N-terminal methionine was not removed post-transla- 
tionally from the recombinant lipase The second amino 
acid was predicted to be an aspartate (12); however, two 
sequencing runs failed to unambiguously discern between 
aspartate or asparagine as the identity of this residue The 
sequence of the following 18 amino acids was identical to 
that  determined for purified fungal-produced lipase and 
that predicted from the nucleotide sequence of the cDNA 
{121. 

Refolding and partial purification of recombinant pro- 
lipase. Based on nucleotide sequence data (12), the R. 
delemar lipase was predicted to be synthesized as a pro- 
enzyme. The reason for the existence of the propeptide 
in lipase precursors is not known. Possibly, propeptides 
could be inhibitors of lipase, preventing membrane autol- 
ysis while the lipase is located inside the cell. This role 

for the propeptide was suggested for prophospholipase 
because the proenzyme did not'exhibit interfacial activa- 
tion and acted only on monomeric substrate (36). Thus 
prophospholipase might be unable to damage cellular 
phospholipid-containing structures. 

It is also possible that the proregion is required for pro- 
per folding of the mature enzyme" as was observed for the 
in vitro and in vivo folding of some proteases (37,38). 
However, our data demonstrate that the propeptide is n o t  
required for in vitro refolding of mature recombinant R. 
delemar lipase Whether or not the propeptide is in- 
volved in folding events in vivo or in some conformational 
changes during secretion from the fungal cell is unknown. 

In vitro refolding of urea-denatured partially purified 
prolipase was conducted using the conditions used for the 
refolding of mature lipase Yields from a refolding and 
purification expe "nment are shown in Table 2. The appear- 
ance of lipolytic activity measured titrametrically followed 
the same time course as that for lipase" and similar 
amounts of total activity were obtained from crude pre- 
parations of both proteins. Therefore the propeptide did 
not act as an inhibitor of recombinant lipase under the 
conditions employed. However, refolded recombinant pro- 
lipase behaved differently from recombinant mature lipase 
on solid media containing rhodamine B. Development of 
fluorescence was slower than was observed for the mature 
lipase" and fluorescent material was found in a diffuse zone 
around the site of sample application rather than only at 
the site of sample application. It is not known whether 
this was caused by physical differences, e.g., mobility of 
the proteins in the agar medium, or by reactive differences 
that cause the differential removal of substrate or the 
generation of different products. 

When purification was attempted in the same manner 
as for refolded recombinant lipase" recombinant prolipase 
did not bind to the oleic acid affinity column. This sug- 
gests that in the proenzyme the hydrophobic s i t~  respon- 
sible for the binding of lipase to the affinity resin are 
obstructed or in some other manner unavailable for bind- 
ing of the enzyme to the resin. Whether or not these dif- 
ferences between recombinant prolipase and lipase are im- 
portant in vivo is unknown. 

The refolded prelipase was purified only by ion exchange 
chromatography. The resulting preparations contained 
prolipase and a small amount of lower molecular weight 
proteins (Fig. 4, lanes f and g). The specific activities of 
such preparations ranged from 5000 to 8000 U/mg, com- 
parable to those of purified fungal and recombinant 
mature lipase The prolipase preparations were of suffi- 
cient purity to allow automated sequence determination 
of the first 20 amino acid residues. As was observed with 
recombinant lipase, the N-terminal methionine residue 
was still present. The sequence of the remaining 19 amino 
acid residues was as predicted from the nucleotide se- 
quence of the cDNA (12). 

Comparisons of physical properties of fungal lipas~ 
recombinant lipase and recombinant prolipase. Haas et 
al. (8) have previously determined the influence of pH and 
temperature on the activity of purified fungal lipase The 
lipase was most active at a pH around 8, near its predicted 
pI of 8.1, and the activity and stability were maximum 
at 30~ The same characteristics were observed for the 
purified recombinant lipase (Fig. 6A-C). Recombinant pro- 
lipase was most active at pH 7.5, near its predicted pI 
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FIG. 6. A. Effect  of pH on activity of lipase ( - - , - - )  and prolipase 
( - - $ - - ) .  Samples were assayed titrametrically as described in 
Materials and Methods. Activit ies  were calculated based on the 
amount of protein used per assay and on molecular weights of 29,500 
for lipase and 39,500 for prolipase. B. Effect  of reaction temperature 
on act ivity  of recombinant lipase and prolipase. Samples were 
assayed titrametrically in thermostatted reaction vessels as described 
in Materials and Methods. Activit ies  were calculated us described 
for panel A. C. Thermal stabil i ty of llpase and prolipase. The en- 
zyme samples were incubated at the indicated temperatures for 15 
min and assayed at 25~ 

of 7.2 (Fig. 6A). The  ac t iv i ty  of prol ipase was also max- 
i m u m  at  30~ {Fig. 6B). Thus,  in their  act ive conforma-  
t ion in the  presence of substrate,  bo th  prolipase and lipase 
are equal ly  suscept ible  to  heat - induced dena tura t ion .  
However, in the  absence  of substra te ,  prolipase" bu t  no t  
mature  lipase, wi ths tood  exposure to temperatures  as high 
as 70~ {Fig. 6C). Evident ly ,  in the  absence  of an inter- 
face. the  propept ide  delays the  onse t  of dena tu ra t ion  or  
p romotes  rapid  r ena tu ra t ion  of heat -exposed e n z y m e  

The  similari t ies in the  physical  charac ter i s t ics  and  the  
v i r tua l ly  ident ical  specific act ivi t ies  sugges t  t h a t  the  R. 
delemar l ipase produced  by  E. coil and  the  l ipase pro- 
duced  by  the  fungus  could  be of equiva len t  use  for m o s t  
applicat ions.  The  yield of r ecombinan t  l ipase af ter  
refolding and  pur i f ica t ion is abou t  one-hundred  t imes  
h igher  t h a n  t h a t  achieved by  pur i f ica t ion of the  enzyme  
f rom fungal  cultures.  T h u s  a small  cul ture  provides  suffi- 
c ient  enzyme  mater ia l  for m o s t  l abora to ry  appl ica t ions  
such  as c rys t a l log raphy  studies.  I t  should  be possible to  
increase the  yield fu r the r  s imply  by  growing  the  recom- 
b inan t  E. coli in fe rmentors  ins tead  of the  shaken  f lasks 

used  in this  s tudy.  Also, as our  knowledge of prote in  
refolding and  appropr ia te  refolding techniques  advances,  
fu r the r  yield increases should  be possible. 
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CDPcholine:l,2.Diacylglycerol Cholinephosphotransferase from Rat 
Liver Microsomes. I. Solubilization and Characterization 
of the Partially Purified Enzyme and the Possible Existence 
of an Endogenous Inhibitor 
Kozo Ishidate*, Ritsuko Matsuo and Yasuo Nakazawa 
The Department of Chemical Toxicology, Medical Research Institute, Tokyo Medical and Dental University, Chiyoda-ku, 
Tokyo 101, Japan 

The solubilization and partial purification of cholinephos- 
photrausferase (CDPcholine:l,2~liacylglycerol cholinephos- 
photrAnsferase, EC 2.7.8.2) from rat liver microsomes were 
examined in the presence of ionic (sodium deoxycholate), 
nonionic (Triton Xol00, n~ctylglycoside), or zwitter ionic 
(CHAPS) detergents. Among the four detergents tested, 
only sodium deoxycholate was found to be an efficient 
solubilizer of cholinephosphotransferase activity from 
microsomal membranes, whereas the other three deter- 
gents caused irreversible inactivation of the enzyme at the 
solubilization step. Addition of phospholipids at the solu- 
bilization step, or after solubilization of the membrane pro- 
teins, could not preserve or reconstitute activity to any ex- 
tent. The sodium deoxycholate-sohbilized activity was par- 
tially purified by gel permeation chromatography (Sup 
erose 12HR). The partially purified preparation appeared 
to consist of a large aggregate containing phospholipids; 
further dissociation of the protein-phospholipid complex 
caused complete inactivation of the enzyme. The partial- 
ly purified cholinephosphotransferase showed a specific ac- 
tivity of 100-130 nmol/min/mg protein, which is the highest 
activity reported to date from any tissue source; this 
amounts to a 4-fold enrichment of cholinephos- 
photransferase activity from the original KCl-washed rat 
liver microsomes. Ethanolaminephosphotransferase 
(CDPethanolamine:l,2-diacylglycerol ethanolamlnephos- 
photransferase, EC 2.7.8.1) activity was copurified and 
~fold enriched with a total recovery of 60%. During the 
purification of cholinephosphotransferase activity, a 
putative endogenous inhibitor of cholinephosphotrans- 
ferase was also solubilized and was isolated from the 
microsomal membranes. This heat-labile, nondialyzable in- 
hibitor was shown to act specifically on cholinephospho- 
transferase and not on ethanolaminephosphotransferase. 
Further characterization of the inhibitory activity re- 
vealed that it may act at the binding step of the choline- 
phosphotransferase to its lipid substrate, diacylglycerol. 

Lipids 28, 89-96 (1993). 

*To whom correspondence should be addressed at The Medical Re- 
search Institute, Tokyo Medical and Dental University, 2-3-10 
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Abbreviations: CHAPS, 3-[(3-cholamidopropyl}dimethytamino]-l-pro- 
panesulfonate; CPT, cholinephosphotransferase; DOC, sodium deoxy- 
cholate; EGTA, ethyleneglycol-b/s(/~-aminoethylether)N,N, hr, hr-tetra- 
acetic acid; EPT, ethanolaminephosphotransferase; n-OG, n-octyl-~- 
D-glucopyranoside; PMSF, phenylmethylsulfonyl fluoride; SDS- 
PAGE, sodium dodecylsulfate-polyacrylamide gel electrophoresis; 
TLC, thin-layer chromatography; TX-100, Triton X-]00. 

Phosphatidylcholine and phosphatidylethanolamine are 
the two major membrane phospholipids in animal cells; 
together they typically constitute more than 80% of 
total phospholipids in most biomembranes. Beyond their 
apparent structural roles, both classes of phospholipid 
also appear to be involved in the modulation of certain 
membrane-bound enzymes (1). More recently, the participa- 
tion of these phospholipids, and particularly of phos- 
phatidylcholin~ in signal transduction has also been im- 
plicated (2-6). 

In most mammalian tissues, the CDPcholine (CDP 
ethanolamine) pathway is the major biosynthetic route for 
the formation of phosphatidylcholine (phosphatidylethanol- 
amine). Either pathway involves three enzymatic steps s 
choline(ethanolamine) kinase, phosphocholine(phosphoeth- 
anolamine) cytidylyltransferas~ and choline(ethanolamine)- 
phosphotransferase In the past few years, enzymes of the 
first two steps have been purified from mammalian sources 
to apparent homogeneity. Choline kinase has been purifed 
from rat kidney (7), liver (8) and brain (9) cytosols and pro- 
ven to be the same enzyme as ethanolamine kinase in these 
and other rat tissues (8,10). Phosphocholine cytidylyltrans- 
ferase has been purified from rat liver cytosol (11,12), and 
this enzyme is distinct from the corresponding phospho- 
ethanolamine cytidylyltransferase, which also had been 
purifed earlier from rat liver cytosol (13). The last two en- 
zymes, cholinephosphotransferase (CPT) and ethanol- 
aminephosphotransferase (EPT), which have been shown to 
be tightly membrane-bound, are so~alled integral membrane 
proteins, and still have not been purified. These enzymes 
need to be purified to arrive at a better understanding of 
the molecular mechanisms involved in the regulation of 
phosphatidylcholine and/or phosphatidylethanolamine bio- 
synthesis in animal cells. 

A number of attempts have been made to solubilize CPT 
from several membrane sources by use of various detergents 
(14-16), but further efforts to purify the enzyme have not 
been successful mainly because of insufficient information 
about the nature of the enzyme and its susceptibility to 
detergents. EPT, on the other hand, was shown to be 
relatively stable in the presence of certain nonionic 
detergents; thus Roberti et aL (17) have recently succeeded 
in the 1200-fold purification of the enzyme upon solubiliza- 
tion from rat brain microsomes with Triton X-100 (TX-100), 
although their final preparation still showed several protein 
bands in sodium dodecylsulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE). 

In the present paper, we report (i) the selection of an ef- 
fective detergent for solubilization of CPT from rat liver 
microsomes in intact form, (if) the results of the partial 
purification of both the choline- and ethanolaminephos- 
photransferases, (iii) some characteristics of the solub'flized, 
partially purified transferases and (iv) the possible existence 
of an endogenous inhibitor of CPT activity. 
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MATERIALS AND METHODS 

Chemicals. CDP[methyl-14C]choline (ammonium salt) and 
CDP[1,2-14C]ethanolamine were obtained from Amer- 
sham Japan Ltd. (Tokyo, Japan} and ICN Biochemicals 
Inc (Costa Mesa, CA), respectively. The detergents used 
were sodium deoxycholate (DOC) and n-octyl-3-D-gluco- 
pyranoside (n-OG) from Sigma {St. Louis, MO), TX-100 
from Nakalai Tesque (Kyot(~ Japan) and Tween-20 and 
CHAPS from Bi~Rad (Richmond, CA). All other reagents 
were of analytical grade. 1,2-Diacylglycerol was prepared 
from egg yolk phosphatidylcholine by phospho- 
lipase C (Clostridium welchii) treatment and was purified 
by thin-layer chromatography (TLC) as described pre- 
viously {18}. The purified 1,2-diacylglycerol was dis- 
solved in CHC13 at a concentration of 12 mg/mL and 
stored at -20~ until us~ 

Preparation of KCl-washed microsomes. Wistar rats of 
either sex, weighing 200-250 g, were killed by decapita- 
tion after overnight fasting. The livers were thoroughly 
rinsed with ice-cold saline and homogenized in 4 vol of 
0.25 M sucrose, 3 mM Tris/HC1 (pH 7.5) and 0.1 mM 
ethylenediaminetetraacetic acid using a Teflon-pestle glass 
homogenizer, The homogenates were centrifuged at 24,000 
• g for 10 min, and the resulting supernatant was recen- 
trifuged at 54,000 • g for 60 rain. The pellet (microsomal 
fraction) was suspended in approximately 10 vol of 0.25 
M sucrose, 10 mM Tris/HCl (pH 8.0), 1 mM histidine, 
and 0.1 mM phenylmethylsulfonyl fluoride (PMSF) (Buf- 
fer A), containing 0.6 M KC1, and stirred for 20 min 
at 0~ The suspension was then centrifuged at 200,000 
X g for  30 min. The resulting pellet (KCl-washed 
microsomes) was re-homogenized in a small amount 
of Buffer A (approximately 30 mg microsomal pro- 
tein/mL) and stored at - 2 0 ~  until us~ Both choline~ and 
ethanolaminephosphotransferase activities were found to 
be quite stable at this stage even after several thaw-freeze 
cycles. 

Solubilization of CPT activity from KCl-washed 
rnicrosomal membranes. Four typical detergents common- 
ly used for solubilizing membrane proteins, TX-100, n-OG, 
CHAPS and DOC, were examined to check their efficien- 
cy in solubilizing CPT activity. The KCl-washed micro- 
somal fraction (10 mg protein/mL) was incubated for 20 
min to 21 h at 4~ in 0.25 M sucrose" 50 mM Tris/HCl 
(pH ranges of 6.0 to 9.0), 0.8 mM CDPcholine" 1 mM 
histidine, 0.3 mM PMSF, plus various amounts of the 
detergents (from 0.05 to 5.0 mg/mg microsomal protein}. 
Detergent concentrations in the present investigation were 
measured in weight ratios of total detergent to membrane 
protein following the suggestion that this may be the best 
way to define the solubilizing power of a detergent (15,19). 
When DOC was used as solubilizing agent, 1 M KC1 was 
added to the solubilization buffer. The mixture was cen- 
trifuged at 200,000 X g for 30 min, and the resulting 
supernatant was dialyzed overnight against 20% glycerol, 
20 mM Tris/HC1 (pH 8.5), 1 mM dithiothreitol (DTT), 0.5 
mM ethyleneglycol-bis(aminoethylether)N,N,N',N'- 
tetraacetic acid (EGTA) and 0.3 mM PMSF (Buffer B) and 
then centrifuged at 200,000 X g for 30 rain. After the 
pellet was re-homogenized in a small amount of Buffer B, 
an aliquot of both fractions was assayed for cholinephos- 
photransferase activity. 

The pellet from the initial centrifugation step, i.e, an un- 

solubilized microsomal membrane fraction, was also 
rehomogenized in a small amount of Buffer B and as- 
sayed to estimate unsolubilized CPT activity. For 
TX-100-solubilized preparations, Bio-beads SM-2 (Bio- 
Rad} was used to adsorb the detergent (15) from the 
solubilized sample after overnight dialysis against Buf- 
fer B. 

Large-scale solubilization and gel permeation chro- 
matography. KCl-washed rat liver microsomes (10 
mg/mL) were solubilized in 0.25 M sucrose, 50 mM 
Tris/HCl (pH 7.5}, 0.8 mM CDPcholine, 1 mM hlsti- 
dine, and 0.3 mM PMSF, containing 6 mM (0.25%} 
DOC and 1 M KC1, with moderate shaking for 20 rain at 
4~ then the mixture was centrifuged at 200,000 X g for 
30 rain. In some experiments, 1,2-diacylglycerol (1.25 
mg/mL), leupeptin (10 ~g/mL) and aprotinin (10 ~g/mL) 
were also included in the solubilization buffer. The high- 
speed supernatant was passed through a membrane filter 
(Millex-GS, 0.22 ~m, from Japan Millipore Ltd. Tokyo, 
Japan}, then the total filtrate was dialyzed overnight 
against Buffer B containing 2.4 mM (0.1%} DOC. The 
preparation at this stage could be stored at -20~ for 
at least 4 wk without loss of CPT activity. The solu- 
bilized preparation (0.5 mL each) was next applied onto 
a Superose 12HR column (Pharmacia Fine Chemicals, 
Uppsala, Sweden) and eluted with Buffer B containing 2.4 
mM DOC and 0.15 M KC1 at a flow rate of 0.3 mL/min. 
Fractions of 0.6 mL each were collected and assayed for 
both choline- and ethanolaminephosphotransferase ac- 
tivities. An aliquot of the fractions was also used for pro- 
tein assay by the Lowry method (20) and for measuring 
lipid phosphorus after perchloric acid digestion {21). The 
fractions with high CPT activity were pooled and di- 
alyzed for 16 h against Buffer B, then centrifuged at 
200,000 • g for 30 min. The activity was recovered quan- 
titatively in the high-speed pellet fraction, and the pellet 
was resuspended in a small amount of Buffer B by brief 
homogenization. At this stage the enzyme activity was 
stable when stored at -20~ 

Enzyme assay. CPT activity was assayed essentially as 
described before (18). The typical incubation mixture con- 
tained 75 mM Tris/HC1 (pH 8.5), 10 mM MgCI~, 5 mM 
EGTA, 3 mM DTT, 2 mM 1,2-di-acylglycerol (in final 
0.02% Tween-20 emulsion), 0.5 mM CDP[methyb14C] - 
choline {specific activity, 0.1 Ci/mol) and an aliquot of en- 
zyme preparation in a final volume of 0.2 mL. Incubations 
were started by addition of enzyme and carried out for 
20 min at 37~ The reaction was stopped by addition of 
2 mL of CHCIa/MeOH (2:1, vol/vol}, followed by ex- 
t ract ion of the reaction product, phosphatidyl-  
choline, into CHC1 a. Blanks were usually done by stop- 
ping the reaction immediately after the addition of the 
enzyme. When appropriate, the activity without ex- 
ogenous 1,2-diacylglycyerol {0.02% Tween-20 only) was 
subtracted as endogenous activity. The CHC1 a layer was 
washed first with 2.5 mM cold CDPcholine (in 50% MeOH 
solution), then twice with 50% MeOH. The washed 
CHCla layer was transferred into a liquid scintillation 
vial, dried under N2 and counted for radioactivity in 10 
mL ACS-II (Amersham) scintillation cocktail. The amount 
of phosphatidylcholine formed during the incubation was 
estimated from the specific radioactivity of CDP- 
[methyl-~4C]choline" The reaction was almost linear for 
40 min (50/~g protein) and up to 100 ~g protein (20-min 
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incubation) when the KCl-washed microsomal fraction was 
used as the enzyme source 

EPT activity was assayed in exactly the same manner 
as was CPT except that 10 mM MgC12 was replaced by 
10 mM MnCl2, and 0.5 mM CDP[1,2-14C]ethanolamine 
(specific activity, 0.25 Ci/mol) was used instead for CDP- 
[methyl-14C]choline` The specific activity of EPT in KC1- 
washed microsomes ranged around 4-5 nmol/min/mg pro- 
tein; this value was one-fifth to one-seventh of that of CPT 
in the same enzyme preparation. The 1,2-diacylgly- 
cerol/Tween-20 emulsion (20 mM diacylglycerol) was 
prepared as follows: twelve milligram (20 ~noles) of dried 
1,2-diacylglycerol was added in 1 mL of 0.2% Tween-20 
solution and sonicated with a probe-type sonicator until 
no floating material remained. Usually three irradiation 
cycles of 30 s each were necessary (at 0~ The emul- 
sion could be stored at -20~ but resonication just 
before use was necessary. For some experiments, 
1,2-diacylglycerol (final 1.25 mM) was emulsified in 5 mM 
DOC and 0.25% Tween-20 mixtures according to the 
method of Kanoh and Ohno (14,22), and enzyme activities 
were compared for the two substrates in their different 
physical states. 

In another experiment with the partially purified en- 
zyme, total lipids from rat liver microsomes (extracted by 
the Folch method; ref. 23) were added to the incubation 
mixture as a 10 mM Tris/HCl (pH 7.5) dispersion to ar- 
rive at a final phospholipid concentration of 0.5 mM 
(estimated by lipid phosphorus). 

Analysis of water-soluble products. After the reaction 
of CPT was stopped by the addition of 1.5 mL 
CHCL3/MeOH (2:1, vol]vol), an aliquot of the resulting 
aqueous layer was applied to a TLC plate (Kiesel Gel 60 
from Merck, Darmstadt, Germany) together with small 
amounts of carrier CDP--choline, phosphocholine and 
choline. The developing solvent system used was 
MeOH/0.6% NaC1/conc_ NH4OH (10:10:1, by vol). Frac- 
tions corresponding to each of the metabolites were 
detected by exposure to iodine vapor, scraped from the 
plate, transferred to a scintillation vial and counted us- 
ing 1 mL H20 plus 10 mL ACS-II. 

R E S U L T S  

Effect of detergents on CPT activity in rat Ever micro- 
somes. Before comparison of the solubilization efficien- 
cies of the four detergents for CPT from liver microsomal 
membranes, the effect of the detergents on CPT activity 
was examined as a function of detergent concentration. 
As shown in Figure 1, all the detergents examined were 
found to inhibit CPT activity in a dose-dependent man- 
ner. When the dose was plotted as mg detergent per mg 
microsomal protein, the inhibition by TX-100 was most 
striking, followed by DOC, CHAPS and n-OG. The obser- 
vations essentially agree with those reported by Cornell 
and MacLennan (15), who compared the effect of six dif- 
ferent detergents on CPT activity from rabbit sarco- 
plasmic reticulum. The order of enzyme inhibition ob- 
served in the present investigation was essentially parallel 
to the detergents' capability to solubilize membranes (15), 
indicating that the inhibition of CPT activity was most 
likely due to the disruption of the membrane structure. 
Or conversely, the activity of CPT appeared to be very 
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FIG. 1. Detergent sensit ivity of cholinephosphotransferase activi- 
ty from rat liver microsomes. Detergents were added directly to the 
cholinephosphotransferase assay mixtures at the indicated concen- 
trations. The reaction was started with the addition of KCl-washed 
microeomes (50 pg protein) and continued for 20 min at 37~ The 
specific activity in the absence of detergents ranged 30-35 
nmol/min/mg protein. Data are averages of two separate experiments. 
A, TX-100; o, DOC; A, CHAPS; O, n-OG. CPT, cholinephospho- 
transferase. 

much dependent on its lipid environment, as was already 
suggested by Cornell and MacLennan {15). The possibili- 
ty that  the presence of detergent in the assay could also 
prevent the utilization of exogenous 1,2-diacylglycerol by 
the enzyme cannot be entirely ruled out. 

Our results therefore indicate that, after solubilization 
of CPT from microsomal membranes by the detergents, 
the detergents must be removed from the solubilized 
preparation before enzyme activity is assayed. 

In contrast to several reports which showed an activa- 
tion of CPT by a low concentration of either TX-100 or 
DOC, we observed no stimulation of enzyme activity by 
these detergents. This may be due to differences in the 
physical state of the exogenously added lipid sub- 
strate. We used 1,2-diacylglycerol/Tween-20 emul- 
sion, whereas phospholipid mixed micelles or ethanol 
dispersions were used in the earlier experiments (14, 
15,24). 

SolubiEzation of CPT from rnicrosomal membranes. The 
solubilizing efficiency of the four detergents for CPT ac- 
tivity from KCl-washed rat liver microsomes was com- 
pared as a function of detergent concentration (from 0.05 
to 5 mg/mg protein), incubation time {from 20 min to 21 
h) and pH (from 6 to 9). Typical results are shown in Figure 
2, in which CPT activities that were recovered in the 
solubilized fraction after the incubation with the 
detergents at various concentrations are compared. Both 
the total protein solubilized from the microsomal mem- 
branes and the unsolubilized CPT activity are given also 
as percentages of the values found in the initial 
microsomal membranes. The results suggest that, among 
the four detergents examined, only DOC effectively 
solubilized the microsomal CPT in active form. Other non- 
ionic (TX-100 and n-OG) and zwitter ionic (CHAPS) 
detergents were found to cause irreversible inactivation 
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of the enzyme, which resulted in recovery of only 1 to 3% 
of the initial activity in the solubilized fraction. The in- 
clusion of phospholipid dispersions (0.5 mM, isolated from 
rat liver microsomes) in the medium before or after the 
incubation with detergents did not significantly improve 
the recovery of enzyme activity. 

Our result also showed that  almost all of the CPT ac- 
tivity solubilized by DOC was recovered in the high-speed 
pellet when the detergent was removed by overnight 
dialysis against Buffer B. Prolonged incubation from 20 
min to 2 h, 4 h or 21 h at pH 8.0 did not increase but ac- 
tually did diminish the recovery of enzyme activity 
solubilized by the detergents (data not shown). Also a shift 
of pH between 6 and 9 did not significantly affect the 
solubilizing efficiency of DOC for CPT activity, but 
somewhat higher recoveries of both the enzyme activity 
and the protein were obtained at pH 9.0 with either 
CHAPS or TX-100; i.e., 1% at pH 8.0 vs. 3.5% at pH 9.0 
for CHAPS, and 2.5% at pH 8.0 vs. 6% at pH 9.0 for 
TX-100 (data not shown). 

Cornell and MacLennan (15) had reported that inclu- 
sion of diacylglycerol at the solubilization step of the isola- 
tion of CPT from rabbit sarcoplasmic reticulum sta- 
bilized and partly protected enzyme activity from irrever- 
sible inhibition by detergents. We checked the effect of 
addition of diacylglycerol to the solubilizing medium with 
DOC and found that, if 0.8 mM CDPcholine, the other 
substrate of CPT, was included in the medium, there was 
no further stabilization or protection of enzyme activity 
by diacylglycerol. In addition, as mentioned in Materials 
and Methods, inclusion of diacylglycerol led to con- 
siderably higher endogenous activity values which could 
make it difficult to correctly estimate the enzyme activi- 
ty during the subsequent enzyme purification. Thus, we 
decided not to include diacylglycerol at the solubilization 
step using DOC. 

Part ial  pur i f i ca t ion  o f  CPT. As DOC was the most ef- 
fective agent for solubilizing CPT from rat liver 
microsomes, we next proceeded to purify the enzyme ac- 
tivity from the DOC-solubilized preparation by Superose 
12HR column chromatography using a Pharmacia FPLC 
system. Figure 3 shows a typical elution pattern of CPT 
activity from the column together with the protein and 
lipid phosphorus values determined on the same run. The 
elution of EPT activity is also plotted in Figure 3. The 
results clearly show that both choline- and ethanolamine- 
phosphotransferase activities are recovered in the frac- 
tions close to the void volume, suggesting that  most of 
the activity is associated with large aggregates which still 
contain considerable amounts of phospholipids. Well- 
dissociated fractions of smaller molecular size were found 
not to exhibit any phosphotransferase activity with either 
CDPcholine or CDP--ethanolamine. CPT activity could 
be purified by gel permeation chromatography about four- 
fold with a recovery of approximately 40% when compared 
to the original microsomal activity (Table 1). EPT activi- 
ty was purified 6-fold with 60% recovery, indicating that 
the latter activity remained relatively stable in the course 
of the solubilization-purification process. A number 
of reports had previously indicated that EPT, which 
is an enzyme distinct from CPT (25-28), is much more 
stable than CPT in the presence of various detergents, in- 
cluding DOC (14,29-31). 

The SDS gel (Fig. 4) shows that  the polypeptide pat- 
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FIG. 2. Solubifization of cholinephosphotransferase activity from 
rat fiver microsomes by detergents. The KCl-washed microsomes (10 
mg protein/mL) were incubated for 20 rain at 4~ in 0.25 M sucrose, 
50 mM Tris/HCl (pH 8.0), 0.8 mM CDPcholine, 1 mM histidine, 0.3 
mM PMSF and the indicated amounts of detergents in a fmal volume 
of 1.0 mL. 1 M KCI was also included in the case of DOC~solubifiza- 
tion, which resulted in a 25% increase in the total  solubifized activi- 
ty. The addition of KCI did not improve the recovery by other dete~ 
gents. The contents were centrifuged at 200,000 X g for 30 min, and 
the resulting supernatunt was dialyzed overnight against Buffer B, 
then recentrifuged at 200,000 X g for 30 rain. The Triton-10~ 
solubilized preparation was treated with Bio-beads SM-2 to adsorb 
the detergent (ref. 15) before the second centrifugation. Each col- 
umn represents the total  solubifized activity (as percentage of the 
initial mierosomal activity) determined after removal of detergent, 
and the hatched portion represents the activity recovered in the pellet 
after the second high,speed centrifugation. The values in parentheses 
at the bottom represent the activity recovered in unsolubilized 
microsomal membrane remnants (as percentages of the initial 
microsomal activities}. A, sodium deoxypanesulfonate; B, n-octyl- 
~-D-glucopyranoside; C, CHAPS; D, Triton-100. CPT, chofinephosphw 
transferase. 

tern of the fraction with high choline- or ethanolamine- 
phosphotransferase activity after gel permeation chro- 
matography (lane C) was quite different from that of either 
the microsomes (lane A) or the DOC-solubilized fraction 
(lane B), indicating that the large aggregates in this frac- 
tion could not simply be fragments of microsomal mem- 
branes; however, it could be a complex of particular species 
of microsomal proteins which appear not easily dissociable 
in the presence of DOC. 

Further attempts to purify CPT with a DEAE- 
Sepharose or hydroxyapatite column in the presence of 
DOC were not successful because of the extremely low 
recovery of enzyme activity. 

It has been reported that  Mn 2+ is a preferable cation 
in the EPT reaction in most membrane systems (14,22,24, 
31-33) whereas in certain mammalian systems Mg 2+ is 
known to be more active in CPT reaction (14,22,31,34). 
Kanoh and Ohno (14) reported that, in rat liver micro- 
somes, there might be two components contributing to 
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F r a c t i o n  n u m b e r  

FIG. 3. ~ p i c a l  elution pattern of cholinephosphotransferuse and 
ethanolemlnephosphotransferase activities through a Superose 12HR 
column. An aliquot of the DOC~solubilized fraction {usually 0.5 mL, 
approx. 4 mg protein) was applied onto the column (1 X 30 cm) and 
ehted with Buffer B containing 2.4 mM (0.1%) DOC and 0.15 M KCI 
as described in Materials and Methods. Fractions of 0.6 mL each 
were collected and assayed for both choline (O)- and ethanolamine ( �9 ) 
phosphotrausferase activities as well as for protein (A) and lipid 
phosphorus ( i )  contents.  Abbreviat ions  used are: CPT, 
cholinephosphotransferase; EPT, ethanolaminephosphotransferuse; 
DOC, sodium dcoxycholate. 
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CPT act ivi ty ,  one be ing  Mg2+-requir ing and  the  o the r  b ~  
ing  Mn2+-requiring; b o t h  could  be  p a r t l y  s e p a r a t e d  f rom 
each  o t h e r  b y  sucrose  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  in 
t h e  p resence  of 0.5% TX-100. We cou ld  n o t  reconci le  our  
r e su l t s  (Fig.  5) w i t h  t h o s e  r e p o r t e d  b y  K a n o h  a n d  Olmo 
(14,22) as  well  as  o the r s  (35,36) w o r k i n g  w i th  r a t  t i s sue  
enzymes .  Our  p r e p a r a t i o n s  of e i t he r  p a r t i a l l y  pu r i f i ed  or  
m i c r o s o m a l  p h o s p h o t r a n s f e r a s e s  r equ i red  M g  2+ r a t h e r  
t h a n  M n  2+, p a r t i c u l a r l y  a t  phys io log i ca l  c o n c e n t r a t i o n s  
(less t h a n  5 raM). when  c o m p a r e d  to  t he  CPT, M n  2+ 

97K 

66 K 

43K 

31K 

A B C D 
FIG. 4. Sodium dodecylsulfate (SDS}-polyacrylamide gel ele~ 
trophoresls of rat liver choline(ethanolRmlne}phosphotransferase 
preparations. Each lane contained 50 ~g protein from KCl-washed 
microsomes {A), sodium deoxycholate-sohbilized fraction (B), pa~ 
tiaily purified enzyme preparation (C} and inhibitor Fraction 17 (D) 
obtained by Superose 12HR gel filtration. The left side lane shows 
molecular weight standards; rabbit muscle phosphoryluse B (97 kDa}, 
bovine serum albumin (66 kDa), ovalbumin (43 kDa), bovine carbonic 
anhydrase (31 kDa) and soybean trypsin inhibitor (22 kDa, bottom). 
A 10% SDS-polyacryalmide gel was run according to the method 
of Laemmli (ref. 40) and the protein was stained with Coomassie 
Brilliant Blue R-250. 

cou ld  more  e f fec t ive ly  rep lace  M g  2+ in t h e  E P T  r eac t i on  
b u t  was  never  p re fe r r ed  over  M g  2+ in e i the r  t h e  micro-  
soma l  p r e p a r a t i o n  or  t he  p a r t i a l l y  pur i f ied  e n z y m e  These  
d i f ferences  in c a t i o n  r e q u i r e m e n t s  m a y  p a r t l y  be  due  to  
d i f ferences  in t h e  a s s a y  sy s t em,  where  a 0.02% Tween-20 
e m u l s i o n  of d i acy lg lyce ro l  was  u s e d  in t h e  p r e s e n t  in- 
ve s t i ga t i on .  A l t e rna t i ve ly ,  more  t h a n  one spec ies  of b o t h  
chol ine-  or  e t h a n o l a m i n e p h o s p h o t r a n s f e r a s e  cou ld  ex i s t  
in r a t  t i s sues .  

Possible existence of  a CPT inhibitor protein in rat liver 
rnicrosornes. D u r i n g  t h e  p rocess  of CPT pu r i f i c a t i on  b y  
gel  p e r m e a t i o n  ch roma tog raphy ,  we found  t h a t  the  DOC- 
so lub i l i zed  p r e p a r a t i o n  {after r emova l  of DOC b y  over- 
n i g h t  d i a ly s i s  a g a i n s t  Buffe r  B) gave  a nonl inear ,  sa tur -  

TABLE 1 

Partial Purification of Cholinephosphotransferase (CPT) and Ethanolaminephosphotransferase (EPT) 
Activities from Rat Liver Microsomes a 

CPT EPT 

S.A. b T.A. c S.A. b T.A. c CPT/EPT 

nmol]min/mg nmol/min nmol/min/mg nmol/min 

KCl-washed 
microsomes 32 8463 4.5 1193 

DOC-solubilized 23 5132 4.3 972 
Superose 12HR 129 3251 28 705 

Purification 
(fold) 4.0 -- 6.2 -- 

Recovery (%) --  38.4 -- 59.1 

7.1 
5.3 
4.6 

apurification was started with 265 mg KCl-washed microsomal protein. The activities in DOC-solubilized 
and Superose 12HR fractions were determined after the removal of DOC by overnight dialysis against Buf- 
fer B. DOC, sodium deoxycholate. 

bS.A., specific activity. 
CT.A., total activity. 
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~ FIG. 6. Linearity of cholinephosphotransferase (A) and ethanol- 
aminephosphotransferase (]3) activities with microsomes, sodium 
deoxycholate (DOC)-solubilized, and partially purified enzyme 
preparations for increasing protein concentrations. The activity was 5 I |  15 20 '; I |  f$ 20 

Metal ion concentration (mM) 

FIG. 5. Comparison of divalent cation dependency between choline- 
phosphotransferase and ethanolaminephosphotransferase in both 
microsomal and partially purified enzyme preparations. Each incuba- 
tion contained 50 ~g {microsomes) or 7 ~g protein {partially purified 
enzyme) in a final volume of 0.2 mL. Other experimental details are 
those described in Materials and Methods. A and C, microsomal ac- 
tivity; B and D, partially purified enzyme activity, o, activity with 
Mg2q-; O, activity with Mn 2+. Abbreviations used are: CPT, cho- 
linephosphotransferase; EPT, ethanolaminephosphotransferase. 

able curve when the enzyme activity was plotted as a func- 
tion of protein content, as shown in Figure 6. This non- 
linearity was not as pronounced when microsomal mem- 
branes were used as the enzyme source and was never 
detected with the partially purified CPT preparation from 
the Superose 12HR column. The effect was less pronounc- 
ed when the relationship was plotted for EPT activity 
{Fig. 6B) using the same DOC-solubilized enzyme prep- 
aration. 

It appears that the inhibition of CPT activity ob- 
served at higher protein concentrations may have been 
caused by the presence of an endogenous inhibitor that 
was solubilized together with the CPT by DOC and re- 
moved from the active enzyme fraction in the subsequent 
gel permeation step. In order to characterize the nature 
of the putative CPT inhibitor, samples of the partially 
purified enzyme preparation were mixed with aliquots of 
the fractions (after 24 h dialysis against Buffer B) eluted 
from the gel following the CPT activity peak and the ac- 
tivities were assayed. It is clear from Figure 7 that Frac- 
tion 17 contained the highest inhibitory activity. This frac- 
tion inhibited CPT activity in a dose-dependent man- 
ner (Fig. 8), and the inhibition appeared to be specific 
for CPT because the fraction did not significantly in- 
hibit EPT activity, The inhibitory activity of Frac- 
tion 17 was completely abolished when the fraction was 
pre-heated for 2 rain in a boiling water bath (data not 
shown). 

The SDS-PAGE pattern of Fraction 17 {Fig. 4, lane D) 
was found to be quite different from that of the partially 
purified enzyme fraction (Fig. 4, lane C). 

determined after removal of DOC by overnight dialysis both for the 
DOC~olubilized and partially purified enzyme preparations. O, 
microsomes; O, DOC-solub'flized enzyme; A, partially purified enzyme 
obtained with a Superose 12HR column. 
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FIG. 7. The elution pattern of inhibitor activity obtained with a 
Superose 12HR gel filtration column. The fractions eluted after the 
peak of cholinephosphotransferase activity were dialyzed for 24 h 
against Buffer B and a 35-f~L portion of each fraction was added to 
the assay mixture which contained the partially purified enzyme 
preparation (10 ~g protein). The inhibitor activity was plotted (in- 
set) as percent of the remaining cholinephosphotransferase activi- 
ty, in which Fraction 17 showed the highest inhibition. Arrows in- 
dicate the elution peaks of the molecular weight standards from Pha~ 
macia; ferritin (440 kDa, from horse spleen), aldolase (158 kDa, from 
rabbit muscle) and chymotrypsinogen A (25 kDa, from bovine pan- 
creas). CPT, cholinephosphotransferase. 

The inhibition of CPT was further characterized by 
measuring reaction kinetics. The partially purified 
preparation gave a saturation activity curve v s .  

CDPcholine and an apparent Km value for CDPcholine 
of 58 ~M. This value became smaller in the presence of 
the inhibitor, and the inhibition appeared to be un- 
competitive v s .  CDPcholine (data not shown}. An exact 
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Fraction 17 (~L) 

FIG. 8. The inhibition of cholinephosphotransferase and 
ethanolaminephosphotransferase activities by Fraction 17. An ali- 
quot of the partially purified enzyme preparation (20 ~g protein) was 
added by various amounts of Fraction 17 (DOC had been removed 
by 24~h dialysis against Buffer B); then the mixture was assayed for 
both choline- and ethanolaminephosphotransferase activities. The 
protein content of Fraction 17 was approx. 37 pg/50 ~L; O, choline- 
phosphotransferase; O, ethanolaminephosphotransferase. 

Km value for diacylglycerol could not be obtained because 
our assay system using exogenous diacylglycerol in 
Tween-20 emulsion gave a sigmoidal activity curve against 
diacylglycerol. 

Next, the water-soluble choline metabolites of the 
CPT assay were analyzed in the absence or presence of 
the inhibitor protein to test the possibility that the ap- 
parent inhibition might be due to [14C]CDPcholine 
hydrolytic activity. Although some hydrolyzing activity 
toward CDPcholine (or phosphatidylcholine) was ob- 
served in both the enzyme and inhibitor fractions, it 
seemed unlikely that the inhibition of CPT activity 
by Fraction 17 occurred at the level of CDPcholine 
hydrolysis, since more than 80% of [14C]CDPcholine was 
recovered in its intact form after incubation in either the 
presence or absence of the inhibitor fraction (data not 
shown). 

Finally, the inhibitory activity of Fraction 17 was tested 
in a different CPT assay system to check the possibility 
of whether the inhibitor might act on the diacylglycerol 
dispersion by rendering its physical state ineffective as 
substrate. We compared our assay method to that of 
Kanoh and Ohno (14,22), in which diacylglycerol (0.5 mM) 
was added in mixed micelles of phospholipids (0.5 
mM)/Tween-20 (0.1%)/DOC (2 mM). While the specific CPT 
activity measured by this method was considerably lower 
(12-13 nmol/min/mg protein without phospholipids and 
15-18 nmol/min/mg protein with 0.5 mM phospholipids) 
than when measured by ours (80-130 nmol]min/mg pro- 
tein with or without added phospholipids), the activity 
measured essentially was not affected by the addition of 
the inhibitor fraction to the assay system (data not 
shown). 

Thus, one could speculate that the putative endogenous 
inhibitor may act not only on the enzyme substrate (CDP- 
choline) complex, but also on the diacylglycerolJTween-20 
emulsion and may change its physical state in a way so 
it cannot be utilized effectively by the enzyme. 

DISCUSSION 

Recently, O and Choy (16) reported the partial purifica- 
tion of CPT solubilized from hamster liver microsomes 
with 3% Triton QS-15 using a DEAE-Sepharose column 
followed by Sepharose 6B gel filtration. The purified 
preparation had a specific activity of 3.68 nmol]rnirdmg 
protein; this value was approximately seven times that 
of the original microsomal preparation (0.5 nmol]mirdmg 
protein). We applied this method to the isolation of CPT 
from rat liver microsomes and found that the enzyme 
solubilized with Triton QS-15 was extremely unstable 
when kept at 0~ in the presence of 1-3% Triton QS-15, 
and particularly in dilution (less than 1 mg protein]mL). 
In addition, the enzyme could not sustain most of its ac- 
tivity during a thaw freeze cycle" 

Thus, in our system, DOC appeared to be a more ef- 
fective detergent for solubilizing CPT. Subsequent 
purification of the DOC-solubilized enzyme through a 
Superose 12HR column in the presence of 0.1% DOC 
resulted in a 4-fold enrichment of activity with a 40% 
recovery in respect to the original microsomal activity. The 
result is similar to that reported by Kanoh and Olmo 
(14,22), who also achieved a 4-fold purification of CPT 
activity through differential pH treatment of rat liver 
microsomes in the presence of 16-20 mM DOC. The 
specific activity reported for their partially purified 
enzyme was 16-20 nmol/min/mg protein, which was 
less than the microsomal activity measured in our study 
(approx. 30 nmol/min/mg protein). This difference could 
be explained by the fact that we started the experiment 
with 0.6 M KCl-washed microsomes and that a con- 
siderable portion of the loosely attached, peripheral pro- 
teins had already been removed from the microsomal 
fraction. Furthermore, the specific activity measured 
using exogenously added diacylglycerol in Tween-20 
emulsion, as we used in this study, was found to be 
much higher than that reported by Kanoh and Ohno 
(14,22) who used diacylglycerol in mixed micelles (phos- 
pholipid/Tween-20/DOC). 

The partially purified enzyme obtained by gel filtra- 
tion appeared to consist of a relatively large aggregate 
of particular microsomal proteins and phospholipids as 
it eluted near the void volume as a fairly milky disper- 
sion. Further attempts to replace phospholipid by 
detergent were not successful. Thus, it appears that 
dissociation of the enzyme-phospholipid complex causes 
complete and irreversible inactivation of CPT activity. The 
results of our purification study thus would indicate that 
it may be extremely difficult to purify Cl~r from 
microsomal membranes by classical methods, as was also 
emphasized by Cornell in her recent review (37). Finally, 
it may be more effective to use affinity chromatography 
in the presence of DOC, in which CDPcholine would be 
coupled to either an epoxy-activated or a CH-activated 
Sepharose; such experiments are in progress in our 
laboratory. 

The possible existence of an endogenous CPT inhibitor 
in rat liver microsomes was indicated in the present study. 
To our knowledge, this is the first description of such an 
inhibitor, which presumably is a protein, of the CPT reac- 
tion. The possible participation of a cytosolic phospha- 
tidylcholine transfer protein in the regulation of CPT 
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act ivi ty  in rat  liver m/crosomes has been reported recently 
(38). A l t h o u g h  the  exact  mechan i sm of the  inhibi t ion re- 
mains  to be determined,  the  resul ts  of the  present  s t u d y  
sugges t  t h a t  the  inhibi t ion m o s t  likely occurs  at  or near  
the  b ind ing  site between the  enzyme  and the  lipid sub- 
strate~ One could, thus,  pos tula te  t h a t  this inhibi tory p r ~  
rein componen t  regulates the  availability of diacylglycerol 
to CPT (but no t  to EPT)  in microsomal  membranes .  
Metabolically,  diacylglycerol  is located  at  a b ranch  poin t  
of the  b iosynthes i s  of phosphat idylchol ine ,  phospha-  
t idy le thano lamine  and tr iacylglycerol,  and the  mech- 
an i sms  for the  regula t ion of specific lipid pa thways  f rom 
diacylglycerol  have no t  ye t  been identified (39). The ac- 
tual  involvement  of  a specific r egu la to ry  prote in  for each 
of the  b iosynthe t ic  reaction,  as m a y  be sugges ted  by this  
report ,  would offer an a t t rac t ive  and  plausible mode  of 
regulat ion.  
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Fatty Acid Synthesis from [2.14C]Acetate in Normal 
and Peroxisome-Deficient (Zellweger) Fibroblasts 
A. Poulos*, S. Usher and B.C. Paton 
Department of Chemical Pathology, Women's and Children's Hospital, North Adelaide, South Australia 5006, Australia 

The incorporation of [2-14C]acetate into the lipids of nob 
mal and peroxisome~deficient (Zellweger's syndrome) skin 
fibroblasts was examined. Most of the label was in- 
corporated into triacylglycerol fatty acids in normal as 
well as Zellweger's syndrome cells. Triacylglycerols and 
cholesteryl esters in Zellweger's syndrome cells con- 
tained increased levels of labelled saturated and monoun- 
saturated very long~chaln fatty acids (VLCFA, that is fatty 
acids with more than 22 carbon atoms), in particular hex- 
acosanoic (26:0) and hexacosaenoic (26:1) acids. As traces 
of labelled VLCFA with up to 32 carbon atoms were 
detected in triacylglycerols even in control cells it is prc~ 
bable that  these fatty acids are formed naturally during 
the elongation process. Our data suggest that peroxisomes 
are involved in the chain shortening of the saturated and 
monounsaturated VLCFA. 
Lipids 28, 97-102 (1993). 

It has become increasingly apparent that peroxisomes play 
an important role in a number of lipid metabolic pathways. 
While some of these pathways, for example fatty acid/?- 
oxidation (1) and prostaglandin/~-oxidation (2), are associ- 
ated with catabolic processes, a number of biosynthetic 
pathways have also been reporte& Thus, the biosynthesis 
of the 1-O-alkyl glyceryl ether bond is now believed to oc- 
cur only in peroxisomes because the enzymes catalyzing the 
first two steps, namely dihydroxyacetonephosphate acyl- 
transferase and alkyldihydroxyacetone phosphate synthas~ 
are concentrated in this organelle (3-5). Similarly, the final 
step in the synthesis of bile acids, which involves an ox- 
idative cleavage of 27-carbon bile acid precursors, is also 
thought to occur predominantly in peroxisomes (6). 

As part of our ongoing interest in the role of peroxisomes 
in lipid metabolism, we have been investigating the metab- 
olism of [1-14C]-labelled long~haln and very long, chain (>22 
carbon atoms, VLCFA) saturated and polyunsaturated fat- 
ty acids in normal cultured skin fibroblasts and fibroblasts 
from patients with Zellweger syndrome (7,8), a rare auto- 
somal recessive disorder characterized ultrastructurally by 
a nearly complete deficiency of peroxisomes in all tissues 
thus far examined (9). We have found that labelled acetate, 
released from [1-14C]-labelled VLCFA by normal cells in 
culture, is used for the biosynthesis of other fatty acids, 
presumably either by de novo synthesis or by elongation 
of existing fatty acids. In contrast, this process is impaired 
in Zellweger cells (7). While it is likely that the defect in 
[14C]fatty acid synthesis from [1-14C]VLCFA in Zellweger 
cells is due to the impaired/~-oxidation activity and the con- 
comitant reduction in [1-14C]acetate releas~ it is not known 
whether lipid synthesis from acetate is also impaired in 
peroxisome~deficient cells. 

*To whom correspondence should be addressed at the Department 
of Chemical Pathology, Women's and Children's Hospital, 72 King 
William Road, North Adelaide, South Australia 5006, Australia 

Abbreviations: BHT, butylated hydroxytoluene; BMEM, basal 
modified Eagle's medium; VLCFA, very long~hain fatty acids; TLC, 
thin-layer chromatography. 

In this study we have investigated the ability of normal 
and Zellweger cells to synthesize fatty acids from acetate 
Our results indicate that the distribution of labelled acetate 
in VLCFA is abnormal in peroxisome-deficient cells. These 
findings confirm the importance of peroxisomal function in 
lipid metabolisr~ 

MATERIALS AND METHODS 

Materials. Reverse phase KC-18 thin-layer plates were pur- 
chased from Whatman Ina (Clifton, NJ), and thin-layer 
silica gel plates were obtained from E. Merck (Darmstadt, 
Germany). Basal modified Eagle's medium (BMEM) and 
fetal calf serum were purchased from Flow Laboratories 
(North Ryde, N.S.W., Australia). Dulbecco's phosphate- 
buffered saline (Ca 2+- and Mg2+-free) was from Com- 
monwealth Serum Laboratories (Melbourne. Australia). 
Butylated hydroxytoluene (BHT) and the unlabeUed lipid 
standards were obtained from Sigma Chemical Co. (St. 
Louis, MO). Bio-Rad protein assay dye reagent concen- 
trate was from Bio-Rad Laboratories (Richmond, CA), and 
autoradiography film (Hyperfilm-3H) from Amersham 
Australia Pty Ltd. (North Ryde, Australia). OptiPhase 
LKB scintillation solvent (HiSafe 3) was purchased from 
LKB-Produckter AB, (Bromma, Sweden). [2-14C]Acetic 
acid, sodium salt (specifc activity 57 mCi]mmol), 
[1-14C]palmitic and [1-14C]stearic acids were obtained 
from DuPont Company (Wilmington, DE). [1-14C]Lig - 
noceric(24:0) and [1-14C]hexacosanoic (26:0) acids were 
synthesized as described by Singh and Poulos (10). The 
radiolabeUed fatty acids were used as standards for 
reverse phase thin-layer chromatography (TLC). Un- 
labelled monoenoic fatty acid standards with 28 to 34 car- 
bons were synthesized as described by Johnson (11). 

Patients. Cultured skin fibroblasts from patients with 
Zellweger's syndrome were generously provided by Dr. L. 
Sheffield and Dr. G. Thompson (Royal Melbourne Chil- 
dren's Hospital), Dr. C. Oley (Mater Misericordiae 
Mothers' Hospital, Brisbane) and Dr. J. McGill (Royal 
Children's Hospital, Brisbane). The diagnosis of Zell- 
weger's syndrome was based on clinical history and ex- 
amination and confirmed by biochemical and, where possi- 
ble, ultrastructural investigation (12). 

Incubation of [2-14C]acetate with fibroblasts in culture. 
Cultured skin fibroblasts from normal subjects and from 
Zellweger's syndrome patients were grown in tissue 
culture flasks (75 cm 2) in BMEM containing 10% fetal 
calf serum until confluent. One hundred ~LL of an ethanolic 
solution of [2-14C]acetic acid (100 ~Ci) was added to in- 
dividual culture flasks, and the flask tops were sealed 
tightly to prevent the escape of radioactive carbon diox- 
ide into the atmospher~ For pulse labelling, incubations 
were carried out for 3 d prior to processing of the cells. 
Pulse-chase experiments were carried out using matched 
flasks of cells. For pulse~chase experiments the medium 
was removed after 3 d and replaced with fresh medium 
(without labelled acetate) and the incubation was con- 
tinued for a further 7 d, with an additional medium change 
on day 4 of the chase period. 
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At the end of the incubation period the medium was 
removed and the cells were washed with Dulbecco's 
phosphate-buffered saline (Ca 2+- and Mg2+-free) prior to 
harvesting by trypsinization. The harvested cells were 
washed a further three times with 10 mL of Dulbecco's 
phosphate-buffered saline (Ca 2+- and Mg2+-free) and sus- 
pended in 450 ~L Dulbecco's phosphate-buffer, Ca2+-free 
but containing 4 mM magnesium chloride. The cells were 
disrupted by ultrasonication, and aliquots were removed 
for protein analysis (50 pL) and liquid scintillation coun- 
ting (5 ~L). Protein estimations were carried out as 
described by Bradford (13). 

Lip id  extract ion and analysis. Lipids were extracted 
from the cell suspensions by the Bligh and Dyer method 
(14). BHT was added at all stages of extraction and 
analysis to minimize autoxidation of polyunsaturated fat- 
ty  acids. For some experiments the delipidated cellular 
residue was treated with 4N HC1 for 17 h at 100~ and 
the liberated fatty acids were extracted into hexane. Ali- 
quots of lipid extracts were streaked as 1.5 cm-bands on- 
to silica gel 60 thin-layer plates (20 • 20 cm) and 
developed about 7 cm with chloroform]methanol/water 
(65:25:4, by vol). After air drying, the plates were then 
run in the same direction in chloroform all the way to 
the top of the plate This chromatographic system resolved 
the major phospholipid and neutral lipid classes but 
did not permit the separation of triacylglycerols and 
cholesteryl esters. Separation of these particular lipids 
was achieved by chromatographing lipid extracts in 
hexane]diethyl ether/glacial acetic acid (90:10:1, by vol). 
Tentative identification of the various lipid components 
was achieved by running appropriate standards. In- 
dividual zones were made visible by autoradiography. 
For some experiments the lipid extracts were saponi- 
fled by treatment with 20% (wt/vol) potassium hydrox- 
ide in ethanol/water (67:33, vol/vol) for 3 h at 80~ prior 
to chromatography (15). 

Lipid hydrolysis and methylation of the liberated fatty 
acids and purification of the fatty acid methyl esters was 
carried out as described earlier (7). Separation of the fat- 
ty  acid methyl esters into saturated, monounsaturated 
and polyunsaturated fatty acid fractions was achieved by 
argentation TLC (7). Saturated and monounsaturated fat- 
ty  acid methyl esters were separated according to carbon 
chain length by reverse phase TLC as described by Street 
et  al. (7). Individual fatty acid zones were detected by 
autoradiography, scraped from the plate into glass scin- 
tillation vials and counted in 8 mL scintillation fluid. 
Where possible, tentative identification of the various 
saturated and monounsaturated fatty acids was based on 
a comparison of their mobilities on argentation and 
reverse phase TLC with those of authentic commercially 
available or specially synthesized standards. Unlabelled 
monounsaturated fatty acid standards (16:1-34:1) were 
detected on reverse phase TLC plates by exposure to 
iodine vapor. Labelled saturated fatty acid standards 
(16:0, 18:0, 24:0 and 26:0) were detected by autoradio- 
graphy. 

RESULTS 

Approximately 3-4% of the label from [2-14C]acetate was 
recovered in normal cells harvested 3 d after the addition 
of the label. About half of this radioactivity was recovered 

TABLE 1 

Lipid Associated Radioactivity Recovered in Cell Extracts  a 

Treatment method 
(nmol labelled acetate/mg protein) 

3-d Pulse Pulse chase 

Control 
No. 1 85 27 
No. 2 99 22 
No. 3 104 31 
No. 4 152 45 

mean (n----4) 110 31 
Zellweger 
No. 1 57 28 
No. 2 67 44 
No. 3 68 57 
No. 4 92 25 

mean (n=4) 71 39 
aControl and Zellweger cells (four separate lines of each with each 
line taken from a different individual) were pulsed with [2-14C]- 
acetate or pulse~chased as described in the text. The amount of 
label recovered in the lipid fraction of each cell line is tabulated. 

in the lipid fraction after extraction of the cells. Similar 
results were obtained with Zellweger's syndrome cells 
{Table 1). After removal of the radioactivity from the 
medium, the amount of label in the cellular lipids gradual- 
ly decreased. After a 7-d chase, around 30 to 50% of the 
label remained within the lipid fraction in both control 
and Zellweger cells (Table 1). 

Analysis of the lipid extracts revealed that the label was 
incorporated into all of the major phospholipid and neutral 
lipid species in normal cells. At least 95% of the label was 
recovered as fatty acid after alkaline hydrolysis, indicating 
that little was incorporated into the hydrophilic moieties 
of the various phospholipid molecules and most was 
associated with esterified fatty acids. Small amounts of 
label were detected in cholesterol, unesterified fatty acids, 
dolichol, squalene and ubiquinone The major neutral lipid 
species labelled were triacylglycerols with up to 65% of 
the label appearing in these lipids. Cholesteryl esters were 
also labelled but the proportion of the total label rarely 
exceeded 2% in this period. After removal of the radioac- 
tivity from the medium, the amount of label in the various 
lipids, and in particular in the triacylglycerols, decreased 
markedly. After a 7-d chase~ the amount of label in the 
latter dropped to a value of <5% of the total cellular lipid 
radioactivity {control mean 1.15, range 0.24-2.8 vs. 
Zellweger mean 1.7, range 0.7-2.5 nmol labelled 
acetateJmg protein). 

An examination of chromatograms of lipid extracts 
revealed that  Zellweger triacylglycerols and cholesteryl 
esters contained faster migrating (and hence more hydro- 
phobic) molecular species than those observed in control 
cells indicating that the fatty acid labelling patterns were 
probably different in Zellweger cells (Fig. 1). Reverse phase 
TLC of the labelled fatty acids released from triglycerides 
and cholesteryl esters after the 3-d labeling period con- 
firmed this. Most of the label in triacylglycerols (>75%) 
was recovered in saturated fat ty acids, predominantly 
palmitic and stearic acids, with a lesser amount in mo- 
nounsaturated fatty acids such as oleic acid. Polyun- 
saturated fatty acids were also labelled but these were not 
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FIG. 1. Incorporation of [2J4C]acetate into fibroblast neutral lipids. 
Fibroblast cultures were pulsed with [2-~qC]acetate as described in 
the text and the Hpids extracted. The neutral (nonpolar) lipids were 
separated by thin-layer chromatography as described in the Materials 
and Methods section and the labelled products visualized by 
autoradiograpby. The amount of radioactivity applied to the different 
lanes was not the same. From left to right are a Zellweger then a 
control cell extract. X refers to an unidentified lipid; SL, to squalene; 
CE, to cholesteryl esters; TG, to triacylglycerol; FA, to unesterified 
fatty acids; CL, to cholesterol; and PL, to phospholipids. The arrows 
mark the position of the more hydrophobic molecular species of 
triacylglycerols and cholesteryl esters, which are evident in the 
Zellweger, but not the control, extract. 
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FIG. 2. Reverse phase thin-layer chromatography (TLC) of 
triacylglycerol-derived fatty acids. Fibroblasts were pulsed with 
labelled acetate as described in the text. Labelled saturated and mc~ 
nounsaturated fatty acids were isolated from triacylglycerols and 
chromatographed on reverse phase plates as described in the text. 
The amount of radioactivity applied to the different lanes was not 
the same_ The figures show the autoradiographs produced after TLC. 
The figure on the left shows the labelled saturated fatty acids and 
the one on the right the labelled monounsaturated fatty acids. From 
the left to right of each figure are the triacylglycerol-derived fatty 
acids from two control then two Zellweger cell lines. The identity 
of the fatty acids is shown on the right of each figure, the origin 
on the TLC plate is indicated by an O and the solvent front by SF. 

further characterized. The labelled fa t ty  acids recovered 
also included a number of longer chain saturated and mo- 
nounsaturated fa t ty  acids with carbon chain lengths up 
to 32 (Fig. 2). The fa t ty  acids recovered from Zellweger 
cells differed significantly from control cells in tha t  they 
contained increased proportions of saturated and monoun- 
saturated VLCFA with carbon chain lengths of at least 
up to 34 and a reduced proportion of label in stearic and 
oleic acids (Table 2, Fig. 2). Similar labelling patterns were 
observed after a 7-d chase (data not  shown). 

Labelled fa t ty  acids incorporated into cholesteryl esters 
in control cells after a three-day incubation with labelled 
acetate also included a variety of products with palmitic 
acid predominating (Fig. 3, Table 3). Smaller amounts  of 
saturated VLCFA were also present. Monounsaturated 
fa t ty  acids were also detected, the main product being 
oleic acid. The labelling pattern for Zellweger cells differed 
primarily in tha t  there was a greater proportion of label 
in monounsaturated VLCFA. 

DISCUSSION 

Our data  demonstrate tha t  human skin fibroblasts in 
culture actively incorporate the label from [2-14C]acetate 
into a variety of neutral lipids and phospholipids with 
most  of the label appearing in esterified fa t ty  acids. Most 
of the label was incorporated into triacylglycerols with 
significant amounts in a variety of phosphoh'pids and only 
minor amounts  in free and esterified cholesterol. Our 
analysis of triacylglycerol and cholesteryl ester fat ty acids 
was prompted by chromatographic evidence of the pre- 
sence of more hydrophobic molecular species (and possibly 
VLCFA-containing molecular species of both of these lipid 
classes), in lipid extracts derived from Zellweger's syn- 
drome cells grown in the presence of the label. The ac- 
cumulation of labelled saturated and monounsaturated 
VLCFA in these two fractions in Zellweger cells almost 
certainly reflects the impairment in peroxisomal function 
reported in these cells (16). Cells from patients with X- 
linked ALD, a peroxisomal disorder characterized by a 
block in peroxisomal f~-oxidation, have been reported to 
have increased 18:0 elongase activity (17,18}, indicating 
that  the increased microsomal elongation of fa t ty  acids 
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TABLE 2 

Incorporation of Label 
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from [2-14C]Aeetate into Triacylglyeerols a 

Experiment  1 Experiment  2 Experiment  3 

Fa t ty  acids Control (%) Zellweger (%) Control (%) Zellweger (%) Control (%) Zellweger (%) 

14:0 7.0 5.9 6.1 5.5 2.2 1.6 
16:0 65.9 56.7 63.2 62.1 59.7 55.5 
18:0 12.8 7.6 14.7 6.3 23.1 6.5 
18:1 3.6 2.5 6.1 2.0 2.3 2.6 
20:0 1.1 1.1 0,8 0.8 1.4 1.1 
20:1 1.2 2.5 1.6 2.3 0,9 1.7 
22:0 0.5 0.7 0,4 0.5 0.9 1.0 
22:1 0.4 1.3 0.5 1.1 0.4 --  
24:0 1.6 3.7 1,2 2.2 2.0 2.3 
24:1 0.9 3.6 0,9 2.5 0.8 5.1 
2 5 : 0  0 . 2  0 . 5  - -  0 . 3  0 . 2  - -  

25:1 0.1 0.7 0.2 0.6 --  --  
26:0 0.9 3.5 0.5 3.7 1.1 4.1 
26:1 0.8 5.0 0.5 4.5 0.8 12.7 
28:0 --  0.4 --  0.6 0.1 0.7 
28:1 --  0.5 --  0.9 0.2 3.1 
30:0 -- -- -- 0.2 0.I 0.4 

3 0 : 1  - -  - -  - -  0 . 4  0 . 1  0 . 2  

3 2 : 0  . . . . .  0 . 2  

32:1 - -  - -  - -  0.1 0.1 - -  

Other 3.0 3.8 3.3 3.5 3.7 1.1 

aFibroblast  cell cultures were pulsed with [2J4C]acetate as described in the text. The data are from three 
separate experiments (with different Zellweger and control lines for each experiment) and represent the 
percent distribution of recovered label in individual saturated and monounsaturated fat ty acids isolated 
from triacylglycerol. Small amounts of label were recovered in odd carbon chain length fat ty acids, and 
these are referred to as "Other  fat ty acids." Amounts  of less than 0.1% are indicated by a dash. 

TABLE 3 

Incorporation of [2-HC]Acetate into Cholesteryl Esters  a 

Experiment 1 Experiment  2 

Fa t ty  acids Control (%) Zellweger (%) Control {%) ZeUweger (%) 

14:0 4.8 4,4 6.3 4,0 
16:0 34.9 35.2 34.2 19.4 
18:0 14.0 7.8 11.0 4.4 
18:1 3.8 2.0 4.3 1.8 
20:0 2.3 1.2 1.7 0.8 
20:1 3.7 2.1 3.8 1.7 
22:0 2,2 1.1 1,3 1.2 
22:1 3,0 2.3 2.1 5,1 
24:0 4.5 4.2 6.4 5.9 
24:1 5.7 6.3 5.7 12.9 
25:0 - -  --  1.5 --  
26:0 3.8 5.7 6.2 8.8 
26:1 3.7 10.9 5.8 16.9 
28:0 0.2 1.7 0.7 1.2 
28:1 0,4 3.4 0.7 2.5 
30:0 0.2 0.4 - -  0.2 
30:1 0.2 1.4 0.7 0.4 
32:0 - -  1.0 - -  --  
32:1 0.1 1.0 --  - -  
34:0 0.1 0.9 - -  --  
Other 12.4 7.0 7.6 12.8 

aFibroblast  cultures were pulsed with [2-14C]acetate as described in the text. The data 
are from two separate experiments (with different Zellweger and control lines for each 
experiment) and represent the percent distribution of recovered label in individual 
saturated and monounsaturated fa t ty  acids isolated from cholesteryl esters. Small 
amounts of label were recovered in odd carbon chain length fat ty acids and these are 
referred to as "other fatty acids." Amounts  of less than 0.1% are indicated by a dash. 
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FIG. 3. Reverse phase thin-layer chromatography (TLC) of 
cholesteryl-ester derived fat ty  acids. Fibroblasts were pulsed with 
labelled acetate, and the saturated and monounsaturated fatty acids 
were isolated from the cholesteryl esters and subjected to reverse 
phase TLC as described in the text.  The amount of radioactivity al~ 
plied to the different lanes was not the same. The labelled fatty  acids 
were visualized by autoradiography. The left panel shows the 
saturated fatty acids and the panel on the right the monounsaturated 
fat ty  acids. From the left to right of each panel are a control and 
then a Zellweger sample. The identity of the fatty  acids is indicated 
as well as the origin (O) and solvent front (SF) on the TLC plate. 

was in some way related to the peroxisomal defect. More 
recent studies have shown tha t  there is an increased 
elongation of exogenous sa tura ted  VLCFA in Zellweger's 
syndrome and X-linked adrenoleukodystrophy fibroblasts 
(7,8,19). I t  has been postulated tha t  the increased elonga- 
t ion of exogenous VLCFA may  result  as a consequence 
of its reduced breakdown (and therefore increased 
subs t ra te  availability). Our da ta  demons t ra te  t h a t  there 
is also a greatly increased incorporation of labelled acetate 
into sa tura ted  and monounsa tu ra ted  VLCFA. However, 
the ident i ty  of the endogenous f a t t y  acids which are 
elongated to produce the labelled VLCFA and the elon- 
gases which catalyze these reactions are unknown. 

Although saturated and monounsaturated VLCFA with 
up to 30 carbon a toms are impor tan t  components  of nor- 
mal  brain (20), VLCFA with more than  24 carbon a toms  
are only trace components  of human skin fibroblasts with 
26:0 compris ing less than  0.1% while 28 and longer car- 
bon chain length f a t ty  acids are not  detectable  (21). We 
were surprised therefore to find some label associated with 
f a t t y  acids wi th  more than  26 and up  to 32 carbon a toms  
even in normal  f ibroblasts  (Fig. 2). The mos t  likely ex- 
planat ion for the inabili ty to detect  endogenous levels of 

these f a t ty  acids by the usual  gas chromatographic  pro- 
cedures is t ha t  these longer chain f a t ty  acids mus t  turn  
over sufficiently rapidly to prevent any accumulation. 
They are probably  synthesized via the  sequential  addi- 
tion of 2-carbon uni ts  derived from acetate  but  their  
significance remains uncertain. They may  s imply repre- 
sent  secondary products  of carbon chain elongation of 
shorter  chain f a t ty  acids a l though it is also possible tha t  
they may  have some specific cellular function. Whether  
their  function is the same or similar to t ha t  of the cor- 
responding n-3 and n-6 polyenoic VLCFA found in brain 
{22), ret ina (23) and spermatozoa  (24) remains to be 
determined. 

The findings reported here provide fur ther  evidence for 
the  impor t ance  of pe rox i somal  funct ion  in lipid 
metabolism. While it is clear tha t  f a t ty  acid oxidation 
represents  a major  function, i t  is perhaps  not  as well ap- 
preciated t ha t  the organelle plays a direct role in the syn- 
thesis of certain lipid classes, e.g., ether lipids, as well as 
providing an impor tan t  source of acetate for f a t ty  acid 
synthesis  occurring in other  pa r t s  of the cell. The effect 
of the loss of this source of acetate, as occurs in 
peroxisomal-deficient cells, is not known, but  it  seems l ike  
ly tha t  the loss may  be compensa ted  for in other pa r t s  
of the cell. I t  is possible tha t  the dis turbances in acetate 
metabolism we have observed are a reflection of these com- 
pensa tory  changes. 
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Docosahexaenoic acid (DHA), a long-chain polyunsatu- 
rated o~3 fatty acid, is tested to determine its mode of ac- 
tion as an anti-cancer agent. We demonstrate that DHA 
can increase the permeability of phospholipid vesicles, as 
monitored by vesicle swelling in isomolar erythritol and 
leakage of sequestered carboxyfluorescein, and T27A 
tumor cells, as monitored by swelling in isomolar eryth- 
ritol and release of sequestered 51Cr. DHA was incorpo- 
rated into lipid vesicles as either the free fatty acid or as 
1-stearoyl-2<locosahexaenoyl-sn-glycero-~phosphocholine. 
DHA was incorporated into the tumor cells by fusion with 
vesicles made from the mixed-chain phosphatidylcholines. 
DHA is demonstrated here to be much more effective in 
increasing permeability than is oleic acid, the major 
unsaturated fatty acid normally found in tumor plasma 
membranes. It is proposed that incorporation of DHA 
makes tumor plasma membranes substantially more 
permeable, which may explain, in part, its anti-tumor 
properties. 
Lipids 28, 103-108 (1993). 

Long-chain co3 polyunsaturated fatty acids are believed 
to play a role in the prevention of a number of serious 
human afflictions (1) including cancer (2,3), heart disease 
(4) and arthritis (5). Their deficiency may also be involved 
in learning disabilities associated with early brain develop- 
ment (6,7} and may even play a role in multiple sclerosis 
(8). Involvement in such a broad spectrum of abnormal 
and pathological states implies a basic underlying molecu- 
lar role for these fatty acids. Two fundamentally different 
nonexclusive roles have been proposed: r fatty acids may 
affect membrane structure or they may serve as precur- 
sors to potent bioactive substances (e.g., eicosanoid hor- 
mones). We have been investigating how one o~3 fatty acid, 
docosahexaenoic acid (DHA), may alter the physical 
structure of phospholipid bilayer membranes, producing 
changes in membrane environment and altering cell 
response. 

Since the number and location of unsaturations are 
known to determine the conformation of the fatty acid 
chain, it would not be surprising if incorporation of a 
polyunsaturated fatty acid, such as DHA (22:6co3), into 
membrane phospholipids might severely affect lipid pack- 
ing and produce major changes in membrane function (9). 
However, by either monitoring the phase transition 
temperatures of mixed chain phosphatidylcholine (PC) 

*To whom correspondence should be addressed at Department of 
Biology, Indiana University-Purdue University at Indianapolis, 723 
West Michigan, Indianapolis, IN 46202-5132. 

Abbreviations: CF, carboxyfluorescein; DHA, docosahexaenoic acid; 
GC, gas chromatography; MLV, multilamellar vesicles; PBS, phos- 
phate buffered saline; PC, phosphatidylcholine; PE, phosphatidyl- 
ethanolamine; SUV, small unilameUar vesicles; UV, ultraviolet; 
16:0/16:0 PC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; 18:0/18:0 
PC, 1,2-distearoyl-sn-glycero-3-phosphocholine; 18:0/18:1 PC, 1- 
stearoyl-2-oleoyl-sn-glycero-3-phosphocholine; 18:0/22:6 PC, 
1-stearoyl-2-docosahexaenoyl-sn-glycerc~3-phosphocholine. 

molecules (10) or by using a variety of fluorescent mem- 
brane probes (11), no significant differences in membrane 
properties between a-linolenic acid (18:3co3) and DHA 
could be detected. From these and other reports, it has 
become evident that while DHA significantly decreases 
the phase transition temperature and increases membrane 
fluidity of PC relative to saturated phospholipids, these 
properties are similar to membranes containing other, less 
unsaturated fatty acids. To understand why organisms 
would expend the energy required to produce a fatty acid 
that is so susceptible to oxidation, the effect of DHA on 
other membrane properties must be investigated. Here we 
report the effect of 18:0/22:6 PC on ion permeability of 
phospholipid vesicles and a living tumor cell (T27A). 

EXPERIMENTAL PROCEDURES 
Materials. 1,2-Dipalmitoyl-s n-glycero-3-phosphocholine 
(16:0/16:0 PC), 1,2-distearoyl-sn-glycero-3-phosphocholine 
(18:0/18:0 PC), 1-stearoyl-2-oleoyl-sn-glycero-3-phospho- 
choline (18:0/18:1 PC) and egg PC were purchased from 
Avanti Polar Lipids (Alabaster, AL). Oleic acid and DHA 
were purchased from Sigma Chemical Ca (St. Louis, MO). 
1-Stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine 
(18:0/22:6 PC) was synthesized as described by Ehringer 
et al. (11). DHA anhydride was purchased from Nu-Chek- 
Prep (Elysian, MN), while carboxyfluorescein was from 
Molecular Probes (Eugene, OR). 

Sample preparation. Lipids used in the preparation of 
vesicles were dissolved in chloroform and dried under a 
stream of nitrogen followed by vacuum pumping for a 
period of 10-12 l~ Multilamellar vesicles (MLV) were made 
by hydrating the lipids in appropriate aqueous buffer and 
by vortexing the aqueous dispersion above the phase tran- 
sition temperatures of the lipids for a period of 10 rain. 
Small unflamellar vesicles (SUV) were prepared by sonica- 
tion of the MLV on ice using a Heat Systems W-380 Cell 
Disruptor (level 5; Farmingdale, NY). All lipids were stored 
in the dark under an atmosphere of N2 at -20~  prior 
to use  Lipids were occasionally analyzed before and after 
sonication by thin-layer chromatography (12) and gas 
chromatography (GC) (13) to determine if degradation of 
the lipids had occurred. 

Erythritol permeability of MLV. The permeability of 
MLV to erythritol was followed spectrophotometrically 
with a Perkin-Elmer Lambda 4C ultraviolet (UV)/Visible 
Spectrophotometer interfaced with a Perkin-Elmer (Nor- 
walk, CT) 7700 Professional Computer run by a PECUV 
program. MLV were hydrated in 40 mM glucose and 
20 mM NaeHPO4 (pH 7.0) above the phase transition 
temperature of the lipid and equilibrated to the swelling 
temperature (25~ for the mixed chain PC or 47~ for the 
vesicles composed of 18:0/18:0 PC and free fatty acids). 
Approximately 200 ~L of the lipid solution (10 mM) was 
rapidly injected into the swelling buffer (40 mM erythritol, 
20 mM Na2HPO 4, pH 7.0), and the swelling of the vesi- 
cles due to erythritol influx was monitored by measuring 
the absorbance at 350 nm. The initial swelling velocity 
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of the MLV (d(1/A)/dt%), measured for the first 20-30 s, 
is known to be directly proportional to erythritol 
permeability (14). Most permeability measurements were 
conducted in the liquid crystalline state of the lipids. 

Carboxyfluorescein leakage from SUV Measurements 
of ionic permeability of 18:0/18:1 PC and 18:0/22:6 PC 
SUV were followed by monitoring the increase in fluores- 
cence intensity from carboxyfluorescein (CF) leakage (15). 
MLV were made by hydrating the lipids in 60 mM CF, 
30 mM KC1, 10 mM Na2HPO4 (pH 7.0) above the phase 
transition temperature. SUV were made as described 
above External nonsequestered CF was removed by pass- 
ing the suspension down a column (1.5 cm • 30 cm) of 
Sephadex G-50 equilibrated with 90 mM KC1 and 10 mM 
Na2HP04 (pH 7.0). Aliquots of the vesicles {100 ~L) were 
immediately mixed with 2.5 mL of 90 mM KC1/10 mM 
Na2HPO4, pH 7.0. Vesicles were kept on ice until the ex- 
periment was initiated to keep CF sequestered. The efflux 
of self-quenched CF from the SUV was monitored by an 
increase in fluorescence with excitation at 490 nm and 
emission at 520 nm using a Perkin-Elmer MPF-66 Fluores- 
cence Spectrophotometer interfaced with a Perkin-Elmer 
7700 Professional Computer. Temperature in the cuvettes 
was kept at 25~ with a circulating water bath. Maximum 
fluorescence was determined by addition of 100 ~L of 5% 
Triton X-100, and subsequent CF leakage was calculated 
as follows: 

% CF leakage = F - Fi/Fma x (100) [1] 

where F is the fluorescence intensity at time t, F i is the 
initial fluorescence at time zero, and Fm~ is the max- 
imum fluorescence. 

T27A cells. T27A is a non-T, non-B leukemia cell isolated 
from a BALB/c mouse infected with N-tropic murine 
leukemia virus (16). This cell line can be maintained both 
as an ascites tumor and in culture To passage in vivo, each 
mouse was inoculated with l0 s T27A cells i.p. 7 d before 
the ascites were harvested by peritoneal lavage. Ascitic 
tumor cells were freed of erythrocytes by lysis in 0.155 
M NH4C1, 10 mM KHCO3, 1 mM disodium ethylenedi- 
aminetetraacetic acid (pH 7.4) for 5 rain at room tempera- 
ture and were washed in Hanks' balanced salt solution. 
Cell lines were also maintained in culture in supplemented 
RPMI 1640 medium (plus antibiotics, 25 mM N-[2- 
hydroxyethyl] piperazine-N'-[2-ethanesulfonic acid] buf- 
fer and 2 mM glutamine) with 20% bovine calf serum 
(HyClone Laboratories, Logan, UT); under these condi- 
tions, the T27A line has a generation time of 12 to 15 h 
and grows to a maximum density of 1-2 X 106 cell/mL. 

Vesicle fusion with T27A cells. SUV were made in 
phosphate buffered saline (PBS), pH 7.4, and fused with 
1 • 107 T27A cells by incubation at room temperature 
for 10 rain, 1 h or 2 h. Unfused vesicles were removed by 
one wash in cold 10% bovine serum albumin in PBS and 
three washes in PBS + 5% fetal bovine serum. Cell 
numbers were determined with a hemacytometer, and 
viability was checked by trypan blue exclusion. 

Swelling of T27A cells. Cells fused with the vesicles were 
immediately subjected to isotonic swelling in erythritol. 
Briefly 3 • 106 cells of the fused T27A cells incubated at 
the swelling temperature (37 ~ were injected into 3.0 mL 
of 175 mM sucrose/75 mM erythritol/20 mM Na2HPO4 
(pH 7.4) at 37 ~ C. The influx of erythritol and subsequent 
swelling of the cells was monitored at 420 nm with a 

Perkin-Elmer Lambda 4C UVTVisible Spectrophotometer. 
The results presented are the average of 20 experiments. 

GC Cells and vesicles to be analyzed by GC were placed 
in a separatory funnel, and the lipids were extracted three 
times with 80 mL of CHC13/CH~OH (2:1, vol/vol) along 
with 10 mL of a 0.5 N NaC1 solution. The lipid extracts 
were combined and rotovaporated to a small volume. 
Saponification of the lipid material was accomplished by 
addition of 0.5 N NaOH in methanol and refluxing the 
mixture for 1 h. Fat ty acids were esterified by addition 
of BFJmethanol and refluxing again for an additional 30 
min. Methyl esters were extracted three times by addition 
of 50 mL of hexane. The extracts were combined and 
rotovaporated to a small volume. A 2.0 ~L sample of the 
methyl esters was then analyzed with an SRI Gas Chro- 
matograph equipped with a flame ionization detector in- 
terfaced to a Micro Express 386 Computer (Santa Ana, 
CA). The 6' • 1/8" column was packed with 10% SP-2330 
on 100/120 Chromosorb WAW. The initial oven tempera- 
ture was 190~ while final oven temperature was 225~ 
after 25 min. Peaks were identified by direct comparison 
with the retention times of methyl ester standards (Nu- 
Chek-Prep, Elysian, MN). 

51Cr release. T27A cells (5 • 106) were incubated with 
150 ~Ci of sodium [slCr]chromate (>500 mCi/mg; New 
England Nuclear, Boston, MA) i.n RPMI plus 5-10% 
serum and then washed three times in PBS + 5% serum. 
The cells were diluted to 5 • 104 cells/mL with RPMI + 
5% serum, and 100 ~L of the cell suspension was incu- 
bated in triplicate with 100 ~LL of medium (for spontaneous 
release) or detergent (for maximum release) for 4 h at 37~ 
in a humidified 7.5% CO2 atmosphere. 

RESULTS 

Previous reports have indicated that DHA esterified to 
the sn-2 position of PC can increase bilayer permeabihty 
of nonelectrolytes (11,17). In Figure 1 we confirm these 
reports for the mixed chain 18:0/22:6 PC. The PC contain- 
ing DHA is about 2.4 times more permeable to erythritol 
than is the corresponding PC containing oleic acid 
(18:0/18:1 PC). The disaturated PC (18:0/18:0 PC) which 
exists in the gel state at 25~ is almost impermeable 
When DHA as the free fatty acid was incorporated at 20 
membrane mol% into 16:0/16:0 PC bilayers, permeability 
to erythritol was dramatically increased (Fig. 2). Again 
oleic acid enhanced permeability but to a much lesser ex- 
tent than did DHA (DHA/oleic acid permeability 
ratio = 3.0). 

The effect of DHA on permeability to the anionic CF 
is shown in Figure 3. The lipid vesicles are composed of 
either egg PC (control) or of 80 mol% egg PC to which 
is added 20 mol% 18:0/18:1 PC or 18:0/22:6 PC. CF leak- 
age is greater for the DHA-containing PC than it is for 
the oleic acid-containing PC. After 30 min the ratio of 
DHA/oleic acid permeability is about 2.0. 

To assess the effect of DHA on the permeability of liv- 
ing T27A tumor cells, the tumor cells were modified by 
fusion with lipid vesicles composed of 18:0/22:6 PC and, 
for comparison, vesicles composed of 18:0/18:1 PC and the 
nonfusogenic control 16:0/16:0 PC. As shown in Figure 4 
(insert), incorporation of DHA increases as a function of 
fusion time for 2 h at which time it comprises about 5% 
of the total membrane fatty acids. The cultured T27A cells 
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FIG. I. Erythritol permeability for muitilameliar vesicles (MLV) com- 
posed of 18:0/18:0 phosphatidylcholine (PC), 18~I18:1 PC and 18.~122:6 
PC (25~ MLV stock solutions (I0 mM) were made in 40 mM glucose, 
20 mM Na2HPO4, pH 7.0 and rapidly injected into 2.0 mL of the 
swelling buffer (40 mM erythritol, 20 mM Na2HPO4, pH 7.0). Lipid 
concentration was I mM, and vesicle swelling was followed at 25~ 
by absorbance at 350 nm. At  this temperature 18:0/18:0 PC is in the 
gel state where its permeability is extremely low. Results are the 
mean of 20 experiments and are significant to the 0.001 level as detez ~ 
mined by analysis of variance. 
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FIG. 2. Effect  of oleic acid and docosahexaenoic acid as free acids 
on erythritol permeability of 18:0/18:0 phosphatidylcholine (PC) 
multilameilar vesicles (47~ Experimental procedure is as outlined 
for Figure 1. At 47~ 18:0/18:0 PC is in the liquid crystal  state. The 
fatty acids are incorporated at 20 membrane tool%. Results are the 
mean of 20 experiments and are significant to the 0.001 level as deter- 
mined by analysis of variance. 
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FIG. 3. Release of sequestered carboxyfluorescein (CF) from egg phos- 
phatidylcholine (PC) small  uMMlumellar vesicles (SUV) (30~ Stock 
solutions of SUV composed of 100 mol% egg PC (open circles); 80 
tool% egg PC, 20 mol% 18:0, 18:1 PC (closed circles); and 80 tool% 
egg PC, 20 mol% 18:0, 22:6 PC (open triangles) were made in 60 mM 
CF, 20 mM KCI, 10 mM Na2HPO 4, pH 7.0. After nonse~tueste~'~l CF 
was removed on a Sephadex C~50 column, aliquots of CF-loaded SUV 
were rapidly injected into 2.5 mL of 90 mM KCI/10 mM Na2HPO4, 
pH 7.0. Lipid concentration was between 200 to 400 ~M, and the 
fluorescent intensity monitored at 520 nm (excitation 490 nm). Results 
are the average of three determinations and are significant to the 
0.001 level by analysis of variance. 

had essentially no D H A  before fusion. As D H A  accumu- 
lated in the tumor  membranes, the cells became more 
permeable to erythritol  (Fig. 4). When D H A  represented 
5% of the total fa t ty  acids, T27A permeability was about 
triple that  of the unaltered cells. By the first reported time 
period (10 min after fusion was initiated}, it was clear that  
18:0/22:6 PC fused much better with the T27A cells than 
did 18:0/18:1 PC {Fig. 5, insert). But  even when incor- 
porated at equivalent levels, D H A  enhanced permeabil- 
i ty to a much greater extent than did oleic acid {Fig. 5). 
For the permeability results presented in Figure 5, the 
T27A cells were fused with 18:0/18:1 PC vesicles at 2.0 
mg/mL while incubation with the 18:0/22:6 PC vesicles 
was at 0.5 mg/mL. The insert of Figure 5 shows that  fu- 
sion of 0.5 mg/mL of 18:0/22:6 PC produces an equivalent 
incorporation of lipid into T27A cells as does 2.0 mg/mL 
of 18:0/18:1 PC. The effect of 18:0/18:1 PC and 18:0/22:6 
PC on membrane permeability was confirmed by monitor- 
ing the leakage of sequestered 51Cr from T27A cells 
{Fig. 6). The DHA-containing cells were about  1.9 times 
more permeable to 51Cr than the 16:0/16:0 PC (unaltered) 
controls and 1.5 times more permeable than the oleic acid- 
altered cells. 

DISCUSSION 

The fat ty  acids of phospholipids comprise the hydro- 
phobic core of membranes and are known to affect a wide 
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FIG. 4. Permeability of T27A cells fused with 0.5 mg/mL 18:0/22:6 
phosphatidylcholine (PC) to erythritol, expressed as the rate of cell 
swelling (d(1/A)ldt%) as a function of docosahexaenoic acid (DHA) 
incorporation. 3 X 106 cells were injected into the swelling buffer 
(175 mM sucrose, 75 mM erythritol, 20 mM Na2HPO 4, pH 7.4, 37~ 
Erythritol-induced swelling was followed by absorbance at 420 nm. 
Insert: Uptake of D H A  into T27A cells as a function of fusion time 
with 18:0/22:6 PC (0.5 mg/mL). Sample correlation coefficient for the 
swelling velocity v s .  % 22:6 uptake is r = 0.988, while the insert is 
r = 0.991. 

variety of membrane properties. The extent of fatty acid 
unsaturation in particular has been shown to alter mem- 
brane order and fluidity, thickness, domain size and 
stability, permeability, lipid phase and, through interac- 
tion with membrane proteins, even biochemical activity 
(9,18-22). Of particular interest to us is the long-chain w3 
fatty acid DHA (DHA, 22:6), which is one of the most un- 
saturated lipids in biological systems and is mainly found 
at specialized locations where it probably provides spe- 
cific, but as yet undefined, functions (9). Lower levels of 
DHA are found in most other membranes where its con- 
centration may be further enhanced through diet (23-25). 
It appears that  in membranes containing extremely high 
levels of DHA naturally, such as rod outer segment (26), 
sperm (27) and the gray matter of brain (28), DHA is found 
primarily in phosphatidylserine and phosphatidylethanol- 
amine (PE) (1). In contrast, dietary supplementation pro 
duces increased levels of DHA in other membranes and 
mainly as a component of PC and PE. 

The double bond effects, however, are not additive, and 
these changes may not necessarily be reflected in large 
alterations in general membrane "fluidity" Initially it was 
assumed that DHA-containlng phospholipids would ex- 
hibit significantly decreased phase transition tempera- 
tures compared to the less unsaturated phospholipid 
homologs and so would impart to membranes a substan- 
tial increase in fluidity. Surprisingly this was not found 
to be true. Deese et  al. (10) reported that 16:0/22:6 PC ac- 
tuaUy had a higher Tm (-3~ than did 16:0/16:1 PC 

FIG. 5. Permeability of erythritol of T27A cells fused with 2.0 mg/mL 
16:0/16:0 phosphatidylcholine (PC) (SHAM), 2.0 mglmL 18:0118:1 PC 
(18:1 MODIFIED)  or 0.5 mg/mL 18:0/22:6 PC, 2.0 mg (22:6 
MODIFIED)  expressed as the rate of cell swelling (d(1/A)/dt%) v s .  

fusion time. Insert: Lipid incorporation as 18:0/18:1 PC vesicles or 
18:0122:6 PC vesicles are fused with T27A tumor cells. Permeability 
measurements are the average of 10 runs with P < 0.001 at all t imes 
tested. 

(-IO~ Recently we observed that "fluidity" of DHA- 
containing PC membranes, as monitored by fluorescence 
polarization of 1,6-diphenyl-l,3,5-hexatriene and a series 
of anthroloxy stearic acid probes, is increased relative to 
PC membranes composed of saturated acyl chains (11). 
However, bilayers composed of PC containing stearic acid 
(18:0) in the sn-1 position and either oleic (18:1), aqinolenic 
acid (18:3) or DHA (22:6) in the sn-2 position have very 
similar "fluidities" This is in agreement with several 
studies that showed that accumulation of DHA in bio- 
logical membranes does not necessarily affect membrane 
fluidity (21). In contrast, Salem e t  al. (29) reported that 
DHA makes phosphatidylserine bilayers more "fluid" 
although other explanations for the results have been of- 
fered (9). The effect of DHA on membranes thus may be 
related to the polar head group of the phospholipid with 
which the fatty acid is associated. The results reported 
here involve membrane supplementation with DHA- 
containing PC and demonstrate that despite exhibiting 
fluidities typical of most unsaturated membranes, the 
DHA-enriched membranes have greatly enhanced 
permeabilities. 

Here we have chosen 18:0/18:1 PC as a fusable control 
lipid to compare with 18:0/22:6 PC. Our analysis of T27A 
tumor cell plasma membranes (Ehringer, W., and Stillwell, 
W., unpublished results) show 11.7% oleic acid and 
only 0.4% linolenic acid. We reason, therefore, that addi- 
tion of 18:0/18:1 PC will not severely alter the normal 
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FIG. 6. Release of sequestered ~XCr from Lipid modified T27A cells. 
The ceils (5 X 106) were incubated with 150/aCi of sodium (51Cr) 
chromate and fused with either 18:0/22:6 phosphatidylcholine (PC) 
(22:6 MODIFIED), 18:0/18:1 PC (18:1 MODIFIED) or no lipid 
(SHAM). The percentage of spontaneous release was determined by 
addition of detergent. Results are the mean values of three ex- 
periments. Statistically significant differences were tested by 
analysis of variance for A) 22:6/18:1 modified cells and B) 18:l/sham: 
A) P, 0.0001; B~ P = 0.1119. 

composition of T27A plasma membranes but will indicate 
if the process of membrane fusion causes membrane 
damage resulting in enhanced permeability. Although the 
small amount of tumor cells used in the experiments 
presented here precluded us from performing a direct lipid 
analysis on the T27A plasma membranes, we neverthe- 
less are convinced that the fused 18:0/22:6 PC resides at 
least in part with the cell surface (plasma) membrane We 
have shown that treatment of murine T-cen leukemia cells 
with 18:0122:6 PC lipid vesicles results in a dose-dependent 
change in epitope expression on a plasma membrane pro- 
tein (30). The most reasonable explanation of these data 
is that 18:0/22:6 PC fused with the plasma membrane, 
altered membrane structure and affected the expression 
of membrane proteins. The monoclonal antibodies used 
to detect epitope expression monitor events only at the 
plasma membrane Additionally, the increased expression 
of one epitope concurrently with decreased expression of 
another epitope on the same protein argues against an ef- 
fect of 18:0/22:6 PC on protein synthesis. 

Acyl chain composition of phospholipids has for years 
been known to greatly affect membrane permeability. In 
general, a direct relationship was found between the level 
of unsaturation and the magnitude of membrane per- 
meability (17,31}. If the studies on fat ty acids with 1, 2 
or 3 double bonds can be extrapolated to 6 double bonds, 
one would predict that DHA might produce extremely 
permeable membranes. In fact the rod outer segment 
membrane, which is known to be highly enriched in DHA 
(26), is also very permeable to Na + (32}. However, only a 
few reports on the direct effect of DHA on membrane 

permeability have actually appeared. Chow and Jondal 
(33) showed that  at high levels (50 taM or more in the 
bathing solution) free DHA increased ceil permeability 
to ~Cr. Since under normal physiological conditions free 
fatty acids are found only in trace amounts in membranes, 
this report does not address the role of DHA as it would 
normally be found in biological membranes. Burns and 
Spector (34-36) reported that dietary DHA make L1210 
murine ascites lymphoblastic leukemia ceils more per- 
meable to the anti-cancer drugs mitoxantrone and doxo- 
rubicin. These drugs are thought to cross cell membranes 
by diffusion through the lipid phase (34). The biochemical 
species containing DHA was not reported for these ex- 
periments. In the experiments reported here, we use two 
very different techniques, cell swelling in isomolar eryth- 
ritol and spontaneous release of sequestered ~lCr to 
directly confirm that  DHA esterified to the sn-2 position 
of PC enhances permeability of the tumor cell T27A. 

DHA has also been shown to increase permeability of 
well-defined phospholipid vesicles. Demel et  as (17) re- 
ported that  PC lipid vesicle permeability to glucose, 
erythritol and glycerol increased in proportion to the 
area]molecule of the membrane phospholipids. DHA in 
mixed chain PC produced a very permeable bilayer mem- 
brane in their system. Ehringer et  al. (11) confirmed these 
finding showing that 18:0/22:6 PC-containing vesicles were 
far more permeable to erythritol than were 18:0/18:3 PC 
vesicles. The experiments reported here agree with the 
previous reports that DHA incorporated into PC bilayers 
increases permeability. 

For several reasons we have chosen to add DHA as a 
mixed chain PC to tumor cells. Dietary DHA is known 
to readily accumulate in the sn-2 position of several 
phospholipids and mostly PC (23). The sn-1 chain of most 
PC is either palmitic acid (16:0) or stearic acid (18:0) (10). 
Therefore by fusing the tumor cell plasma membranes 
with 18:0122:6 PC, we are enriching the cells with DHA 
acylated to PC, as it would be found in most biological 
membranes. Although there is a large body of evidence 
that  DHA can have significant anti-tumor properties, 
there is little known about the possible mechanism of ac- 
tion. The experiments presented here indicate that the 
permeability of T27A ceils can be substantially enhanc- 
ed by accumulation of as little as 5% DHA into their 
membranes. It is also known that within a few weeks mice 
on dietary fish oils can increase the membrane levels of 
DHA to levels comparable to our permeability studies 
(34). Dietary experiments however can have serious inter- 
pretational drawbacks as the ratios of the various phos- 
pholipid types and other membrane components such as 
sterols may change as a function of the diet. Fusion ex- 
periments like those reported here alter the concentration 
of only a single membrane species and so data interpreta- 
tion is more direct. 

The increase in membrane permeability affected by 
DHA-containing PC reported here may be related to the 
well-documented anti-cancer properties of dietary fish oils. 
Kitada et  ai. (37) have reported that lipid mobilization in 
tumors is directed toward membrane synthesis and not 
energy production. We would therefore expect that DHA 
may accumulate faster in tumors than in the surrounding 
host tissues. The ensuing membrane perturbations caused 
by DHA could render the tumor more susceptible to anti- 
cancer drugs or to destruction by the immune system. 
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The effect of a hypercholesterolemic diet (HCD) on 
hyperlipemia and atherogenesis was investigated using 
normotensive Wistar/Kyoto rats (WKY), spontaneously 
hypertensive rats (SHR) and stroke-prone SHR (SHRSP), 
with systolic blood pressures increasing in that order. 
Feeding an HCD diet containing cholesterol, cholate and 
suet induced hypercholesterolemia in all the strains ex- 
m i n e d  as compared with a normal diet. The plasma 
cholesterol levels were significantly higher in WKY than 
in SHR and SHRSP fed the HCD diet. The HCD diet also 
induced hepatic fat deposition, particularly deposition of 
cholesteryl esters, a slight increase in aortic cholesterol 
deposition, and elevation of both monoenoiclsaturated 
fatty acid ratios and linoleate/araehidonate ratios in tissue 
lipids. The changes induced in the three strains by the 
HCD diet were not positively correlated with blood pres- 
sures. The HCD diet affected hepatic acyl-CoA~cholesterol 
acyltransferase and plasma lecithin~holesterol acyltrans- 
ferase activities differently in WKY and SHR which, in 
addition to the induction of A9 desaturase, may partly ac- 
count for the difference in the diet-induced changes in the 
fatty acid compositions of plasma cholesteryl esters. The 
results indicate that hypertension per se does not stimu- 
late the development of hypercholesterolemia and arterial 
cholesterol deposition induced by an HCD diet, sug- 
gesting that other factors are involved. 
Lipids 28, 109-113 (1993). 

Hypertension and hypercholesterolemia are generally 
recognized as risk factors for atherosclerosis. Accumula- 
tion of cholesteryl esters, particularly cholesteryl oleate, 
is a characteristic feature of atherosclerotic lesions (1-5). 
Monocyte-derived macrophages appear to play a key role 
in the atherogenic process (6), and most of the cellular 
cholesterol is assumed to be derived from plasma lipopro- 
teins. In rabbits, hyperlipemia and atherosclerosis are 
easily induced by atherogenic diets (7-12), but normal rats 
rarely develop atherosclerosis or arterial fat deposition 
even after long-term feeding of atherogenic diets. 

In contrast, spontaneously hypertensive rats (SHR) and 
stroke-prone spontaneously hypertensive rats (SHRSP) 
have been reported to rapidly develop hyperlipemia and 
ring-like arterial fat deposition when placed on an athero- 
genic diet (13-16). Therefore~ it is widely accepted that 
hypertension is a risk factor which stimulates cholesterol 

*To whom correspondence should be addressed at Department of 
Biological Chemistry, Faculty of Pharmaceutical Sciences, Nagoya 
City University, 3-1 Tanabedori Mizuhoku, Nagoya 467, Japan. 

Abbreviations: ACAT, acyl-CoA:cholesterol acyltransferase; Cho, 
cholesterol; ChoE, cholesteryl esters; FFA, free fatty acid; HCD, 
hypercholesterolemic diet; LCAT, lecithin: cholesterol acyltrans- 
ferase; ND, normal diet; PL, phospholipid; SHR, spontaneously 
hypertensive rats; SHRSP, stroke-prone spontaneously hyperten- 
sive rats; TG, triacylglycerols; WKY, Wistar/Kyoto normotensive 
control rats. 

infiltration into the arterial wall. However, our previous 
studies showed that plasma cholesterol levels were higher 
in normotensive Wistar/Kyoto rats (WKY) than in SHR 
fed a high cholesterol/cholate diet, and that arterial fat 
depositions were not detectable in either strain of rat (17). 
These discrepancies may have resulted from differences 
in the diets used. In the present study, we fed three strains 
(WKY, SHR, SHRSP) derived from Wistar rats the 
atherogenic diet reported to induce hypercholesterolemia 
and aortic fat deposition (13-16), and compared plasma, 
hepatic and aortic lipids. The systolic blood pressure 
decreased in the order SHRSP, SHR and WKY (18,19). 
Acyl-CoA:cholesterol acyltransferase (ACAT) and 
lecithin:cholesterol acyltransferase (LCAT) activities also 
were measured to gain some insight into the mechanism 
which lead to the production of different molecular species 
of cholesteryl esters in SHR and WKY. 

MATERIALS AND METHODS 

[1,2-3H]Cholesterol and [9,10-3H]oleic acid were pur- 
chased from New England Nuclear (Boston, MA). Radio- 
labeled and nonlabeled oleoyl-CoA were prepared by a 
modification of Seubert's procedure (20) as described 
elsewhere (21). Male SHR and WKY rats were obtained 
from Charles River of Japan (Kanagawa, Japan). SHRSP 
were kindly provided by Prof. Kozo Okamoto, Kinki 
University School of Medicine (Osaka, Japan). At 8 wk 
of age, these rats were fed ad l i b i t u m  for up to 8 wk either 
a conventional diet (CE-2; Nippon Clea Co. Ltd., Tokyo, 
Japan) or a CE-2 diet supplemented with 5% cholesterol, 
2% cholate, 20% suet and 1% mixed vitamins (hyper- 
cholesterolemic diet, HCD), which was prepared as 
described by Yamori e t  al. (14). The CE-2 diet contained 
(by weight): 24.9% protein, 4.5% fat, 7.5% minerals, 4.1% 
fiber and 50.2% non-nitrogenous compounds. The major 
fatty acid constituents of the CE-2 diet were linoleate 
(50.6%), oleate (21.9%), palmitate (14.9%) and a-linolenate 
(3.9%). Major fatty acids of the suet were oleate (46.5%), 
palmitate (23.2%), stearate (17.5%), palmitoleate (4.1%), 
linoleate (4.1%) and a-linolenate (0.3%). 

Tail systolic blood pressure was measured at around 
10:00 a.m. by the plethysmographic tail method with an 
apparatus produced by Natsume Co. (Tokyo, Japan). The 
rats were sacrificed after fasting for 17 h. Blood was 
sampled from the abdominal vein, and was centrifuged 
to separate plasma. Livers and aortas were excised. The 
attached fat tissues were removed from abdominal and 
thoracic aortas under a microscope. Samples were kept 
frozen at -80~ Lipids were extracted with chloro- 
form]methanol according to the method of Bligh and Dyer 
(22), and then chromatographically separated on silica gel 
plates (Merck 60, Merck, Darmstadt, Germany) which 
were prewashed with the developing solvent. Petroleum 
hydrocarbon (b.p. 35~60~ ether/acetic acid 
(80:30:1, by vol) was used as developing solvent for 
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separating neutral lipids from phospholipids. Fa t ty  acids 
of the separated fractions were analyzed as methyl esters 
by gas-liquid chromatography using heptadecanoic acid 
as internal standard. Cholesterol was quantified by gas- 
liquid chromatography as trimethylsilyl ether using 5a- 
cholestane as internal s tandard (23). 

Rats were fasted for 16 h before preparing subcellular 
fractions according to the method described by Eibl e t  al. 
(24). Protein was determined by the method of Lowry et  aL 
(25)..&CAT activity was determined essentially as de- 
scribed by Lichtenstein and Brecher (26). The assay mix- 
ture contained 2 mM dithiothreitol, 0.1 M sodium phos- 
phate (pH 7.4), 60 ~g of microsomal protein, 16.5 ~M 
[3H]oleoyl-CoA (100,000 cpm]nmol) and 16.5 ~M bovine 
serum albumin, all in a total volume of 0.2 mL. The assay 
mixture was preincubated for 5 min without microsomal 
protein. Incubations were started by adding enzyme and 
were performed with vigorous shaking at 37 ~ for 2 min. 
ACAT activity was determined by following the produc- 
tion of cholesteryl [3H]oleate. LCAT was assayed by the 
method of Albers e t  al. (27). Cholesterol and cholesteryl 
esters were separated by silica gel thin-layer chromatog- 
raphy using petroleum ether/diethyl ether/acetic acid 
(80:30:], by vol) as solvent. Student 's  t-test was used for 
statistical analysis. 

RESULTS 

Body weights, liver weights and blood pressures are sum- 
marized in Table 1. Feeding the HCD for 8 wk induced 
slight weight losses, which were the largest in the SHR 
strain. The test  diet did not affect the blood pressure of 
any of the strains. Liver weights were about twofold 
higher in the HCD groups than in the normal diet (ND) 
groups. In the HCD groups, the faded liver color was 
typical of tha t  of fa t ty  liver. Aortas were stained by oil 
red O, but  no fat depositions were noted in all the strains 
fed the hypercholesterolemic diet (data not  shown). 

The plasma lipid levels are compared in Figure 1. In the 
ND groups, the plasma lipid levels, and particularly the 
phospholipid and cholesteryl ester levels, were the highest 
in WKY followed by SHR, and then by the SHRSP strain. 
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FIG. 1. Effect  of a hypercholesterolemic diet on plasma lipid levels. 
Rats were fed the test  diets for 8 wk from 8 wk of age. After fasting 
overnight, rats were sacrificed, and lipids were extracted from plasma 
with chloroform/methanol. Individual lipid classes were separated 
by a silica gel thin-layer chromatography and quantitated as de- 
scribed in the text.  Cholesterol ester (ChoE), cholesterol (Cho), 
triacylglycerol r free fatty  acid (FFA) and phospholipid (PL) were 
determined. Normal diet group (ND, El) and hypercholesterolemic 
diet group (HCD, , )  in WKY, S H R  and S H R S P  were determined. 
Averages of determinations for three rats in each group (+_SD) are 
presented. Statist ical  significance is shown as ** (P<0 .01)  or 
* (P < 0.05) for the comparison of ND and hypercholesterolemic diet 
groups, a (P < 0.01) or b (P < 0.05) for the comparison of WistarfKyoto 
normotensive control rats (WKY) and other strains, and c (P < 0.01) 
or d (P < 0.05) for the comparison of spontaneously hypertensive rats 
(SHR) and stroke-prone SHR (SHRSPk 

Plasma cholesterol, cholesteryl ester and phospholipid 
levels were elevated >3-fold, >l.9-fold and >l.4-fold, respec- 
tively, in the HCD groups as compared with the ND 
groups. The levels of total cholesterol in the HCD groups 
were 2.1-fold higher in WKY, 2.9-fold higher in SHR and 
3.9-fold higher in SHRSP than in the ND groups. The dif- 
ference between the ND groups and the HCD groups was 
the largest in SHRSP, but  the total plasma cholesterol 
levels were the highest in WKY in both  dietary groups. 

TABLE 1 

Effect  of a Hypercholesterolemic Diet on Body Weight,  Liver Weight,  Blood Pressure, ACAT Act iv i ty  and LCAT Act iv i ty  a 

Rat Body weight Liver weight Blood pressure ACAT LCAT 
strain Diet (g) (g) ( m m H g )  (nmol/min/mg protein) (nmol]ldmL) 

WKY ND 307 +- 9 10.5 +_ 0.5 108 + 2 0.16 +_ 0.03 17.6 4" 0.4 
HCD 293 4-_ 9 19.3 + 1.5 b 105 +_ 10 0.84 __ 0.09 b 10.7 4- 1.0 b 

SHR ND 316 4- 4 12.0 4" 1.9 184 __+ 6 c 0.27 + 0.08 14.8 _+ 1.0 c 
HCD 263 _+ lOb, d 20.5 + 0.7 b 164 + 16 c 0.84 +_ 0.12 b 16.8 ___ 2.2 c 

SHRSP ND 256 __- lOC, e 10.6 + 2.2 209 + 12c, f n.d. n.d. 
HCD 228 +_- l lg ,  c,f 20.1 + 2.7 b 201 +__ 17c, f n.d. n.d. 

aMale rats at 8 wk of age were fed a normal diet {ND) or a hypercholesterolemic diet (HCD) for 8 wk. Hepatic microsomal acyl-CoA:cholesterol 
acyltransferase (ACAT) activity was determined using [9,10-3H]oleoyl-CoA, and plasma lecithin:cholesterol acyltransferase (LCAT) ac- 
tivity was assayed using [1,2-3H/cholesterol. Averages of determinations (+-SD) for 3 rats are presented. Statistical significance in Stu- 
dent's t-test is shown as' superscript b (P < 0.01) or superscript g (P < 0.05) for the comparison of ND and HCD groups, superscript 
c (P < 0.01) or superscript d (P < 0.05) for the comparison of Wistar/Kyoto normotensive control rats (WKY) and other strains, and 
superscript e (P < 0.01) or superscript f (P < 0.05) for the comparison of spontaneously hypertensive rats (SHR) and stroke-prone spon- 
taneously hypertensive rats (SHRSP); n.d., not determined. 
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Thus, the blood pressure and the total plasma cholesterol 
level were not positively correlated between the three 
strains of rats. 

The amount of total cholesterol in whole plasma and 
whole liver were comparable in the ND groups (Fig. 2). 
Feeding HCD markedly increased total cholesterol in 
livers of all three strains; the increases were 120-fold in 
WKY, 150-fold in SHR and 160-fold in SHRSP. In spite 
of these tremendous increases in liver cholesterol, the total 
plasma cholesterol levels changed relatively little sug- 
gesting that secretion of hepatic cholesterol is suppressed 
in the HCD groups. The hepatic FFA and TG levels in- 
creased about twofold, but the PL levels were relatively 
unchanged in the HCD groups of the three strains (data 
not shown). 

In the preparation of aortic tissues for lipid analysis, 
great care was taken to remove the surrounding fat tis- 
sues. Then, the levels of aortic phospholipid (PL), triacyl- 
glycerol (TG), free fatty acid (FFA), cholesterol and 
cholesteryl ester were determined. In the ND groups, the 
basal lipid levels were similar among the three strains. 
Feeding the HCD increased the aorta cholesterol levels 
slightly (Fig. 3); the level tended to be higher in WKY than 
in SHR and SHRSP. Again, the aortic cholesterol levels 
showed no positive correlations with the blood pressures 
in the three strains of rats. 

Feeding the HCD induced a striking change in the fatty 
acid compositions of plasma and hepatic cholesteryl esters 
as noted previously (17). Fatty acid compositions of 
hepatic cholesteryl esters from WKY and SHR strains are 
shown in Figure 4A. The proportions of monoenoic fatty 
acids, especially octadecenoate" increased while those of 
saturated fatty acids, linoleate and arachidonate con- 
comitantly decreased in both strains fed HCD. We pre- 
viously reported that most of the octadecenoate was the 
A9 isomer, oleate (17). Similar changes induced by HCD 

P l a s m a  L i v e r  

, ] , ~  i 1 i 

,~176 

(SHR) 

[SHRSP) 

6o 4o 2o o o lOO ,coo zooo 3ooo 

Total Cholesterol Contents (mg/rat) 

FIG. 2. Effect of a hypercholesterolemic diet on plasma and hepatic 
cholesterol contents. Cholesterol (Cho) and cholesteryl ester (ChoE) 
in plasma and liver were quantitated as described in the text. Plasma 
volume was assumed to be 4% of the body weight. Averages of deter, 
minations (-t-SD) for three rats are presented. Statistical significance 
is shown as ** (P < 0.01) or * (iv < 0.05) for the comparison of WKY 
and other strains, and c (P < 0.01) or d (P < 0.05) for the comparison 
of SHR and SHRSP. Abbreviations as in Figure I. 
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FIG. 3. Effect  of a hypercholesterolemic diet on aortic cholesterol 
levels. Abdom|n~ll and thoracic aortas were freed of surrounding fat  
tissues under a microscope. Lipids were extracted and quanti tated 
as described in the legend to Figure 1. Averages of determinations 
(___SD) for three rats are presented. Statistical significance is shown 
as ** (P < 0.01) for the comparison of ND and HCD groups, and b 
(P < 0.05) for the comparison of WKY and other strains. Abbrevia- 
tions as in Figure 1. 
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FIG. 4. Effect  of a hypercholesterolemic diet on the fa t ty  acid pat- 
tern of hepatic and plasma cholesteryl esters. Only the major fa t ty  
acids are presented. Fat ty  acids are designated by carbon chain 
length:number of double bond, and the n~  or n~  represents the posi- 
tion of the first  double bond numbered from the methyl terminus. 
[-], Normal diet group ( N D ) ; . ,  hypercholesterolemie diet group 
(HCD). Averages of determinations (-t'SD) for three rats are 
presented. Statistical significance is shown as ** (P<0.01) or 
* ( P <  0.05) for the comparison of ND and HCD groups, and a 
(P < 0.01) or b (P < 0.05) for the comparison of WKY and SHR. Ab- 
breviations as in Figure I. 

were also observed in other lipid classes, PL, TG and FFA. 
As a whole, the fat ty acid patterns of hepatic cholesteryl 
esters were similar among the three strains of the ND 
groups, and HCD-induced changes also were similar 
among the three groups. These changes are possibly due 
to increased A9 desaturase activities (17,28) and to the im- 
pairment of elongation-desaturation activities in the for- 
mation of arachidonate from linoleate (17). 

The major fatty acid compositions of plasma cholesteryl 
esters from WKY and SHR strains are shown in Figure 
4B. Plasma cholesteryl esters contained relatively more 
arachidonate than did hepatic cholesteryl esters possibly 
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as a consequence of the LCAT reaction. The HCD feeding 
induced changes in the proportions of fat ty acids 
qualitatively similar to those seen in hepatic cholesteryl 
esters; an increase in monoenoic fatty acids and a decrease 
in arachidonate were observed in both strains. Quan- 
titatively, however, these changes were significantly less 
in SHR than in WKY. The fatty acid compositions of 
plasma lipids of SHRSP were similar to those of WKY 
(data not shown). 

The molecular species of cholesteryl esters are thought 
to be produced mainly through the actions of LCAT in 
plasma and of ACAT in liver and intestine Plasma LCAT 
and hepatic ACAT are considered to be particularly im- 
portant in determining the molecular species of plasma 
cholesteryl esters in fasted rats. In the ND groups, the 
ACAT and LCAT activities were roughly similar in WKY 
and SHR. HCD-feeding increased the ACAT activities 
fivefold in WKY, and threefold in SHR. In contrast, dif- 
ferent responses of LCAT activities to HCD-feeding were 
observed; LCAT activity significantly decreased to 60% 
in WKY, and increased in SHR (Table 1). These differences 
in the responses of ACAT and LCAT to the dietary 
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FIG. 5. Effect  of a hypercholesterolemic diet on linolcate 
(18:2)/arachidonate (20:4) ratios of cholesterol esters and phospholipid 
in plasma and liver. Open symbols  and closed symbols  indicate the 
normal diet group (ND) and the hypercholesterolemic diet group 
(HCD), respectively. Averages of determinations (+---SD) for three rats 
are presented. Statist ical  significance is shown as ** (P < 0.01) or 
* (P < 0.05) for the comparison of ND and HCD groups, a ( P <  0.01) 
or b (P < 0.05) for the comparison of W K Y  and other strains, and 
c (P < 0.01) or d (P < 0.05) for the comparison of SHR and SHRSP. 
Abbreviations as in Figure 1. 

changes appear to be consistent with the differences in 
the fatty acid patterns of plasma cholesteryl esters in 
WKY and SHR, because arachidonate is considered to be 
esterified preferentially v i a  LCAT (32,36-39). The HCD- 
induced changes in the linoleateJarachidonate ratios of 
plasma and hepatic PL and cholesteryl esters (ChoE) were 
compared in the three strains (Fig. 5). 

The increases in the linoleate/arachidonate ratios in- 
duced by HCD-feeding were seen in all strains, particu- 
larly in plasma and hepatic cholesteryl ester fractions, 
although the increase in the linoleateJarachidonate ratio 
of plasma cholesteryl esters was significantly less in SHR 
than in the other two strains. 

DISCUSSION 

SHR derived from the Wistar strain (WKY) are widely 
used as a model of hypertension. The SHRSP derived 
from SHR (29) have the highest blood pressure among rat 
strains and die mostly of cerebral bleeding (30). Some 
groups have reported that SHR develop hypercholes- 
terolemia more easily than conventional strains when fed 
atherogenic diets (13,31); moreover, ring-like fat deposi- 
tions were noted in SHR and SHRSP strains, but not in 
the normotensive WKY strain (15,16). However, the 
results obtained in the present experiments, as well as 
those of our previous study (17), are inconsistent with the 
results reported by others. Different methods used in dif- 
ferent laboratories for the assay of cholesterol may be 
responsible for some of the inconsistent results. The 
plasma cholesterol and aortic cholesterol levels were the 
highest in WKY among the three strains fed the HCD. 
In contrast, the hepatic cholesterol contents were higher 
in SHR and SHRSP than in WKY. Therefore, there may 
be differences among WKY, SHR and SHRSP: (i) in the 
synthesis of lipoproteins and secretion from liver; (ii) in 
the synthesis of bile acid; and/or (iii) in the re-uptake of 
lipoproteins into liver. Although the enzymatic basis for 
inducing these differences in cholesterol metabolism re- 
mains to be elucidated, we conclude that  hypertension 
does not stimulate hypercholesterolemia or fat deposition 
in the aorta induced by atherogenic diets. 

The fat ty acid compositions of hepatic and plasma 
cholesteryl esters changed substantially when rats were 
fed HCD. The increases in the proportions of oleate and 
in the linoleateJarachidonate ratios are interpreted to be 
due to elevated A9 desaturase activity to form oleate 
(32,33) and decreased elongation-desaturation activity 
(33). Although these changes in hepatic lipids were com- 
mon to all the strains examined, the changes in plasma 
cholesteryl esters were significantly less in SHR than in 
WKY and SHRSP (Figs. 4 and 5). ACAT is known to be 
relatively specific for monoenoic, saturated and dienoic 
acyl-CoA (34-36), while LCAT is specific for arachidonate 
and linoleate, which are enriched in the 2-position of 
phosphatidylcholine (32,36-39). The relatively lower lino- 
leate/arachidonate ratio of plasma cholesteryl esters 
observed in SHR, but not in WKY or SHRSP (Fig. 5), may 
be attributed to the difference in the relative activities 
of ACAT and LCAT, because the proportions of arachi- 
donate in plasma phosphatidylcholine were very small 
among the three strains (Fig. 5, and data not shown). In 
fact, the LCAT/ACAT activity ratio was significantly lower 
in WKY than in SHR fed HCD diets, which could account 
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for p a r t  of t h e  d i f ferences  o b s e r v e d  in t h e  l inoleate /ara-  
ch idona te  ra t ios  of p l a s m a  choles te ry l  es te rs  in W K Y  and  
SHR.  

A l t h o u g h  S H R S P  a n d  S H R  were d e r i v e d  f rom WKY, 
a n d  t h e  b lood  p re s su re  dec reases  in t he  o rde r  of 
S H R S P  > S H R  > WKY, n e i t h e r  p l a s m a  l ip id  levels nor  
H C D - i n d u c e d  hyper l ip idemia ,  nor  aor t i c  l ip id  depos i t ion ,  
no r  t he  l ino lea te /a rach idona te  r a t io  of p l a s m a  cho les te ry l  
es ters  para l le led  the  b lood pressures  measu red  in the  three  
s t ra ins .  Our  d a t a  s u g g e s t  t h a t  in r a t s  h y p e r t e n s i o n  p e r  se  
does  n o t  p r o m o t e  t he  d e v e l o p m e n t  of h y p e r l i p e m i a  or  
a r t e r i a l  f a t  d e p o s i t i o n  i n d u c e d  b y  t h e  a the rogen ic  diet .  
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The Relationship Between Fatty Acid Peroxidation and  .Tocopherol 
Consumption in Isolated Normal and Transformed Hepatocytes 
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The response of normal and transformed rat hepatocytes 
to oxidative stress was investigated. Isolated normal rat 
hepatocytes  and differentiated hepatoma cells (the Fao 
cell line was derived from the Reuber H 35 rat hepatoma) 
in suspension were incubated with the ADP/Fe 3+ chelate 
for 30 min at 37~ Membrane lipid oxidation was as- 
sessed by measuring (i) free malondialdehyde (MDA) pro- 
duction by a high-performance liquid chromatography 
(HPLC) procedure, (ii) membrane fatty acid disappearance 
as judged by capillary gas chromatography, and (iii) a- 
tocopherol oxidation as determined by HPLC and elec- 
trochemical detection. The addition of iron led to in- 
creased MDA production in normal as well as in trans- 
formed cells, and to simultaneous consumption of polyun- 
saturated fat ty  acids (PUFA) and a-tocopherol. In addi- 
tion, in Fao cells more a-tocopherol was consumed dur- 
ing lipid peroxidation while less PUFA was oxidized. 
Lipid peroxidation was lower in tumoral hepatocytes than 
in normal cells. This could be due to a difference in mem- 
hrane lipid composition because of a lower PUFA content 
and a higher a-tocopherol level in Fao cells. During ox- 
idation, Fao cells produced 1.5 to 2 times less MDA than 
normal cells, while in the tumoral cells the amount of ox- 
idized PUFA having 3 or more double bonds was 7 to 8 
times lower. Therefore, measuring MDA alone as an index 
of lipid peroxidation did not allow for proper comparison 
of the membrane lipid oxidizability of transformed cells 
vs. the membrane lipid oxidizability of normal cells. 
Lipids 28, 115-119 (1993). 

Several disorders, including idiopathic hemochromatosis, 
can lead to excess iron deposition in tissues, especially in 
the liver (1,2). Excess hepatic iron causes cellular injury 
with resultant fibrosis and cirrhosis (3). In addition, 
chronic iron overloading causes an increased risk of hepa- 
tocellular carcinoma (4). The pathophysiological mech- 
anisms of hepatocellular injury due to iron overloading 
are unknown. Free radical iron-induced oxidative stress 
resulting in membrane lipid peroxidation is a potential 
mechanism of cellular injury during an iron overload (5-8). 
In vitro studies have shown that iron can enter both nor- 
mal and transformed hepatocytes (9). Generally, tumoral 
cells are highly resistant to lipid peroxidation, and their 
proliferation index correlates directly with their resistance 
to lipid peroxidation inducers (10). One of the possible 
reasons for the low level of lipid peroxidation is a decrease 
in unsaturated fatty acids, the main targets of lipid 

*To whom correspondence should be addressed at the Faculty of 
Pharmacy, Cellular Biology and Botany Laboratory, 35043 Ren- 
nes Cedex, France. 

Abbreviations: ADP, adenosine diphosphate; BHT, butylated 
hydroxytoluene; FA, fatty acid; FAME, fatty acid methyl ester; GC, 
gas chromatography; HPLC, high-performance liquid chromatog- 
raphy; MDA, malondialdehyde; PUFA, polyunsaturated fatty acid; 
SDS, sodium dodecyl sulfate. 

oxidation and an increase in lipid antioxidant content, pap 
ticularly with regard to vitamin E (11,12). Lipid peroxi- 
dation is mainly estimated by measuring malondialdehyde 
(MDA), a by-product of polyunsaturated fatty acid 
(PUFA) peroxidation (13,14). 

The aim of this study was to compare the response of 
normal rat hepatocytes and of a Fao cell line to oxidative 
stress induced by iron. Fao cells are derived from the 
Reuber H 35 rat hepatoma and are characterized by a slow 
rate of growth (15). They express most of the liver-specific 
functions. Lipid peroxidation was estimated by free MDA 
production. Furthermore the disappearance of individual 
membrane fatty acids was followed as was simultaneous 
a-tocopherol oxidation. 

MATERIALS AND METHODS 

Reagents. Fatty acid methyl ester (FAME) standards and 
1,1,3,3-tetramethoxypropane were purchased from the 
Sigma Chemical Company (St. Louis, MO). orTocopherol, 
tocol, sodium dodecyl sulfate (SDS) and butylated hy- 
droxytoluene (BHT) were supplied by the Merck Chemi- 
cal Company (Darmstadt, Germany) and adenosine di- 
phosphate (ADP) by Boehringer Mannheim (Mannheim, 
Germany). Ferric sulfate, disodium hydrogen phosphate, 
chloroform, ethanol, acetic acid and methanol were ob- 
tained from Carlo Erba (Milan, Italy). n-Heptane [high- 
performance liquid chromatography (HPLC) grade] was 
provided by Rathburn Chemicals (Walkerburn, Scotland). 

Isolation of hepatocytes. Normal rat hepatocytes were 
isolated from two-month-old Sprague-Dawley male adult 
rats by cannulating the portal vein and perfusing the liver 
with a collagenase solution, as previously described (16). 
The cells were collected in Leibovitz medium containing 
1 mg bovine serum albumin and 5 ~g bovine insulin per 
mL. The cell suspension was filtered through gauze and 
allowed to sediment for 20 min in order to eliminate cell 
debris, blood and sinusoidal cells, and the cells were 
washed three times by centrifugation at 150 • g, and 
counted. The hepatocytes were then suspended for 15 rain 
in a mixture composed of Eagle's minimum essential 
medium (75%) and medium 199 (25%) with Hank's salts; 
the mixture contained (per mL) kanamycin (50 ug), strep- 
tomycin (50 ~g), penicillin (7.5 IU), bovine insulin (5/~g), 
bovine serum albumin (I mg) and NaHCO3 (2.2 rag). 
Viability was at least 90% as determined by trypan blue 
exclusion. 

Fao cells were plated in 75-cm 2 Nunclon | flasks. The 
cells were grown at 37~ to confluency using the same 
medium as above but supplemented with fetal calf serum 
(10%). 

Just  before the experiment, the culture medium was 
discarded, and Fao cells were collected from the culture 
and suspended in phosphate buffer (0.01 M, pH 7.45). 
Similarly, in normal bepatocyte suspensions, the culture 
medium was replaced by the same phosphate buffer. 
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For experimental purposes, each cell suspension (30 X 
10 ~ hepatocTtes or Fao cells} was maintained in the pres- 
ence of an ADP/Fe 3+ system in order to obtain final 
20 mM ADP and 85 uM or 170 gM iron concentrations. 
Each sample with ADP/Fe 3+ was compared to control 
suspensions without supplementation. Samples and con- 
trols were then incubated at 37~ for 30 min. 

Estimation of free MDA. Lipid peroxidation was esti- 
mated by an increase in free MDA which was measured 
by HPLC according to an previously described method 
(17). The HPLC system (LDC, Milton Roy, Riviera Beach, 
FL) was equipped with a Spherogel-TSK G 1000 PW size 
exclusion column measuring 7.5 mm i.d. X 30 cm (Clu- 
zeau, France). The eluant was composed of 0.1 M disodium 
phosphate buffer, pH 8, and was run at a flow rate of 
1 mL/min at ambient temperature Absorbance was moni- 
tored at 267 nm, and sensitivity was set at 0.05 AUFS. 
Samples were injected using an automatic injector (LDC 
Promis, Milton Roy) set at a volume of 250 gL. The data 
were recorded and integrated with a CI 3000 LDC 
integrator. 

The free MDA standard solution was prepared by 
hydrolysis of 5 ~L of 1,1,3,3-tetramethoxypropane in 5 mL 
of 0.1 N HC1 for 5 rain in a boiling water-bath. A one-to- 
thousand dilution of the solution was prepared in 0.01 M 
phosphate buffer, pH 7.45 corresponding to a 6 ~M MDA 
solution. The MDA concentration in samples was calcu- 
lated based on a standard free-MDA curve. 

After the hepatocytes had been incubated with iron, the 
cells were lysed at 0~ using an ultrasonic homogenizer. 
An aliquot was filtered through a 500-dalton membrane 
ultrafilter (Millipore" Saint Quentin, France) in a 10-mL 
(Amicon, Lexington, MA) cell pressurized to four bars 
with nitrogen gas. Tw~hundred fifty p_L of the ultrafiltrate 
obtained was injected into the HPLC system. An aliquot 
of the lysed solution was used to determine protein con- 
tent according to Bradford (18) using the Bio-Rad {Paris, 
France} protein assay reagents and bovine serum albumin 
as standard. A Cobasbio {Roche. Neuilly Seine. France} 
automatic analyzer was utilized for this purpose. 

Lipid analysis. An aliquot of the lysed hepatocyte 
suspension was used for the extraction of lipids by the 
SDS method (19). Lipids were extracted with a mixture 
of heptane, ethanol and an aqueous SDS solution with a 
concentration of 100 ~M (2:2:1, by vol). The upper layer 
(heptane) containing the lipids was used for fatty acid (FA) 
and a-tocopherol measurements. 

Fatty acids were analyzed by capillary gas chromatog- 
raphy (GC) of the methyl esters. The transesterification 
reaction was carried out according to Christie {20}. An ali- 
quot of the lipid extract, which contained heptadecanoic 
acid as internal standard, was evaporated to dryness and 
redissolved in anhydrous methanolic 0.5 M sodium meth- 
oxide. The mixture was reflux-heated to 50~ for 20 rain. 
FAME were then extracted and redissolved in ethanol. 

FAME were analyzed on a Packard 439 GC instrument 
(Palo Alto, CA) equipped with a flame ionization detec- 
tor using the on-column injection mode. The capillary 
column was a Carbowax 20 M (25 m X 0.25 mm i.d.} 
(Cluzeau, France}. The carrier gas was hydrogen at a flow 
rate of 2 mL/min. The temperature was programmed from 
60 ~ to 214~ at 6~ for 20 min, 0~ for 10 min, 
4~ for 10 rain, 0~ for 5 rain, then 4~ to 
214~ Samples of 0.3 ~L of the ethanolic FAME solution 

were directly injected into the chromatograpl~ The FAME 
concentration in samples was calculated using standard 
curves obtained on standard solutions. 

a-Tocopherol was measured by HPLC using electro- 
chemical detection. An aliquot of the lipid extract, con- 
taining tocol (500 ng/mL) as an internal standard, was 
evaporated to dryness, redissolved in the mobile phase and 
injected into the HPLC instrument {LDC, Milton Roy) 
equipped with a 250 mm X 4.3 turn ODS CIs (5/~rn) col- 
umn (Sopares, France}. The mobile phase consisted of 
methanol and a 6% aqueous potassium nitrate solution 
(2 g/L). The flow rate was 0.8 rnL/min; a-tocopherol was 
detected with an electrochemical detector (ESA, Coulo- 
chem model 5100 A, Sopares, France} set at +0.4 V. 

Statistics. All experiments were performed in triplicate. 
Results are expressed as mean _+ SEM, and statistical dif- 
ferences were analyzed by Student's t-test. 

RESULTS 
Examination of fatty acids before and after lipid perox- 
idation. Before lipid peroxidation was induced, the mem- 
brane FA composition of normal hepatocytes and Fao cells 
were measured (Table 1). The FA profiles of normal rat 
hepatocytes were similar to those reported previously 
(21,22). A high percentage (14%} of 22:6 was found in our 
study, but variable values are reported in the literature 
(23). Fao cells showed a pronounced decrease {64%) in FA 
content, and a parallel decrease (70%} in PUFA level. The 
FA distribution of Fao cells was different from that of nor- 
real hepatocytes. The percentages of saturated FA, 16:0 
and 18:0, were decreased, whereas 18:1 showed a 4-fold in- 
crease A change in PUFA distribution was also noted, 
except for 20:4 the percentage of which remained un- 
changed. The 20:2 level was greatly increased, whereas 
18:2 was detected only in trace amount, and the 22:6 level 
was reduced by half. 

After 30 min of incubation in the presence of iron, a 
significant PUFA loss was noted in normal hepatocytes 
and a lesser loss in Fao cells (Table 2). PUFA oxidation 
was 7 to 8 times lower in Fao cells as compared to normal 
hepatocytes (Table 3). The extent of PUFA oxidation in- 
creased with the degree of FA unsaturation and the iron 
concentration (Table 2). No appreciable oxidation was 
detected in saturated and unsaturated FA in both normal 
and tumoral hepatocytes. 

Free MDA as an index of membrane lipid peroxidation. 
In the absence of iron, both normal and tumoral cells (Fao) 
exhibited a basal level of free MDA (Table 3). Induction 
of lipid peroxidation by chelated iron brought about an 
increase of free MDA, depending on the iron concentra- 
tion {Table 3). Fao cells produced 1.5 to 2 times less free 
MDA than did normal cells under the same conditions. 

The ratio between the production of MDA and the con- 
sumption of PUFA (having three or more double bonds} 
was 11 and 44% for normal and tumoral cells, respectively, 
independent of the iron concentration. The ratio was 
therefore not linked to the degree of lipid peroxidation 
{Table 3). In normal cells, values of 8-12% in regard to 
MDA]PUFA ratio are common {14,23}. This ratio was stm 
prisingly high (44%} in Fao cells despite a low level of n-3 
PUFA which are considered the major source of MDA pro- 
duction in the course of lipid peroxidation {24}. 

Measurement of a-tocopherol before and after lipid perox- 
idation. Fao cells contained a higher level of a-tocopherol 
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than did normal hepatocytes. Most workers have observed 
an increase in a-tocopherol content in tumor cells (25,26). 
The a-tocopherol]PUFA ratio was 10 times higher in Fao 
cells (1/300) than in normal hepatocytes (1/3000). PUFA 
peroxidation was accompanied by a rapid decrease in a- 
tocopherol content, especially in Fao cells which showed 
a disappearance of a-tocopherol of about 50% after 30 min 
of lipid peroxidation induced by both concentrations of 
iron (Table 2). In normal cells, a-tocopherol oxidation was 
lower than in Fao cells and increased with iron concen- 
trations (Table 2). 

DISCUSSION 

The susceptibility to iron-induced lipid peroxidation in 
normal and transformed (Fao cell line) rat hepatocytes was 
investigated. Isolated hepatocytes in suspension proved 
to be a useful model for the study of cellular response to 
oxidative stress because the model allowed us to look into 
various events which influence lipid peroxidation, espe- 
cially in regard to cell defense. In v i tro  studies of iron- 
induced lipid peroxidation have employed various iron 
complexes {27,28}. In the present work the ADP/Fe 3+ 
system was used because it is one of the iron complexes 
that most readily enters cells (29,30). 

It is clear from the results reported in this study that 
there are marked differences in response to iron-induced 
lipid peroxidation between normal and transformed 
hepatocytes. Two indices of lipid peroxidation were used: 
oxidation of PUFA and free MDA production, the latter 
of which has been reported to be a more accurate index 
of lipid peroxidation than is the thiobarbituric acid reac- 
tive substance test (31). Yet, iron chelates catalyze the 
breakdown of PUFA hydroperoxides having three or more 
double bonds (14) and can also catalyze the degradation 
of amino acids, sugars and DNA to yield MDA (32). This 
latter oxidative degradation is not inhibited by antiox- 
idants (33). Morel et  al. (17) recently reported that, in the 
presence of iron, free MDA was completely reduced by the 
addition of a-tocopherol, a lipid antioxidant. Therefore, it 
is likely that under experimental conditions, free MDA 
resulted mainly from PUFA hydroperoxide breakdown. 

Both lipid peroxidation indices were lowered in the Fao 
cells which exhibited greater resistance to lipid peroxida- 
tion compared to normal hepatocytes. Using the MDA 
index, lipid peroxidation could be estimated as 1.5 to 2 
times lower in Fao cells. Using the other index, MDA- 
yielding oxidized PUFA, lipid peroxidation was 7 to 8 
times lower in tumor cells. The MDA/oxidized PUFA ratio 
was abnormally high (44%) in Fao cells as compared to 
normal hepatocytes (11%). This difference may be ex- 
plained by an increase in free MDA levels which could be 
due to: (i) changes in the breakdown pathways of lipid 
peroxides in Fao cells; the MDA production pathway may 
theoretically be increased compared to other aldehydic 
pathways; (ii) bound MDA to cellular materials, such as 
proteins (34), may possibly be decreased and the free MDA 
fraction measured in this study would increase; (iii) MDA 
metabolism may be reduced due to a decrease or a lack 
of activity in aldehyde dehydrogenases in tumoral cells 
(35). Thus, MDA as a marker of lipid peroxidation may 
lead to an overestimation of tumoral cell oxidizability. 

Resistance to oxidative stress is a common feature of 
many tumoral cells (36-38). Among possible mechanisms 
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TABLE 3 

Free MDA Production and PUFA a Disappearance in Normal and Tumoral Cells During Iron-Induced Lipid Peroxidation 

Free MDA b PUFA a disappearance b 
Iron (nmol/mg protein) (nmol/mg protein) 
(~M) N c T c N c T c 

MDA:PUFA a 
disappearance (%) 

N c T c 

0 2.4 +_ 0.1 1.0 +_ 0.1 -- -- 
85 17.9 +_ 1.7 8.4 + 1.9 163 ___ 18 19 +_- 2 

170 29.2 _ 2.5 21.0 _ 1.4 324 + 24 48 ----- 5 

m 

11 44 
9 44 

apolyunsaturated fatty acids (PUFA) having three or more double bonds. 
bThe results are given as the means of three independent experiments +_SEM; P < 0.05; MDA, malondialdehyde. 
c Abbreviations used: N, normal hepatocytes; T, transformed hepatocytes. 

under ly ing  this  resistance, changes  in lipid compos i t ion  
m a y  be responsible; i.e., a decrease in to ta l  lipid contain- 
ing  P U F A  (39,40) and an increase in b o t h  cholesterol  (41) 
and a- tocopherol  (42), bo th  of which stabilize lipid mem- 
branes.  I n  addit ion,  a rise in the  level of cytosol ic  antiox- 
idan ts  and a reduct ion  of cy tochrome  P450 ac t iv i ty  (43) 
in the  lipid peroxida t ion  ini t ia t ion phase  were observed.  

Fao cells showed similar changes:  a decrease of abou t  
65% in tota l  FA content ,  including sa tu ra ted  and polyun- 
sa tura ted  f a t ty  acids. A n  alterat ion in P U F A  dis t r ibut ion 
was  also observed.  Also  a ne t  increase in the  percen tage  
of 18:1 was noted. Ba lasubramanian  e t  aL (44,45) reported 
t h a t  oleic acid can assume the propert ies  of  an antioxi- 
dant .  Moreover, no linoleic acid was detec ted  in Fao cells, 
which could be related to the  main tenance  of Fao cells for 
a long t ime in culture. Pepin e ta l .  (46) no ted  t h a t  normal  
hepatocytes ,  whenever  cul tured in a med ium depleted in 
essential f a t ty  acids, showed a rapid decline in linoleic acid 
content .  Das  e ta l .  (47) also repor ted  t h a t  t u m o r  cells in- 
corpora ted  less linoleic acid than  did normal  cells in the  
cul tured state. 

Increased  a- tocopherol  levels are considered to  be char- 
acter is t ics  of t u m o r  cells which m a y  con t r ibu te  to  the  
res is tance to  oxidat ive stress. Yet some workers  (48) have 
sugges t ed  t h a t  increased a- tocopherol  m a y  be associa ted  
wi th  cell division. A high con ten t  of a-tocopherol,  a lipid 
ant ioxidant ,  was also observed  in Fao cells. 

The oxidat ive  s tress  t r iggered  by  iron caused  a higher  
a- tocopherol  consum pt i on  in Fao cells t h a n  in normal  
hepatocytes .  The relat ionship between unsa tu ra t ed  f a t ty  
acids and  a- tocopherol  in membranes  is complex  (49). I t  
is generally believed t h a t  a-tocopherol inhibits lipid perox- 
idat ion in biological membranes  by  scavenging the  chain- 
p ropaga t ing  peroxyl  radicals (50). Expe r imen t s  have sug- 
gested t h a t  one mole of a-tocopherol completely protected 
ca. 220 moles of P U F A  f rom au tox ida t ion  wi th in  micro- 
somal  f ract ions  isolated f rom ra t  hear t  and lung  (49). In  
our  experiments ,  the  a - tocophero l /PUFA rat io  was  1/300 
and 1/3000 in Fao cells and in normal  hepatocytes,  respec- 
tively. The high value for Fao cells could explain why  
P U F A  oxidat ion  was 7 to 8 t imes lower than  in normal  
cells. 
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Reduction of Fatty Acid Hydroperoxides by Human Parotid Saliva 
Junji Terao a,*, Akihiko Nagao a, Hiroko Yuki b and Yoshio Itoh b 
aNational Food Research Institute, Ministry of Agriculture, Forestry and Fisheries, Tsukuba, Ibaraki 305 and bLotte Central 
Laboratory Co., Ltd., Urawa, Saitama 336, Japan 

Arachidonic acid hydroperoxide (15-hydroperoxyeicosate- 
traenoic acid; 15-HPETE} was introduced into human 
parotid saliva and incubated at 37~ Straight phase high- 
performance liquid chromatography analysis of the reac- 
tion mixture showed that 15-HPETE was detoxified to its 
reduced form, l~hydroxyeicosatetraenoic acid, in the pre- 
sence of glutathione. Therefore, it is concluded that human 
parotid saliva possesses fatty acid hydroperoxide-reducing 
ability. However, its effectiveness was found to be lower 
than that of blood plasma. 
Lipids 28, 121-124 {1993}. 

Unsaturated fatty acids in foods are susceptible to enzy- 
matic and nonenzymatic lipid peroxidation, resulting in a 
wide variety of oxidation products (1). Dietary intake of fat- 
ty acid hydroperoxides, primary products of lipid peroxida- 
tion~ is of much concern because they are a potential source 
of free radicals leading to oxidative damage in the digestive 
tract and other tissues (2,3). Several studies on rodents have 
shown that dietary lipid hydroperoxides are largely meta- 
bolized before reaching the lymphatic circulation (4,5). It has 
also been implied that the small intestine possesses gluta- 
thione peroxidase activity to detoxify fatty acid hydroperox- 
ides (6-8). However, little is known about the fate of dietary 
fatty acid hydroperoxides in the digestive tract. 

Saliva is one of the digestive juices excreted from the 
digestive tract. Considerable amounts of saliva are excreted 
from the parotid, submandibular, sublingual and the large 
number of minor salivary glands (600 mL/day/person) (9). 
In an earlier paper (10), we reported that human parotid 
saliva has antioxidant effects on lipid peroxidation of lipo- 
somal phospholipids and fish meat. This prompted us to 
investigate whether human parotid saliva possesses the 
ability to detoxify dietary lipid hydropemxides We examined 
the behavior of arachidonic acid hydroperoxides in this ex- 
tracellular fluid with or without the addition of a reducing 
agent. The results demonstrate that human parotid saliva 
possesses glutathione (GSH)-dependent fatty acid hydro- 
peroxide-reducing ability. 

MATERIALS AND METHODS 

Materials. Arachidonic acid (99% grade) was obtained 
from Sigma Chemical Co. (St. Louis, MO). Reduced GSH 
and ascorbic acid were from Wako Pure Chemicals (Osaka, 
Japan). Oxidized glutathione (GSSG) and cysteine were 
provided by Nakarai Chemicals (Kyoto, Japan). o~Toco- 
pherol was kindly supplied by Eisai Ca (Toky~ Japan). 
15-Hydroperoxyeicosa-5,8,11,13-tetraenoic acid (15- 
HPETE) was prepared by enzymatic oxidation of 
arachidonic acid using soybean lipoxygenase (Sigma 

*To whom correspondence should be addressed. 
Abbreviations: GSH, glutathione; GSSG, oxidized form of glutathione; 
HMW, high molecular weight; 15-HPETE, 15-hydroperoxyeicosa-5, 
8,11,13-tetraenoic acid; 15-HETE, 15-hydroxyeicosa-5,8,11,13-tetra- 
enoic acid; HPLC, high-performance liquid chromatography; LMW, 
low molecular weight. 

Chemical Co.; Type I) (11). 15-Hydroxyeicosa-5,8,11,13- 
tetraenoic acid (15-HETE) was obtained by reducing 
15-HPETE with NaBH4 {12}. The solvents for chro- 
matography were of high-performance liquid chromatog- 
raphy (HPLC) grade and obtained from Nakarai 
Chemicals. Distilled water was further purified by the 
Mili-Q reagent system (Millipore Corl~, Bedford, MA). The 
other reagents were of analytical grade and used without 
purification. 

Preparation of human saliva and blood plasma. Parotid 
saliva was collected from healthy adult volunteers, the 
salivary flow being stimulated with citric acid troches 
before collecting directly with a Lashery's device (13}. The 
collected saliva was immediately used for the experiments. 
Blood plasma was obtained from the same volunteers {12). 

Incubation of 15-HPETE in saliva. A methanol solu- 
tion of 15-HPETE {10-40 nmol in 10 ~L) was added to 
0.2 mL of the fluid and shaken in a water bath at 37~ 
After incubation, total lipids were extracted from the fluid 
using chloroform and methanol {12}. 

HPLC analysis. HPLC was run on a YMC-packed A312 
SIL column {6 X 150 mm, Yamamura Kagaku, Kyota 
Japan} with a Tosoh liquid chromatograph CCPD. A 
Shimadzu SPD-2A variable wavelength ultraviolet detec- 
tor was used to monitor the effluent at 235 nm {0.01 
AUFS). The lipid extracts were evaporated in vacuo and 
then redissolved in the eluting solvent. A Reodyne 7135 
loop injector {20 ~L) was used to inject the sample solu- 
tion onto the column. The column was then developed 
with a mixture of hexanehsopropanol/acetic acid (97.3: 
2.5:0.2, by vol) at the flow rate of 1.0 mL/min. 

Other procedures. To separate the high molecular weight 
{HMW) fraction {molecular weight > 5000} and the low 
molecular weight (LMW) fraction (molecular weight < 
5000} of the parotid saliva, a Sephadex G25 column 
IPD-10, Pharmacia Ca, Uppsala, Sweden) was equilibrated 
with 0.01 M Tris-HCl buffer (pH 7.4}. Freshly collected 
saliva (10 mL) was applied to the column and eluted with 
the same buffer. The first eluate (1.5 mL) and second 
eluate (1.5 mL) were collected as an HMW fraction and 
an LMW fraction, respectively. Simulated gastric juice 
was prepared by diluting a solution of conc. HC1 {0.82 mL, 
12M) and 0.411 g NaC1 in double distilled water to a total 
volume of 100 mL (pH 1.22) {14}. 

RESULTS 

Figure 1 shows the results of straight phase HPLC of 
15-HPETE, 15-HETE and the lipid extracts after incuba- 
tion of 15-HPETE for 30 min with the saliva or normal 
saline 15-HPETE and its reduced derivative, 15-HETE, 
were eluted separately in the chromatogram. The efficien- 
cy of extraction of 15-HPETE and 15-HETE from no~ 
mal saline was reported to be nearly 100% 112). This ana- 
lytical technique was therefore used to evaluate the con- 
version of 15-HPETE to 15-HETE in parotid saliva and 
in normal saline 15-HETE appeared in the chromato- 
grams of the extract after incubation of 15-HPETE in the 
saliva. The addition of GSH {200 ~M) to the saliva 
significantly increased the level of 15-HETE, indicating 
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FIG. 1. High-performance liquid chromatography of 15-hydroperoxy- 
eicosa~5,8,11,13-tetraenoic acid (15-HPETE) after incubation with no~ 
mai saline or human parotid saliva. 15-HPETE (40 nmol) was added 
to normal saline or parotid saliva (0.2 mL) and incubated with or 
without glutathione (GSH) (200 ~M) at 37~ for 30 rain; (A), 
15-HPETE standard; (B), 15-hydroxyeicosa-5,8,11,I3-tetraenoic acid 
(15-HETE) standard; (C), the extract from uormal saline without 
GSH; (D), the extract from normal saline with GSH; (E), the extract 
from parotid saliva without GSH; (F), the extract from parotid saliva 
with GSH. Peak 1 and peak 2 were identified as 15-HPETE and 
15~HETE, respectively. 

that GSH accelerated the conversion of 15-HPETE to 
15-HETE. However, the level of 15-HETE was slightly 
increased after incubation of 15-HPETE with GSH in nor- 
mal saline. 
The effect of GSH concentration on the conversion of 

15-HPETE in human saliva is shown in Figure 2. The con- 
version was enhanced with an increase in GSH concen- 
tration. However, the level of 15-HETE extracted from the 
saliva did not exceed half of the initial HPETE concen- 
tration (50 ~M), even at 10 times the concentration of GSH 
(500 ~M). 

We have previously reported tha t  human plasma has 
the  ability to convert  15-HPETE to 15-HETE in the 
presence of GSH (12). Therefore, we compared the GSH- 
dependent  reduction of 15-HPETE in the parotid saliva 
with tha t  in the blood plasma from the same donor (Fig. 
3). In the plasma, 15-HPETE disappeared with rapid for- 
mation of 15-HETE within the first 10-min, and all the 
15-HPETE was converted to 15-HETE after 60 min. The 
level of 15-HETE obtained from the saliva did not  exceed 
ca.  50% of the initial 15-HPETE during the incubation 
time. Thus, the HPETE-reducing  ability of saliva was 
lower than tha t  of blood plasma. 

Ascorbic acid and a-tocopherol are other reducing sub- 
stances of biological importance. However, the conversion 
was only slightly affected when GSH was replaced by 
these compounds (Table 1). While oxidized glutathione 
(GSSG) did not  accelerate the formation of 15-HETE, cys- 
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FIG. 2. Effect of GSH concentration on the reduction of 15-HPETE 
in parotid saliva. The reaction mixture containing 15-HPETE (10 
nmol) in the saliva (0.2 mL) was incubated for 30 rain at 37~ O, 
15-HPETE; e ,  15-HETE. Abbreviations as in Figure 1. 

rrm rn~ 

FIG. 3. Reduction of 15-HPETE to 15-HETE in parotid saliva (A) 
and blood plasma (B). The reaction mixture containing of 15-HPETE 
(10 nmol) and GSH (200 ~M) in the fluid (0.2 mL) was incubated at 
37~ O, 15-HPETE; e,  15-HETE. Abbreviations as in Figure 1. 

teine exerted a moderate effect on the conversion of 
15-HETE. The parotid saliva was separated into two frac- 
tions, an HMW fraction and an LMW fraction, by using 
gel-permeation chromatography. Both fractions yielded 
similar levels of 15-HETE after incubation for 30 rain in 
the presence of GSH (23-27% of 15-HPETE). These levels 
were lower than that obtained from unseparated parotid 
saliva in the presence of the same concentration of GSH 
(45%). On the other hand, the recovery of 15-HPETE from 
the LMW fraction was significantly higher than that from 
the HMW fraction. Thus, it was apparent that the HMW 
fraction was responsible for the lower recovery of 15- 
HPETE from the parotid saliva. 
Table 2 shows the effect of simulated gastric juice on 

the reduction of 15-HPETE in the saliva. This highly 
acidic juice did not accelerate the reduction regardless of 
the presence of GSH. However, significant conversion was 
observed when the juice was mixed with an equal amount 
of the parotid saliv& Moreover, the level of 15-HETE was 
higher in the mixture of saliva with simulated gastric juice 
than when a buffer at neutral pH was substituted for the 
simulated gastric juice. Thus, acidic pH, such as in the 
stomach environment, enhanced the hydroperoxide-re- 
ducing ability of the parotid saliva. 

LIPIDS, Vol. 28, no. 2 (1993) 



HYDROPEROXIDE REDUCTION BY HUMAN SALIVA 

TABLE 1 

Effect  of Reducing Substances on the Recovery of 15-HPETE 
from Human Parotid Saliva a 

HPETE + HETE HPETE HETE 
Reducing substance Fluid (%) (%) (%) 

None Saliva 23 • 5 14 _ 3 9 • 1 
GSH Saliva 45 • 7 0 45 • 7 
GSH HMW fraction 40 _ 7 12 • 5 27 • 2 
GSH LMW fraction 75 • 12 55 • 16 23 • 2 
GSSG Saliva 31 • 3 18 • 3 12 • 1 
Cysteine Saliva 25 • 2 4 • 3 22 • 3 
Ascorbic acid Saliva 24 • 4 13 • 4 12 • 1 
a-Tocopherol Saliva 26 _ 4 10 • 1 11 • 3 

aAverage value _+ SD for three experiments. Reaction mixture containing 15-HPETE 
(10 nmol) in parotid saliva or its fraction (0.2 mL) was incubated for 30 min at 37~ 
Reducing substances were added at the concentration of 200 ~M. 15-HPETE, 15-hydro- 
peroxyeicosa-5,8,11,13-tetraenoic acid; HETE, hydroxyeicosa-5,8,11,13-tetraenoic acid; 
GSH, glutathione; HMW, high molecular weight; LMW, low MW; GSSG, oxidized form 
of GSH. 
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TABLE 2 

Effect  of Simulated Gastric Juice on the Recovery of 15-HPETE a 

HPETE + HETE HPETE HETE 
System (%) (%) (%) 

Simulated gastric juice (pH 1.2) 35 • 9 23 • 10 9 • 3 
Simulated gastric juice + GSH 35 - 10 24 • 10 7 • 1 
Simulated gastric juice + saliva + GSH 73 • 7 21 • 4 52 • 3 
Tris-HC1 buffer (pH 7.4) + saliva + GSH 54 + 4 21 • 4 31 • 4 

aAverage value __ SD for three experiments. 15-HPETE (20 nmol) was added to the 
stimulated gastric juice (0.2 mL) or the mixture of simulated gastric juice (0.2 mL) and 
parotid saliva (0.2 mL). Incubation was performed for 30 min at 37~ with or without 
addition of GSH (200 ~M). Abbreviations as in Table 1. 

DISCUSSION 

Lipid hydroperoxides  are mutagen ic  (15) and have been 
suspec ted  to  be carcinogenic (16). I n  addit ion,  it was re- 
por ted  t h a t  linoleic acid hydroperoxides  can induce ox- 
idative damage  in the epithelial cell of the gastrointest inal  
t r ac t  of ra ts  {17). Recently, Oarada  e t  al. (18) showed t h a t  
d ie ta ry  intake of peroxidized me thy l  l inoleate impaired 
mouse  l ympho id  tissue~ resul t ing  in impaired immune  
response. Lipid hydroperoxides  (LOOH) produce  h ighly  
reactive alkoxyl radicals (LO-) by reac t ing  with t ransi t ion 
meta l  ions (M n+) at  their  reduced s ta te  (19,20) (Equat ion  
1). 

LOOH + M n+ ~ LO- + -OH + M in+l)+ [1] 

This one-electron t ransfer  react ion m a y  be responsible for 
the  oxidat ive d a m a g e  H y d r o x y l  der ivat ives  (LOH) are 
formed as minor  p roduc t s  by  radical  combina t ion  (Equa- 
t ion  2) or hydrogen abs t rac t ion  of alkoxyl radicals (Equa- 
t ion  3) (21,22). 

H-C-O" + H-C-O" -* H-C-OH + -C=O [2] 

LO" + LH ~ LOH + L" [3] 

On  the  o ther  hand, detoxif icat ion of lipid hydroperoxides  
is a nonradical  two-electron t ransfer  react ion and thus  re- 
quires electron donors  (AH) [IV]. 

LOOH + 2AH -~ LOH + H20 + 2A [4] 

The  convers ion of lipid hydroperoxides  to  their  hydroxyl  
der ivat ives  by  the  react ion in E q u a t i o n  4 is one of  the  
defense sys t ems  aga ins t  lipid peroxidat ion- induced ox- 
ygen  toxic i ty  (22-26). 

We have previously  found t h a t  h u m a n  blood p l a sma  
possesses  G S H - d e p e n d e n t  f a t t y  acid hydroperoxide-re- 
duc ing  abil i ty as a defense aga ins t  excessive accumula-  
t ion  of  lipid hydroperoxides  (12). The  present  s t u d y  also 
demons t r a t e s  t h a t  h u m a n  paro t id  saliva possesses  this  
abi l i ty to  detoxify  peroxidized lipids in the  diets. Thiol  
g roups  seem to  be required as hydrogen  donors  for the  
react ion because  cysteine also enhanced  the  fo rmat ion  of 
hydroxyl  der ivat ives  (Table 1). B o t h  the  L M W  fract ion 
and the  H M W  fract ion were necessary  for effective con- 
version (Table 1). 

The conversion in saliva was no t  as effective as the con- 
version in blood p l a sma  (Fig. 3). However, the  hydroper-  
oxide-reducing abil i ty in paro t id  saliva seems to be of 
physiological  impor t ance  I t  was reported t h a t  total  G S H  
level (GSH plus GSSG) in h u m a n  sal iva is 0.5-1.0 ~g/mL 
(27). Die ta ry  foods, such as frui ts  and  vegetables,  conta in  
considerable  a m o u n t s  of G S H  (28,29). Jones  e t  al. (29) 
e s t ima ted  t h a t  d ie ta ry  intake of G S H  varies between 10- 
to  40-fold f rom 2.9 m g  to 131 mg/day/person. In  addit ion,  
the  hydroperoxide-reducing abi l i ty  of paro t id  sal iva was  
found to be more  effective under  h ighly  acidic condi t ions  
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(Table 2). Thus ,  t he  h y d r o p e r o x i d e - r e d u c i n g  a b i l i t y  of  
p a r o t i d  sa l iva  m a y  be  favored  in t h e  e n v i r o n m e n t  of t he  
s tomach .  

I n  conclus ion,  h u m a n  p a r o t i d  sa l iva  is  ab le  to  de tox i fy  
f a t t y  ac id  hyd rope rox ides  to  a lcohols  in t he  p resence  of 
G S H .  Th i s  ex t r ace l l u l a r  f lu id  t h u s  c a n  p a r t i c i p a t e  in t h e  
defense  a g a i n s t  d i e t - induced  o x i d a t i v e  damage .  
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The Identification of the Allylic Nitrite and Nitro Derivatives 
of Methyl Linoleate and Methyl Linolenate by Negative 
Chemical Ionization Mass Spectroscopy 
Aris A. Gallon and William A. Pryor* 
Chemistry Department and the Biodynamics Institute, Louisiana State University, Baton Rouge, Louisiana 70803 

The autoxidation of polyunsaturated fatty acids is ini- 
tiated both in vivo and in vitro by nitrogen dioxide. The 
mechanism of the initiation process is believed to involve 
both addition reactions and hydrogen atom abstraction 
reactions, with hydrogen abstraction predominating at 
low levels of nitrogen dioxide. Therefore low levels of 
nitrogen dioxide should react with polyunsaturated fatty 
acids to give allylic derivatives; in an anaerobic system 
these derivations should be allylic nitro and nitrite com- 
pounds. Using negative methane chemical ionization mass 
spectrometry and other analytical techniques, we have 
identified these allylic nitrite and nitro compounds from 
the reactions of low levels of nitrogen dioxide with methyl 
linoleate and methyl linolenate in the absence of oxygen. 
Lipids 28, 125-133 {1993}. 

Nitrogen dioxide, a toxin present in polluted air (1,2), has 
been reported to cause pulmonary edema, pulmonary 
fibrosis, bronchitis (1,2) and cancer (3-6). Low levels of 
nitrogen dioxide have been shown to cause the initiation 
of the autoxidation of polyunsaturated fatty acids both 
in v ivo (7-11) and in vi tro (10,12). Nitrogen dioxide- 
initiated autoxidation of polyunsaturated fatty acids in 

*To whom correspondence should be addressed at Biodynamics In- 
stitute, 711 Choppin Hall, Louisiana State University, Baton 
Rouge, LA 70803-1804. 
Abbreviations: AN, allylic nitro or nitrite compounds; c, cis double 
bond; DTPA, diethylenetriarninepentaacetic acid; GC, gas chro- 
matography; HPLC, high-performance liquid chromatography; IR, 
infrared; M-, parent ion; m/z, mass/charge; NCI, negative chemical 
ionization; NMR, nuclear magnetic resonance; HP, hydroperoxide; 
t trans double bond; TLC, thin-layer chromatography; UV, ultra- 
violet; 9c, 11~ 15c-13AN, methyl 13-nitrito-cis-9,trans-I 1,cis-15-octa- 
decatrienoate and methyl 13-nitro-trans-9,trans-11,cis-15-octadeca- 
trienoate; 9~ 11t 15~13AN, methyl 13-nitrit~trans-9,trans-11,cis-15- 
octadecatrienoate and methyl 13-nitr~trans-9,trans-1 ],cis-15-octa- 
decatrienoate; 9c,11t 15c-13HP, methyl 13-hydrperoxy.cis-9,trans- 
1 lcis-15-octadecatrienoate; 9t, 11 t,t 5c- 13HP, methyl 13-hydroperoxy- 
trans-9,trans- I 1,cis-15-octadecatrienoate; 9c, 12c, 14t-16AN, methyl 
l~nitrito-cis-9,cis-12,trans-14-octadecatrienoate and methyl 16-nitro- 
cis-9,cis- 12, trans- 14-octadecatrienoate; 9c, 12 t 14t- 16AN, methyl 16- 
nitrito-cis-9,trans-12,trans-14-octadecatrienoate and methyl 16-nitro- 
cis-9,trans-12,trans-14-octadecadienoate; 9c, 12r 14t-16HP, methyl 1~ 
hydroperoxy-cis-9,cis-12,trans-14.octadecatrienoate; 9~ 12t 14t-16HP, 
methyl 16"hydroperoxy-cis-9,trans-12,trans-14-octadecatrienoate; 
9c, t3~ 15c-12AN, methyl 12-nitrito-cis-9,trans-13,cis-15-octadecatri- 
enoate and methyl 12-nitro-cis-9,trans-13,cis-15-octadecatrienoate; 
9c, 13~ 15t-12AN, methyl 12-nitrit~cis-9,trans-13,trans-15-octadeca- 
trienoate and methyl 12-nitro-cis-9,trans-12,trans-15-octadecatri- 
enoate; 9c, 13t, 15c- 12 H P, methyl 12-hydroperoxy-cis-9, trans- 13,cis- 
15-octadecatrienoate; 9c,13t,15t-12HP, methyl 12-hydroperoxy- 
cis-9,trans-13,trans-15-octadecatrienoate 10t 12c, 15c-9AN, methyl 
9-nitrito-trans-lO,cis-12,cis-15.octadecatrienoate and methyl 9-nitro, 
trans-lO,cis-12,cis-15-octadecatrienoate; 10t,12t,15c-9AN, methyl 
9-nitritc~trans-lO,trans-12,cis-15-octadecatrienoate and methyl 9- 
nitro-trans-lO,trans-12,cis-15-octadecatrienoate; 10t 12c, 15c-griP, 
methyl 9-hydroperoxy-trans-lO,cis-12,cis-15-octadecatrienoate; 
10t 12t 15c-9HP, methyl 9-hydroperoxy-trans-lO,trans-12,cis-15~cta- 
decatrienoate. 

cell membranes can lead to membrane damage and even- 
tually cell death (7-10,13). 

We previously reported that low levels of nitrogen diox- 
ide initiate the autoxidation of cyclohexene by a hydrogen- 
atom abstraction mechanism (14,15). Recently, Postle- 
thwaJt and Bidani (11) have demonstrated that  nitrogen 
dioxide in an isolated rat lung reacts by a H-atom abstrac- 
tion mechanisrm 

In the H-abstraction mechanism (Schemes 1 and 2), 
nitrogen dioxide abstracts a hydrogen atom from the 
allylic position of an alkene forming a resonance*stabilized 
radical. In the absence of oxygen (Scheme 1), nitrogen 
dioxide combines with the resonance-stabilized radical 
forming an allylic nitro or nitrite compound; in the pres- 
ence of oxygen (Scheme 2), the resonance*stabilized radical 
combines with oxygen forming a peroxyl radical that ulti- 
mately forms allylic hydroperoxides (14). Since allylic com- 
pounds are formed v/a a H-atom abstraction mechanism, 
the detection of these allylic nitro or nitrite compounds 
can be used as a marker for nitrogen dioxide*induced 
H-abstraction. 

In this study, we used negative chemical ionization to 
identify the allylic nitrite and nitro compounds formed 
by the reaction of nitrogen dioxide with methyl linoleate 
and methyl linolenate in the absence of oxygerL The aUylic 
nitrite and nitro isomers identified are similar to the 
geometrical and positional isomers of methyl linoleate and 
methyl linolenate hydroperoxides formed in autoxidation 
reactions (16). Analogous to the hydroperoxide isomers, 
not all possible diasteriomers are produced (17). The 
following system is used to abbreviate the allylic nitrite 
(nitro) and hydroperoxide isomers: The abbreviations for 
two typical compounds are shown in Figure 1. The let- 
ters c or t denote a cis or trans double bond. The position 
of the double bond is placed before the letter c or t. The 

NO= * ~~C--  C-CHz ~ HOM3. ,, C--" - 

\ ' 
/ -  i - - ~ ' ~  + NO2 / N204 ~ / C  ---- C- CH - NO'a + 

SCHEME I 

N O 2  + ~ I I / c  = C-CI..~ "~c" -c- - /  P.- HONO + / - i - -~ , ,~  

> - E : < .  o. / C =  C-CH - 0 0 .  

I  c=c-c. oo..  c=c t 
~ C =  C-CH - OOH 
i " -  t 

SCHEME 2 
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NO 2 

CH3(CH2)4~(CH~)r---~ 0 
oc~ 

FIG. 1. Examples of the abbreviation systems used: Methyl 13-nitro- 
cis-9,trans-ll~actadecadienoate and methyl 13-hydroperoxy-c/s- 
9,trans-ll~actadecadienoate are abbreviated as 9c, llt-13AN and 
9c,11t-13HP. 

letters "AN" are used to signify an allylic nitro or nitrite 
group and the let ters"HP" denote a hydroperoxide func- 
tional group. The position of the functional group is placed 
before the letters AN or HP. 

EXPERIMENTAL PROCEDURES 

Materials. Methyl linoleate and methyl linolenate, 99% 
pure by gas chromatography (GC) {Sigma, St. Louis, MO), 
was purified by eluting the esters through four columns 
each of which contained 1.0 g of alumina (neutral, Aldrich, 
Milwaukee, WI), and the last of which also contained in 
the tip 0.02 g of diethylenetriaminepentaacetic acid 
(DTPA) to remove any trace metals. These purification 
steps were done in a glove bag under nitrogen. 

Nitrogen dioxide was generated from dinitrogen tetrox- 
ide (99.5%, Matheson, Secaucus, N J). Dinitrogen tetrox- 
ide was placed in a glass bulb with phosphorus pentox- 
ide and purged of oxygen with argon by freezing and thaw- 
ing the diaitrogen tetroxide three times. Isopentyl nitrite 
{97%, Aldrich), and nitrocyclohexane (97%, Aldrich) were 
used as infrared (IR) standards. Hexane, isopropanol and 
dichloromethane, all high-performance liquid chromatog- 
raphy (HPLC) grade (MaUinckrodt, St. Louis, MO), were 
purged of oxygen before use Ultra pure helium (99.9999%, 
chromatographic grade, Air Products, Allentown, PA) was 
used as the carrier gas for the reaction. A thymol trap 
was made by dissolving 0.4 g of thymol (Sigma) and 4 g 
of sodium hydroxide {97%, EM Science, Gibbstown, N J) 
in 1 L of deionized water. 

Instrumentation. The Ultraviolet (UV) spectra were 
taken on a Hewlett-Packard (Avondale, PA) 8451A diode 
array spectrophotometer in hexane/isopropanol (99:1, 
vol/vol); the IR spectra were obtained on an IBM 
{Armonk, NY) IR/45 spectrometer. HPLC was done on a 
Varian (Palo Alto, CA) 5000 series instrument with a UV 
detector set at a 215 nm wavelength with a 16-nm slit 
width was used to separate the hydroperoxide and aUylic 
nitro and nitrite isomers. A 25 • 0.46 cm silica column 

(Rainin, Woburn, MA; Microsorb) was used with hex- 
ane/isopropanol (99:1, vol/vol) at a flow rate of 1 mL/min. 
The nuclear magnetic resonance (NMR) spectra were 
recorded on a Bruker {Billerica, MA) 200 MHz instrument 
using deuterated chloroform as the solvent. Negative 
methane chemical ionization mass spectrometry was per- 
formed on a Finnigan MAT (San Jose, CA) TSQ 4500 mass 
spectrometer using a direct exposure probe ramped to 1 A 
at a rate of 10 mA/s. Methane gas at a pressure of 0.5 Torr 
was used for chemical ionization. The mass range scanned 
in the negative mode was 44-800 ainu. The source tem- 
perature was 150~ and the manifold temperature was 
IO0~ 
Methods. The hydroperoxides of methyl linoleate listed 

in Table I were formed by exposing methyl linoleate that 
was kept in a clear glass vial to air for one week at room 
temperature The four hydmperoxides were separated from 
the starting material by thin-layer chromatography (TLC) 
using hexane/isopropanol (94:6, vol/vol). The mixture of 
hydroperoxide isomers was extracted from the silica gel 
with dichloromethane, concentrated and resuspended in 
bexane The individual positional and geometrical hydra  
peroxide isomers were isolated from the mixture of hydro- 
peroxides by HPLC and analyzed by UV spectrophotom- 
etry, NMR and negative methane chemical ionization 
(NC1) mass spectrometry. 

The eight methyl linolenate hydroperoxide isomers 
listed in Table 2 were formed from methyl linolenate that 

TABLE 1 

Methyl Linoleate Hydroperoxide and Allylie Nitrite 
and Nitro Isomers 

Compounds 

Hydroperoxides of methyl linoleate: 
Methyl 13-hydroperoxy-cis.9,trans-ll-octadecadienoate 
Methyl 13-hydroperoxy- trans-9,trans- 11-octadecadienoate 
Methyl 9-hydroperoxy-trans-lO,cis-12-octadecadienoate 
Methyl 9-hydroperoxy.trans- l O,trans.12-octadecadienoate 

AUylic nitrite and nitro isomers of methyl linoleate: 
Methyl 13-nitrito-cis-9,trans-11-octadecadienoate 
Methyl 13-nitritc, trans-9,trans-ll-octadecadienoate 
Methyl 9-nitrito-trans-lO,cis-12-octadecadienoate 
Methyl 9-nitrito-trans- l O,trans-12-octadecadienoate 
Methyl 13-nitrc, cis-9,trans-11-octadecadienoate 
Methyl 13-nitro-trans-9,trans-ll-octadecadienoate 
Methyl 9-nitro-trans-lO,cis-12-octadecadienoate 
Methyl 9-nitro-trans-lO,cis-12-octadecadienoate 

TABLE 2 

Methyl Linolenate Hydroperoxide Isomers and Their Abbreviations 

Compounds Abbreviations 

Methyl 16-hydroperoxy-cis-9,cis-12,trans-14-octadecatrienoate 
Methyl 16-hydroperoxy-cis-9,trans-12,trans-14-octadecatrienoate 
Methyl 13-hydroperoxy-cis-9,trans-ll,cis-15-octadecatrienoate 
Methyl 13-hydroperoxy-trans-9,trans-l l,cis-15-octadecatrienoate 
Methyl 12-hydroperoxy-cis-9,trans-13,cis-15-octadecatrienoate 
Methyl 12-hydroperoxy-cis-9,trans-13,trans-15-octadecatrienoate 
Methyl 9-hydroperoxy-trans-lO,cis-12,cis-15-octadecatrienoate 
Methyl 9-hydroperoxy-trans-lO,trans-12,cis-15-octadecatrienoate 

9c,12c,14t-16HP 
9c,12t,14t-16HP 
9c, llt,15c-13HP 
9t, 11~ 15c-13HP 
9c,13t,15c-12HP 
9c, 13~ 15t-12HP 
10~ 12c, 15c-9HP 
10t, 12t, 15c-9HP 
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was kept in a clear glass vial and exposed to air for one 
week at room temperature. Mixtures of all eight of the 
hydroperoxide isomers were isolated by TLC from the 
methyl linolenate starting material. The individual hydro- 
peroxide isomers are not resolved by adsorption phase 
HPLC and elute from the column as four groups of 
unresolved positional and geometrical isomers. Each 
group of unresolved hydroperoxides was isolated by HPLC 
and analyzed by NMR. 

A sodium borohydride reduction (16) was used to reduce 
the four groups of unresolved geometrical and positional 
methyl linolenate hydroperoxide isomers eluting by HPLC 
as four peaks (I-IV) (Fig. 2). The eight isomeric alcohols 
formed by reduction are resolved by HPLC. Individual 
isomers were identified by their HPLC elution order, as 
given by Chan and Levett (16); the hydroperoxide assign- 
ments are given in Table 3. 

The mixtures of allylic nitrite and nitro isomers (AN) 
of methyl linoleate listed in Table 1 were prepared by allow- 
ing 40 ppm of nitrogen dioxide in helium to react with 
purified methyl linoleate (neat, 3.4 mmole) for one hour. 
A bubbler apparatus similar to the one utilized in our 
earlier study (14) was used at a carrier gas flow rate of 
60 mL/min at 25~ The entire reaction was carried out 
in a glove bag under nitrogen. The nitrogen dioxide con- 
centration in the carrier gas was determined by Saltzman 
analysis (18) of the thymol trap solution used in a run with 
no fatty acid in the apparatus. The mixture of allylic 
nitrite and nitro compounds was separated from the 
methyl linoleate starting material by TLC using hex- 
ane/isopropanol (94:6, vol/vol) that had been purged of oxy- 
gen in a glove bag under an atmosphere of nitrogen. The 

ii1 

~ ,~', + ~ , ~  ~ c ~ ' ~ . ~ .  

b 

|" I I w ~1~ I i I i I 

FIG. 2. High-performance liquid chromatographic chromatograms 
of: la) linolenate hydroperoxide fractions that were isolated (I-IV) and 
(b) sodium borohydride-reduced linolenate hydroperoxides. Linolenate 
alcohols: A = 13-cis, trans; B = 12-cis, trans; C = 12-trans, trans and 
13-trans, trans; D = 16-cis, trans; E = 9-cis, trans; F = 16-trans, trans; 
and G = 9-trans, trans 116). 

TABLE 3 

Methyl Linolenate Hydroperoxide Fraction Assignments 

Fraction 
numbers a Hydroperoxides 

I 

II 

III 
IV 

(9c, 1 l t ,  15c-13HP) 

(9c, 11t, 15c-13HP), (9c, 13t, 15c-12HP), 
(9c, 13t, 15t-12HP), (9t, 11 t, 15c-13HP), 
and (9c,12c,14t-16HP) 
(9t, l lt,15c-13HP) and (9c,12t,14t-16HP) 

(10t, 12c, 15c-9HP) and (10t, 12t, 15c-9HP) 

aA 25 • 0.46 cm silica column with hexane/isopropanol (99:1, voFvol) 
at a flow rate of 1 mL/min was used for high-performance liquid 
chromatography (HPLC) analysis. The four fractions refer to the 
four peaks shown in the HPLC chromatogram in Figure 4b. 

positional and geometrical isomers, which contained 
unresolved nitrite and nitro isomers, were isolated by 
HPLC. 

The allylic nitrite and nitro isomers (AN) of methyl 
linolenate that were identified are listed in Table 4. These 
isomers were prepared by allowing purified methyl 
linolenate to react with 3 ppm of nitrogen dioxide in 
ultrapure helium for one hour. The mixture of allylic nitrite 
and nitro isomers was isolated from the starting material 
by TLC. The allylic nitrite and nitro isomers of methyl 
linolenate elute in HPLC as four peaks containing mix- 
tures of unresolved positional and geometrical nitrite and 
nitro isomers. The four groups of unresolved isomers 
were analyzed by NMR and negative methane chemical 
ionization. 

RESULTS AND DISCUSSION 

M e t h y l  l inoleate  a l ly l ic  n i t r i t e  (nitro) a n d  h y d r o p e r o x i d e  
i somers .  The HPLC trace of the aUylic nitrite (nitro) and 
hydroperoxide isomers of methyl linoleate are presented 
in Figure 3. The comparable hydroperoxide and allylic 
nitrite and nitro compounds elute at similar retention 
times. 

Negative chemical ionization (NCI) mass spectrometry 
was used to distinguish these two types of compounds. 
NCI has previously been used for the analysis of various 
types of nitro and chlorinated compounds and organo- 
phosphates (19-24). The NCI spectra for the allylic nitrite 
(nitro) isomers of methyl linoleate (Table 5) display a m/z 
46 and m/z 62 ion that is not detected in the NCI spectra 
for the hydroperoxides (Table 5). The m/z 46 ion is formed 
by dissociative electron capture and is a characteristic ion 
for nitr~containing compounds (21,23,24). The m/z 62 ion 
is indicative of a nitrate function (21) and is though to 
originate from homolysis of the O-N bond of the allylic 
nitrite isomers (25). The formation of the alkoxyl radical 
in the source of the mass spectrometer is followed by the 
termination of the radical with NO2 to form the allylic 
nitrate. The anylic nitrate then undergoes C-O bond scis- 
sion in the source of the mass spectrometer to give the 
m/z 62 ion. The m/z 62 ion is believed to be formed in the 
source rather than to originate from an allylic nitrate pres- 
ent in the sample, because a m/z 355 ion indicative of the 
M- molecular ion for the allylic nitrate was not detected. 
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TABLE 4 

Allylic Nitrite(nitro) Isomers of Methyl Linolenate and Their Abbreviations 

Compounds Abbreviations 

Methyl 16-nitrito-cis-9,cis-12,trans-14-octadecatrienoate 
Methyl 16-nitro-cis-9,cis-12, trans-14-octadecatrienoate 

Methyl 16-nitrito-cis-9,trans-12,trans-14-octadecatrienoate 
Methyl 16-nitrc~cis-9,trans-12,trans-14-octadecatrienoate 

Methyl 13-nitrito-cis-9,trans- l l,cis-15-octadecatrienoate 
Methyl 13-nitro-cis-9,trans- l l,cis-15-octadecatrienoate 

Methyl 13-nitrito-trans-9,trans- l l,cis-15-octadecatrienoate 
Methyl 13-nitro-trans-9,trans- l l,cis-15-octadecatrienoate 

Methyl 12-nitrito-cis-9,trans-13,cis-15-octadecatrienoate 
Methyl 12-nitr~cis-9,trans-13,cis-15-octadecatrienoate 

Methyl 12-nitrito-cis-9,trans-13,trans-15-octadecatrienoate 
Methyl 12-nitro-cis-9,trans-13,trans-15-octadecatrienoate 

Methyl 9-nitrito-trans- l O,cis-12,cis-15-octadecatrienoate 
Methyl 9-nitro-trans-l O, cis-12,cis-15-octadecatrienoate 

Methyl 9-nitritc~trans-l O,trans-12,cis-15-octadecatrienoate 
Methyl 9-nitro-trans-lO,trans-12,cis-15-octadecatrienoate 

9c,12c,14t-16AN 

9c,12t,14t-16AN 

9c, llt, 15c-13AN 

9t, l l t ,15c-13AN 

9c, 13t, 15c-12AN 

9c,13t,15t-12AN 

10t, 12c, 15c-9AN 

10t, 12t, 15c-9AN 

t ~  

,, .' .~; , i l ,  ~ ,  i J i , 

FIG. 3. High-performance liquid chromatographic chromatograms 
of the (a) allylic nitrite(nitro) isomers and (b) hydroperoxide isomers. 

The m/z 339 M -  molecular ion of the allylic nitrite 
(nitro) isomers formed by resonance capture (23) (Table 5) 
reflects the ability of the compound to stabilize a negative 
charge (23). The m/z 326 molecular ion of the hydroperox- 
ides (Table 5) was not detected. The [M - H]-  ion of m/z 
338 for the allylic nitrite (nitro) and m/z 325 ion for the 
hydroperoxides of methyl linoleate is caused by dis- 
sociative electron capture (23). The [M + H]-  m/z 340 ion 
in the spectra of the allylic nitrites (nitro) is formed by 
H-abstraction reactions of the M -  ion (22). The Forma- 
tion of [M + H] -  ions also were reported by Dougher ty  
and Dalton (22) for all chlorinated compounds tha t  form 
a molecular iorL Consequently, the hydroperoxide isomers 
do not exhibit an M-  ion or an [M + H] -  ion of m/z  327. 

D e t e r m i n i n g  the  p o s i t i o n  o f  t he  h y d r o p e r o x i d e  a n d  
n i t r i t e  f u n c t i o n a l  groups .  The positions of the nitrite 
group in the allylic nitrite isomers and of the H O O -  
group in the hydroperoxide isomers were determined by 
the formation of an aldehyde produced from the thermal 
homolysis of the O-N and O-O bonds in the source of the 
mass spectrometer. The M-  ion of the aldehydes can be 
seen in the NCI spectra. Hydroperoxides have been 
reported to undergo thermal homolysis of the O-O bond 
to form an alkoxyl radical in the source of the mass spec- 
trometer (26,27) which undergoes C-C bond cleavage to 

TABLE 5 

Negative Chemical Ionization Spectral Data for the Hydroperoxides and Allylic Nitrite and Nitro Compounds of Methyl Linoleate 

Compounds NO 2 NO 3 (re~z) 151 (re~z) 237 [M - H]- M- [M + H]- 

9-Hydroperoxide (trans, trans) -- -- 60% -- m/z 325 (25%) -- -- 
9-Hydroperoxide (cis, trans) -- -- 38% -- m/z 325 (9%) -- 
9-Nitrito or (nitro) (cis, trans) 26% 19% 10% -- m/z 338 (15%) 339 (8%) 340 (15%) 
9-Nitrito or (nitro) (trans, trans) 78% 62% 12% -- m/z 338 (21%) 339 (11%) 340 (22%) 
13-Hydroperoxide (cis, trans) -- -- -- 53% m/z 325 (9%) -- -- 
13-Hydroperoxide (trans, trans) -- -- -- 74% m/z 325 (22% -- -- 
13-Nitrito or (nitro) (cis, trans) 72% 24% -- 25% m/z 338 (20%) 339 (9%) 340 (20%) 
13-Nitrito or (nitro) (trans, trans) 81% 40% -- 18% m/z 338 )12%) 339 (5%) 340 (12%) 
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form an aldehyde (26). One of the major aldehydes 
reported to be formed by thermal homolysis of the 
9-hydroperoxide isomers of methyl linoleate is 2,4-deca- 
dienal (26,27) (Scheme 3, where X = - O H ,  -NO). The 
major aldehyde formed by thermal homolysis of the 
13-hydroperoxide of methyl linoleate is methyl 13-oxo- 
9,11-tridecadienoate (28,29)(Scheme 4, where X = -OH, 
-NO). The 9- and 13-positional aUylic nitrite isomers also 
can form the same intermediate alkoxyl radicals that can 
undergo C-C bond scission to form 2,4-decadienal and 
methyl 13-oxo-9,11-tridecadienoate (Schemes 3 and 4). 

In the NCI spectra for the 9- and 13-hydroperoxides 
(Table 5), a [M - H]- ion of m/z 151 for 2,4-decadienal is 
detected for the 9-hydroperoxides. Correspondingly, the 
[M - H]- ion of m/z 237 for methyl 13-oxo-9,11-trideca- 
dienoate is seen in the NCI spectra for the 13-hydroper- 
oxides (Table 5). The [M - H]- m/z 151 ion of 2,4-deca- 
dienal also is detected in the NCI spectra for the 9-allylic 
nitrite(nitro) isomers (Table 5). Similarly, the [M - H]- 
m/z 237 ion for methyl 13-oxo-9,11-tridecadienoate is 
detected in the NCI spectra for the 13-allylic nitrite(nitro) 
isomers. The detection of the m/z 151 ion and the m/z 237 
ion in the NCI spectra of the 9- and 13-allylic nitrite(nitro) 
compounds, respectively, confirms the position of the func- 
tional group. 

The presence of  the nitro functional group. The co- 
elution of the allylic nitro and nitrite isomers was deter- 
mined by hydrolyzing the 13-cis, trans-allylic nitrite(nitro) 
compound; alkyl nitrites are known to hydrolyze to 
alcohols (30). The hydrolysis products of the 13-cis, trans- 
allylic nitrite(nitro) isomers display the m/z 46 and m/z 62 
ions indicative of the nitro and nitrate groups by NCI. The 
[M - H]- m/z 338 and [M + HI- m/z 340 ions also are 
present. If the sample consisted of only the allylic nitrite 
isomer, the m/z 46, m/z 62, m/z 338 and m/z 340 ions would 
not have been detected in the hydrolyzed sample since 
alcohols do not give these ions. 

O--X 

CH3(CH2) 4 ~ 0 H 2 ) 7 - - ~  O 
OCH 3 

O �9 

CH3 (CH2) 4 / ~ ~ ( C H  2)-t J-~ O 
OCH3 

I R  spectral dat~ Table 6 displays IR data for isopentyl 
nitrite, nitrocyclohexane, a mixture of isopentyl nitrite and 
nitrocyclohexane, and our allylic nitrite(nitro) isomers. 
Stretching frequencies at 1603 cm -1 and 1587 cm -1 for 
the allylic nitrite(nitro) isomers may be caused by the 
presence of an oxime (31) formed by the decomposition 
of the allylic nitrite isomers. The stretching frequency for 
the nitro functional group is 1377 cm -1. The stretching 
frequencies we observed diverge from the normal values, 
perhaps because of the electron-withdrawing effects of the 
double bonds (32). 

Maximum U V  absorptions. The UV maximum absorp- 
tion wavelength of allylic nitrite(nitro) isomers isolated 
by HPLC using hexane]isopropanol (99:1, vol]vol) is 236 • 
2 nm for the cis, trans isomers and 234 • 2 nm for the 
trans, trans isomers. The methyl linoleate hydroperoxides 
exhibit a UV maximum at 234 + 2 nm for the cis, trans 
and 232 • 2 nm for the trans, trans in hexane/isopropanol 
(99:1, vol/vol); these absorptions indicate that both iso- 
mers have conjugated double bonds (33}. 

Proton N M R  data of  the allylic nitrite(nitro) and hydro- 
peroxide isomers. The proton NMR data for the 13- 
cis, trans and 13-trans, trans allylic nitrite(nitro) isomers 
are listed in Table 7. The 13-cis, trans and 13-trans, trans 
hydroperoxides reported by Gardner and Plattner (28) 
have similar chemical shifts and splitting patterns. The 
proton NMR data of the 9- and 13-allylic nitrite(nitro) 
isomers have the same chemical shifts and splitting pat- 
terns (Table 8). The 9- and 13-hydroperoxides of methyl 
linoleate also are reported to have identical proton NMR 
spectra (28). These similarities between the proton NMR 
data of the allylic nitrites and hydroperoxide isomers were 
used to confirm the structures assigned to the allylic 
nitrite(nitro) isomers. 

NCI of the allylic nitrite(nitro) isomers of methyl 
linolenate. The allylic nitrite(nitro) isomers and hydra 
peroxides of methyl linolenate elute at similar retention 
times (Fig. 4), as do the allylic nitrite(nitro) isomers and 
hydroperoxides of methyl linoleate (Fig. 3). NCI mass 
spectrometry was used to identify the allylic nitrite(nitro) 
isomers of methyl linolenate that elute by HPLC as four 
groups (labeled "fraction I-IV") of mixtures of positional 
and geometrical isomers. 

The NCI spectral data for the mixture of allylic nitrite 
(nitro) isomers in fraction I are shown in Table 9. The 
[M + HI- ion of m/z 338 and M- ion of m/z 337 detected 
in this fraction confirm the molecular weight of the allylic 
nitrite(nitro) isomer. The m/z 46 ion, indicative of a nitro 
group, and the m/z 62 ion, indicative of a nitrate, also are 

SCHEME 3 

X--O H 
\ . / _ _  

CH 3 (CH2) 4 ~ ( C H 2 ) 7 - - ~  U 
OCH3 

OCH3 

SCHEME 4 

TABLE 6 

Infrared Stretching Frequencies of Nitro and Nitrite Compounds a 

Compounds IR frequencies (cm -1) 

AUylic nitrite(nitro) isomers 1603, 1587, 1377 
Isopentyl nitrite 1640, 1553 
Nitrocylohexane 1545, 1379 
Isopentyl nitrite and nitrocyclohexane 1653, 1635, 1545, 1377 

aThe infrared (IR) spectra of the neat samples were taken with an 
IBM IR/45 spectrometer. 
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TABLE 7 

Nuclear Magnetic Resonance Data of the 13-cis, trans- and 13-trans, trans-Allyllc 
Nitrite(nitro) Compounds of Methyl  Linoleate a 

Y 

c B C 0 

CI'~(CH2) 4 ~ ( C H , ) 7 - ~  
OCH3 

Y (CHz)7--~ O 

' f c  oc., 

STRUCTURE1 STRUCTURE 2 

13-c, t-Allylic nitrite(nitro) 13-E t-Allylic nitrite{nitro) 

A = 6.58 ppm (dd, J = 15,10.5) 
B = 6.02 ppm (t, J = 12.5,10.5) 
C = 5 . 5 p p m ( m , J =  9) 
D = 4.4 ppm (m, J = 7.5) 

A = 6.29 ppm (dd, J = 15.5,10.5) 
B = 6.05 ppm (t, J = 15,12.5) 
C = 5.77 ppm (d~ J = 15.5,6.5) 
D = 5.47 ppm (dd, J = 15,9) 
E = 4.34 ppm (m, J = 7.5) 

add = doublet doubled, t = triplet, m = multiplet; the chemical shift (mult,/J, Hz) is given. 
In Structures 1 and 2, Y = NO2, ONO. 

TABLE 8 

The Nuclear Magnetic Resonance Data of the 9-c/s, trans-Allylic Nitrite(nitro) 
and 9-trans, trans-Allylic Nitrite(nitro) a 

Y 

CH3(CH~41 v (CH~ 7..~(X~H3 CH,~ 7 
A A OCU3 

STRUCTURE 3 STRUCTURE 4 

9-c, t-Allylic nitrite(nitro) 9-~ t-Allylic nitrite(nitro) 

A = 6.58 ppm, (dd, J = 15,10.5) 
B = 6.02 ppm, (t, J = 12.5,10.5 
C = 5.5 ppm, (m, J = 9) 
D = 4.4 ppm, (m, J = 7.5) 

A = 6.29 ppm (dd, J = 15.5,10.5) 
B = 6.05 ppm {t, J = 15,12.5) 
C = 5.77 ppm (dd, J = 15.5,6.5) 
D = 5.47 ppm (dd, J = 15,9) 
E = 4.34 ppm (m, J = 7.5) 

add = doublet doubled, t = triplet, m = multiplet; the chemical shifts (mult/J, Hz) are 
given. In Structures 3 and 4, Y -- NO 2, ONO. 

TABLE 9 

Negative Chemical Ionization Mass Spectral Data for the Allylic Nitrite and Nitro Compounds of Methyl Linolenate 

Fractions a NO 2 NO 3 (re~z) 109 (m/z) 149 (m/z) 237 (re~z) 277 M -  [M + H]- 

I 72% 2% - -  - -  70% - -  6% 18% 
II 17% 2% 2% -- - -  37% <1% <1% 
III  100% 2% -- --  5% 12% 5% 10% 
IV 98% 12% -- 76% -- -- 10% 20% 

aThe four fractions refer to the four peaks in the chromatogram in Figure 4a. 

d e t e c t e d .  T h e  [ M -  H ] -  i on  of  m e t h y l  1 3 - o x o t r i d e c a -  
d i enoa t e ,  m/z 237, is  f o r m e d  b y  O - N  h o m o l y s i s  a n d  subse* 
q u e n t  c a r b o n - c a r b o n  b o n d  s c i s s i o n  of  t h e  13-allyl ic n i t r i t e  
i s o m e r  ( S c h e m e  5). 

T h e  N C I  s p e c t r a l  d a t a  fo r  t h e  m i x t u r e  of  a l ly l i c  n i t r i t e  
(ni t ro)  i s o m e r s  in  f r a c t i o n  I I  a r e  s h o w n  in  Tab le  9. T h e  
[M + H ] -  i o n  a t  m/z 338, t h e  p a r e n t  i on  a t  m/z 337, t h e  

NO2- ion at m/z 46 and the NO3- ion at m/z 62 are 
observed. The m/z 109 ion is the [M- H]- ion of 
2,4-heptadienal formed by thermal homolysis of the 
12-allylic nitrite isomer(s) {Scheme 6). The m/z 277 ion is 
the [M -- HI- ion of methyl 16-oxo-9,12,14-hexadecatri- 
enoate isomer{s) formed by thermal homolysis of the 
16-allylic nitrite isomer (Scheme 7). 
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FIG. 4. High-performance liquid chromatographic chromatograms 
of methyl linolenate (a) allylic nitrite(nitro) isomers and (b) hydro- 
peroxide isomers. 
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The NCI spectral data for the mixture of allylic 
nitrite(nitro) isomers in fraction III are shown in Table 9. 
The [M + H]- ion of m/z 338, M- ion of m/z 337, NO2- 
ion m/z 46, and NO3- ion of m/z 62 are all observed. The 
m/z 237 ion for the 13-allylic nitrite isomer and the m/z 
277 ion for the 16-allylic nitrite isomer were both detecte~ 

The NCI spectral data of the mixture of aUylic 
nitrite(nitro) isomers in fraction IV are shown in Table 9. 

The [M + H]- ion of m/z 338, M- ion of m/z 337, NO2- 
ion of m/z 46 and the NO 3- ion of m/z 62 are detected. 
The m/z 149 ion is the [M - H]- ion of 2,4,7-decatrienal 
formed by thermal homolysis of the 9-allylic nitrite isomer 
(Scheme 8). 

Proton NMR analysis of the hydroperoxide and allylic 
nitrite(nitro) fractions of methyl linolenate. The proton 
NMR chemical shifts and splitting patterns of the olefinic 
region of the hydroperoxide fractions of methyl linolenate 
are similar to those of the allylic nitrite(nitro) isomers 
(Table 10). The proton NMR of the methyl linoleate 
hydroperoxides and allylic nitrite(nitro) isomers also are 
very similar. 

Assignments of the allylic nitrite(nitro) isomer fractions 
of methyl linolenat~ The assignments of the allylic nitrite 
(nitro) isomers of methyl linolenate obtained from the NCI 
and NMR data presented above are listed in Table 11. 
Since the isomers of the methyl linoleate hydroperoxides 
and allylic nitrite isomers of methyl linoleate elute 
at similar retention times, the assigned cis, trans and 
trans, trans geometries of the allylic nitrite (nitro) isomers 
of methyl linolenate were based on the similar elution time 
profile of the hydroperoxide isomers. 

We have shown that nitrogen dioxide reacts with methyl 
linoleate and linolenate in the absence of oxygen to give 
allylic nitro and nitrite isomers (34). Our data demonstrate 
that  these isomers can be identified by NCI mass spec- 
trometry. We have previously rationalized these products 
by a mechanism involving hydrogen atom abstraction by 
nitrogen dioxide (14,15). 

The allylic nitrite(nitro) compounds and hydroperoxides 
elute at similar retention times by adsorption HPLC. The 
UV maximum absorption wavelengths and the proton 
NMR spectra of the allylic nitrite(nitro) and hydroperoxide 
compounds also are similar. These similarities were used 
to confirm the structure of the nitrite(nitro) compounds. 

ONO 
CH 3 / 

H H H H / OCH3 

/ 
~. /~ V (CH2),J. ~ 

H H H H OCH3 

SCHEME 8 
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TABLE 10 

Proton Nuclear Magnetic Resonance Data of the Hydroperoxide 
and Allylic Nitrite(nitro) Fractions of Methyl Linolenate a 

Fraction II b Fraction IV c 

ROOH RNO2/RONO ROOH RNO2/RONO 

6.6 ppm (m) 6.6 ppm (m) 6.6 ppm (m) 6.6 ppm (m) 
6.05 ppm (t) 6.05 ppm (t) 6.05 ppm (t) 6.05 ppm (t) 
5.3-5.7 ppm (br, m) 5.3-5.65 ppm (br, m) 5.3-5.65 ppm (br, m) 5.3-5.65 ppm (br, m) 
4.35 ppm (br, m) 4.35 ppm (m) 4.4 ppm (m) 4.38 (m) 

a br ---- broad, m = multiplet and t = triplet. Since the fractions are a mixture of isomers, the coupling con- 
stants are not shown. 

bFraction II for the hydroperoxides and allylic nitriteInitro) isomers was isolated using a silica column with 
hexane/isopropanol (99:1, vol/vol) at a flow rate of 1 mL/min. The retention time for the hydroperoxide in 
Figure 4b was 10.38 rain and for the allylic nitrite(nitro) in Figure 4a was 10.16 rain. 

c The retention time of fraction IV is 11.49 min for the hydroperoxide and 11.26 min for the allylic nitrite(nitro) 
isomer. 

TABLE 11 

Allylic Nitrite(nitro) Isomers of Methyl Linolenate Contained in Isolated Fractions a 

Fractions Allylic nitrite(nitro) isomers 

I (9c,11~ 15c-13AN) 
II (9c, 13~ 15c-12AN), (9c, 13~ 15t-12AN), and (9c, 12c,14t-16AN) 
III (9~ 11~ 15c-13AN) and (9c, 12~ 14t-16AN) 
IV (lOt,12c,15c-9AN) and (10~12~15c-9AN) 

aA 25 • 0.46 cm silica column with hexane/isopropanol (99:1, vol]vol) at a flow rate of 
1 mL/min was used for high-performance liquid chromatography (HPLC) analysis. The 
four peaks refer to the HPLC trace in Figure 4a. 

Nega t ive  m e t h a n e  chemical  ion iza t ion  (NCI) was u sed  
to iden t i fy  the  presence of a n i t r i t e  and  n i t ro  group, to 
conf i rm the  molecular  weight  and  to locate the  pos i t ion  
of the  func t iona l  group. The NCI  spec t ra  for the  aUylic 
ni t r i te(ni t ro)  isomers  of me thy l  l inoleate  (Table 5) a nd  
me thy l  l ino lena te  (Table 9) d i sp lay  a m/z 46 and  m/z 62 
ion ind ica t ive  of a n i t ro  and  n i t r a t e  func t iona l  group 
(20,22,23) and  m/z 339 and  rn/z 337 molecular  ions. These  
ions were no t  seen in  the  NC1 spec t ra  for the  hydroperox- 
ides of me thy l  l inoleate  (Table 5). The posi t ion  of the  func- 
t iona l  g roup  was  de t e rmined  by  the  a ldehyde formed by 
t he rma l  homolys is  of the  O - N  b o n d  of the  n i t r i t e  group. 
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The Effect of Incubation Temperature on Yolk Lipid 
Parameters During Embryonic Development 
of the Alligator (Alligator mississippiensis) 
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aDepartment of Biochemical Sciences, The Scottish Agricultural College (Auchincruive), AYR, KA6 5HW, Scotland, and bDepartment 
of Cell and Structural Biology, The University of Manchester, Stopford Building, Oxford Road, Manchester, M13 9PT, England 

The effect of incubation temperature (30 and 33~ on 
yolk lipid uptake and changes in the alligator has been 
studied. Notable changes occurred in the lipid and fatty 
acid compositions of the yolk. Triacylglycerols and phos- 
pholipids were the major lipid components of the yolk at 
the start of incubation. However, during incubation the 
level of cholesteryl esters increased considerably to be~ 
come a major lipid component of the yolk at hatching. 
This increase in cholesteryl ester level occurred at a much 
earlier time in the eggs incubated at 33~ The cholesteryl 
esters which accumulated within the yolk showed much 
higher levels of oleic acid. The triacylglycerols and phos- 
pholipids of the yolk both contained unusually high levels 
of palmitoleic acid. Their fatty acid compositions re~ 
mained relatively unchanged during incubation. The lipid 
composition of the liver toward the end of the incubation 
period reflected the changes that occurred within the yolk. 
Thus the percentage of cholesteryl esters in the liver lipid 
of embryos incubated at 30 and 33~ were 7 and 40%, 
respectively. The accumulated cholesteryl esters also 
showed a significantly higher content of oleic acid. The 
differences in the yolk and tissue lipids during incubation 
at the two temperatures are discussed with reference to 
the respective rates of embryonic development but in 
particular with respect to the feature of temperature- 
dependent sex determination. 
Lipids 28, 135-140 {1993). 

Compared with the avian where the role of incubation 
temperature is almost wholly confined to being the final 
arbiter of survival, in the reptile the effects of incubation 
temperature are vividly manifested through a range of 
features. Thus in the crocodilians, the most extensively 
researched species to date, incubation temperature has 
been shown to control embryonic growth rate (1,2), the 
pigmentation pattern at hatching (3), post-hatching ther- 
moregulation and growth {4,5) and, most importantly, the 
sex of the animal whereby at 30~ the hatchlings are all 
female, while at 33~ they are all male (1,6-9). 

An extensive yolk mass to supply the developing em- 
bryo with a large proportion of its nutrients is common 
to all birds and reptiles (10-13). A major feature of the 
yolks is a high initial lipid content and rapid lipid utiliza- 
tion during the later stages of embryo development. In- 
deed, in the alligator there is a close similarity to the avian 
in the distinctive lipid compositional and metabolic events 
that  accompany yolk uptake (11,12). The fact that tem- 
perature has an effect on overall yolk utilization has been 
shown in Crocodylus johnstone (10). Differences in lipid 
uptake at different incubation temperatures may be 
associated with or actually cause several of the events 

*To whom correspondence should be addressed at Department of 
Biochemical Sciences, The Scottish Agricultural College (Auchin- 
cruive), Ayr KA6 5HW, Scotland. 

Abbreviations: CE, cholesteryl esters; FFA, free fatty acids; FC, free 
cholesterol; PL, phospholipids; TG, triacylglycerols; UV, ultraviolet. 

specified by incubation temperature in alligators. The 
present study reports on some of the major lipid changes 
occurring in the yolks of Alligator mississippiensis eggs 
during incubation at 30 and 33~ 

MATERIALS AND METHODS 

Eggs of Alligator mississippiensis were collected from 
nests of wild alligators at the Rockefeller Wildlife Refuge, 
Grand Chenier, LA, on the first or second day after lay- 
ing and were immediately transported by air to Man- 
chester, England. On arrival at the laboratory (day 3/4 
depending on the clutch), the eggs were weighed and 
placed in incubators accurate to +0.01~ (Vinden Scien- 
tific Ltd., Bolton, England) maintained at 30 and 33~ 
The relative humidity in the incubator was maintained 
as close as possible to 100% relative humidity. 

Embryos and yolk complexes were carefully excised 
from four fertile eggs at days 8, 16, 24, 32, 40, 48, 56, 64 
(hatching at 33~ and 75 (hatching at 30~ of incuba- 
tion. The embryos were staged (Table 1) according to the 
method of Ferguson (8). Following weighing, the yolk com- 
plexes were individually homogenized and a known weight 
of the homogenate was removed. Total lipid from the 
homogenized sample was extracted by refluxing in a suit- 
able excess of chloroform/methanol (2:1, vol]vol) according 
to well established procedures (14). Total lipid concentra- 
tion was determined gravimetrically. Livers were excised 
from embryos at each incubation temperature just prior 
to hatching and the lipid extracted as for the yolk samples. 
All lipid extracts were then stored in chloroform at -20~ 
until analyzed. 

The lipids were fractionated into their classes on thin- 
layer chromatoplates of silica gel G, thickness 0.25 mm, 
using a solvent system of hexane/diethyl ether/formic acid 
(80:20:1, vol/vol/vol). Following visualization and identi- 
fication of the separated bands under ultraviolet (UV) 
light after spraying with a 0.1% {wt/vol) solution of 2,7- 
dichlorofluorescein in methanol, the phospholipids were 
recovered from the silica gel with 3 • 5 mL of chloro- 
form]methanol/water (5:5:1, vol/vol/vol); the remaining 

TABLE 1 

Ages and Stages of Alligator Embryos from Which the Yolk 
Complexes Were Excised at 30 and 33~ Incubation Temperatures 

Stage Embryo age 
(d) 30~ 33 ~ 

8 8 8 
32 19 22 
40 21 23 
48 23 24 
56 24 26 
64 25 28 (hatching) 
75 28 (hatching) -- 
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lipid fractions were recovered with 3 • 5 mL of diethyl 
ether. The lipid fractions were then transmethylated by 
refluxing with methanol/toluene/sulfuric acid (20:10:1, 
vol/vol/vol) in the presence of a pentadecanoic acid stan- 
dard (15). Gas-liquid chromatography of the fatty acid 
methyl esters on a packed column of 15% CP Sfl 84 on 
Chromosorb WHP (Chrompak UK Ltd., Middleburg, The 
Netherlands) enabled quantification of both the relative 
proportions of the major long-chain fatty acids present 
and the absolute amounts of the lipids. Quantification of 
the fatty acid chromatograms was by integration. Free 
cholesterol was quantified by charring and subsequent 
densitometry using a liquid scintillation counter (16). 
Identification of lipid and fatty acid fractions was by com- 
parison with known standards. All solvents were distilled 
before use and where appropriate, operations were per: 
formed under an atmosphere of nitrogen. 

30 

20 

lO 

o 

0 

30 ~ 

I I I I 

0 20 40 60 80 

incubation, d �9 

RESULTS 

The initial whole weights (+_SE) of the eggs incubated at 
the two temperatures were: 30~ 69.9 _ 1.11 g and 33~ 
69.8 +_ 0.53 g. The weights of all the eggs thus fell within 
the range expected for those from mature alligators. 
Figure 1 shows the changes observed in the total yolk 
weights, total lipid content of the yolks and the percent- 
age of lipids within the yolks during the incubations at 
30 and 33~ As can be seen, total yolk weights at both 
incubation temperatures remained very similar over the 
first 32 d of incubation, both groups registering very small 
decreases. Eggs incubated at 30~ continued to show only 
a further slight decrease in yolk weight up to 56 d of in- 
cubation, but thereafter there was a rapid decline By con- 
trast, eggs incubated at 33 ~ showed a rapid decrease in 
total yolk weight following 32 d of incubation (Fig. la). 
Just  prior to hatching at 30 and 33~ total yolk weights 
were 9.8 and 10.1%, respectively, of initial values. This 
overall difference was evident macroscopically, free yolk 
being present within the thick yolk sac membrane at 33~ 
but sparse at 30~ The changes in total yolk weights dur- 
ing incubation at the two temperatures were mirrored by 
similar relative changes in total lipid contents. Although 
lipid absorption was particularly extensive during the last 
third of incubation, in the eggs incubated at 33~ 
mobilization was already prominent from a much earlier 
stage of incubation {Fig. lb). By the end of incubation, 
some 85% of the initial yolk lipids had been absorbed in 
the eggs incubated at 30~ but only some 73% in eggs 
incubated at 33 ~ As incubation proceeded, total lipids 
assumed an increasing proportion of the total yolk weight 
in both groups of eggs, rising from an initial level of 20% 
of the yolk weight to 31% just prior to hatching (Fig. lc). 

Table 2 shows the changes that  occurred in yolk lipid 
composition (major classes, weight percentage of total 
lipids) during incubation at 30 and 33~ The reduction 
in lipid levels in the yolk was accompanied by substan- 
tial changes in composition, particularly in the eggs in- 
cubated at 33 ~ C. Initially and throughout incubation in 
both groups of eggs, triacylglycerols were the principal 
lipid components accompanied also by a large proportion 
of phospholipids. Incubation was characterized by a large 
increase in the proportion of cholesteryl esters (CE) within 
the remnant yolk lipids of both groups of eggs; as yolk 
mobilization occurred, the proportion of CE increased 
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FIG. 1. Changes in total weight (a), total lipid content 0a) and percent- 
age of lipid {c) of the yolks during incubation at 30 and 33~ 

from a level of only about 1% in the yolk lipids initially 
to over 20% just prior to hatching. Proportions of free 
cholesterol were reduced. The increase in the level of CE 
was accompanied by a very large proportional decrease 
in phospholipids and also a decrease in triacylglycerols 
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(TG). At hatching the proportion of free fatty acids had 
shown an increase Both groups of eggs showed similar 
yolk lipid compositions just  prior to hatching. The 
changes in lipid composition of the yolk during incuba- 
tion at 33~ were manifested at a very early stage; in par- 
ticular the level of CE within the yolks had already shown 
a significant increase by day 32 of incubation. In general, 
if the data {Table 2) are compared by embryonic stage 
{Table 1), as opposed to embryonic age {days of incuba- 
tion}, then the changes in the lipid components are similar 
at equivalent embryonic stages regardless of incubation 
temperature, although some stage-independent changes 
exist. 

Figure 2 shows the changes in the absolute amounts of 
CE, TG and phospholipids that occurred within the yolks 
during incubation at 30 and 33~ As can be seen, in both 
groups of eggs a decrease in the amount of TG and 
phospholipids became increasingly obvious from around 
day 32 of incubation, but the reduction was particularly 
prominent in the yolks of the eggs incubated at 33 ~ By 
contrast, absolute amounts of CE in the yolks of both 
groups of eggs increased over the incubation period with 
recognizable changes evident earlier in the eggs incubated 
at 33~ 

Table 3 shows the fatty acid compositions {major acids, 
weight percent of total} of the CE, TG and phospholipid 
fractions of the yolk at day 8 {beginning of incubation}, 
day 64 (just prior to hatching at 33~ and day 75 (just 
prior to hatching at 30~ of incubation. In the tri- 
acylglycerol and phospholipid fractions, palmitic and oleic 
acids were the major constituent acids. Both fractions con- 
tained unusually high levels of palmitoleic acid. The high 
levels of polyunsaturated fatty acids in the phospholipids 
were characterized by levels of C20 and C92 acids that far 
exceeded those of the C18 precursors. In neither the TG 
nor the phospholipid fractions did the fatty acid composi- 
tions undergo any appreciable changes during the incuba- 
tion period of the eggs. Although palmitic acid was the 
principal fatty acid present initially within the CE frac- 
tion, its level decreased markedly as incubation proceeded, 
and that of oleic acid increased. At day 64 of incubation 
there was a considerable difference in the oleic acid levels 
between the yolks of the two groups of eggs, but levels 
just prior to hatching were similar. 

Table 4 shows the level and fatty acid composition of 
the CE found in the liver of the embryos at day 60 of in- 
cubation at 30 and 33~ As can be seen, the concentra- 
tion of CE within the lipids of the liver in embryos from 
the eggs incubated at 33~ was considerably elevated and 
showed a substantially different fatty acid composition, 
in particular much higher concentrations of palmitoleic~ 
oleic and linolenic acids. 

DISCUSSION 

Yolk lipid uptake has been extensively studied in avian 
species, but particularly in the fowl {13,17). The patterns 
of events are similar throughout. A substantial reduction 
in egg yolk weight is associat~i with an extensive removal 
of lipids during the last third of the incubation period, 
the loss of lipids being particularly prominent in the last 
few days prior to hatching. Previous investigations (10,11) 
have already indicated that, in relative terms, yolk loss 
and lipid removal from the yolk of the alligator egg is 
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TABLE4 

Concentration and Fatty Acid Composition (major acids, 
percent of total) of the Cholesteryl Esters of the Liver 
at Day 60 of Incubation a 

Incubation temperature 

Lipid composition 30~ 33~ 

% Cholesteryl esters 
in total lipid 7.47 +_ 1.91 a 39.5 • 1.48"** 

Fatty acids 
Palmitic 42.1 _ 3.21 11.9 _ 0.55*** 
Palmitoleic <1.0 6.91 • 0.65*** 
Stearic 7.42 _ 0.41 2.37 _ 0.07*** 
Oleic 31.0 • 2.84 48.6 • 0.45** 
Linoleic 8.55 • 2.59 9.99 • 0.89 
Linolenic <1.0 5.10 • 0.13"** 
Arachidonic 5.53 • 0.13 9.01 ___ 0.23*** 
Docosapentaenoic <1.0 1.18 ___ 0.20 
Docosahexaenoic 4.54 • 2.62 5.80 _ 0.39 

a Values are means • SE. Significance of difference between values 
at 30 and 33~ **P < 0.01, ***P < 0.001. 

similar to that displayed by the fowl egg. Increasing the 
temperature of incubation of the alligator egg in the pres- 
ent investigations clearly resulted in a significant effect 
on both the rate and extent of overall yolk weight reduc- 
tion and lipid uptake by the embryo. Thus, although by 
the end of the incubation period at both temperatures the 
amount of yolk material remaining unabsorbed was only 
some 10% of that initially present in the egg, the amounts 
of yolk lipid remaining unabsorbed were 15 and 27%, 
respectively, at 30 and 33~ A similar effect of increased 
incubation temperature on overall yolk lipid uptake has 
been observed in other reptilian species (10). 

In general terms, the lipid composition of the yolk of 
the alligator egg is similar to that  of the fowl {18}. How- 
ever, the extent of lipid compositional changes as incuba- 
tion proceeds is far more pronounced in the alligator egg. 
Thus although there is an accumulation of CE within the 
yolk complex of the fowl during incubation, its extent is 
considerably less than for the alligator (4% compared to 
20% of total lipids). Furthermore, absorption of yolk lipids 
by the fowl embryo does not display any overall preferen- 
tial uptake of phospholipids; any preference is confined 
to specific species comprising the individual phospholipid 
fractions {13,19,20). The major influence on yolk lipid com- 
position, especially during the latter part of incubation, 
is undoubtedly the increasing development of the yolk sac 
membrane {13,19). Its extensive function with respect to 
absorption and synthesis of lipids dictates the extent of 
lipid changes. Synthesis of CE, in particular cholesteryl 
oleate, by the yolk sac membrane in order to facilitate ef- 
ficient transfer of lipid into the embryo has been shown 
to be a major function of the membrane's metabolism (21). 
Although it is tempting to suggest that  the much higher 
accumulation of cholesteryl esters within the yolk of the 
alligator during incubation, compared to the fowl, may 
be associated with higher lipid concentrations within the 
egg when laid (11), the extent of the differences in the ac- 
cumulations indicates a more fundamental metabolic 
reason, presumably differential synthesis by the yolk sac 
membran~ 

It is clear from the present investigations that the in- 
cubation of eggs at 33~ considerably accelerated the 
processes of lipid removal and uptake by the embryo when 
compared to incubation at 30~ Thus at 33~ changes 
in the total yolk and lipid weights became particularly evi- 
dent from as early as day 32 of incubation, that is half- 
way through the incubation period. By comparison, at 
30~ large-scale changes in yolk uptake became evident 
from about day 50 of incubation, that is the last third of 
the incubation period (cf. the fowl). More definitive 
parameters confirm the earlier and more active lipid 
metabolism in the yolks at 33~ Cholesteryl ester ac- 
cumulation within the lipid of the yolk is the most promi- 
nent featur~ In spite of the extensive mobilization of yolk 
lipids into the embryo in association with the cholesteryl 
esters synthesized (12), absolute cholesteryl ester levels 
within the yolk increased throughout the incubation 
period, whereas absolute levels of other major lipid com- 
ponents dramatically decreased. The earlier (in terms of 
age) changes in yolk lipid metabolism in embryos in- 
cubated at 33~ correlate with the faster general develop- 
ment and growth of such embryos (2). 

As a result of yolk lipid mobilization, the tissues of the 
alligator embryo are undoubtedly exposed to increasingly 
high levels of cholesterol; the change in lipid composition 
of the liver is only the most obvious case of cholesterol 
accumulation arising from yolk lipid absorption {12,13). 
Much has been said of the unique feature of temperature- 
dependent sex determination displayed by the alligator 
(1,9). A whole range of possible determining factors in- 
volved in the process has been noted. Among the several 
hypotheses suggested to operate at a cellular level is the 
involvement of steroid hormone and accelerated gonadal 
differentiation during development at differing incubation 
temperatures (1). Differential testicular and ovarian 
steroidgenic enzyme mRNA in tissues during gestation 
has been identified in mammalian and avian species 
(22,23). It is therefore tempting to suggest that, arising 
from the temperature of incubation, the unique set of 
metabolic circumstances whereby the alligator embryo is 
exposed to widely differing levels of cholesterol during its 
development may promote the synthesis of particular pat- 
terns of steroid hormones from cholesterol with subse- 
quent effects on sexual differentiation. Interestingly the 
time of primary temperature sex determination in the 
alligator extends to about stage 21 (day 40 at 30~ the 
time when major differences in yolk lipids are evident. It 
seems likely that these lipid changes are involved in stim- 
ulation of the primary sexual phenotype and the develop- 
ment of secondary sexual states by affecting steroid hor- 
mone biosynthesis. 
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Determination of 4-Hydroxynonenal by High.Performance Liquid 
Chromatography with Electrochemical Detection 
Christopher Goldring 1, Alessandro F. Casini, Emilia Maellaro, Barbara Del Bello and Mario Comporti* 
Istituto di Patologia Generale, Universit& di Siena, 53100 Siena, Italy 

4-Hydroxy-trans-2-nonenal (HNE) is a highly reactive 
product of lipid peroxidation originating from the break- 
down of phosphofipid-bound polyunsaturated fatty acids 
of cellular membranes. Despite its biological relevance, 
this aldehyde is only occasionally determined due to the 
complexity of previously described procedures. Here we 
present a simple and very sensitive method for the detec- 
tion of HNE in biological samples. The method is based 
on the measurement of the 2,4-dinitrophenylhydrazone 
(DNPH) of the aldehyde by electrochemical detection 
after separation by reverse-phase high-performance liquid 
chromatography (HPLC). The greater sensitivity of this 
procedure as compared to the ultraviolet detection 
method commonly employed to measure DNPH deriva- 
tives of aldehydes after HPLC will allow the detection 
of HNE below the pmol level. The detection of HNE is 
highly reproducible even in normal tissues and cells. In- 
creased amounts of HNE were detected in the livers of 
animals intoxicated with prooxidant agents such as car- 
bon tetrachloride, bromotrichloromethane or bromoben- 
zene. An exponential increase in HNE (and in malon- 
dialdehyde) was measured in peroxidizing fiver micr~ 
somes (in the NADPH/Fe-dependent system). The method 
is also suitable for the study of very small samples, since 
HNE could be detected in approximately 1 million cul- 
tured cells (polyoma virus-transformed baby hamster 
kidney fibroblasts); the level rose after exposure of the 
cells to a Fe3+/ADP prooxidant system. 
Lipids 28, 141-145 (1993). 

4-Hydroxy-trans-2-nonenal (HNE) is an aft-unsaturated 
aldehyde which can be formed by peroxidation of r un- 
saturated fatty acids, such as linoleic (18:2), ~linolenic 
(18:3} and arachidonic (20:4} acid (1,2}. In cellular mem- 
branes, however, HNE originates almost exclusively from 
phospholipid bound arachidonic acid {3) and can be con- 
sidered as the most reliable index of free-radical stimu- 
lated lipid peroxidation. HNE exhibits a variety of cyto- 
pathological effects such as enzyme inactivation, inhibi- 
tion of DNA and RNA synthesis, inhibition of protein syn- 
thesis and induction of heat shock protein (4-7}. It is 
highly cytotoxic to many types of cells, such as hepato- 
cytes, mammalian fibroblasts and Ehrlich ascites tumor 
cells {8-11}; it shows inhibitory effects on cell prolifera- 

1 During the course of these studies, Dr. Goldring was on leave from 
Division of Biochemistry, UMDS Guy's Hospital, London SE1 
9RT, UK. 

*To whom correspondence should be addressed at Istituto di 
Patologia Generale, Universita di Siena, Via del Laterino 8, 53100 
Siena, Italy. 

Abbreviations: DMEM, Dulbecco's Modified Eagle's Medium; 
DNPH, 2,4-dinitrophenylhydrazine; ED, electrochemical detection; 
EDTA, ethylenediaminetetraacetic acid; GC/MS, gas chromatog- 
raphy/mass spectrometry; HNE, 4-hydroxy-trans-2-nonenal; HNE- 
DNPH, 2,4-dinitrophenylhydrazone of 4-hydroxynonenal; HPLC, 
high-performance liquid chromatography; MDA, malondialdehyde; 
PBS, phosphate buffered saline; TBA, 2-thiobarbituric acid; TLC, 
thin-layer chromatography; UV, ultraviolet. 

tion as well as mutagenic effects (12,13). HNE may be one 
of the putative "second toxic messengers" 14,6) of perox- 
idation in cellular membranes, thereby providing the 
amplification that  lipid peroxidation delivers for the in- 
itial free radical attack. 

A number of methods have been applied to detect HNE 
in biological systems. The first to be developed {1,14} 
employed the commonly used aldehyde~derivatizing agent, 
2,4-dinitrophenylhydrazine (DNPH) to stabilize the other- 
wise volatile HNE and to facilitate its detection both in 
a preliminary purification stage using thin-layer chro- 
matography (TLC) and during its separation using high- 
performance liquid chromatography IHPLC) with ultra- 
violet (UV) detection at 378 nm {molar absorptivity of the 
DNPH derivative = 25000-28000, ~ = 360-380 nm). A 
method for the HPLC determination of free HNE has also 
been described (15). The detection limit of standard HNE 
is approximately 2 pmol and that in biological samples 
is approximately 10 pmol]mg protein. Another HPLC 
method (16) employs derivatization with a fluorescent 
reagent (1,3-cyclohexanedione), but in our experience, the 
lack of a purification stage renders the HNE peak hardly 
distinguishable in chromatograms of biological samples. 
A very recent method (17) employing TLC densitometry 
to quantify aldehydes using the two derivatizing agents 
described above is limited by its low sensitivity. Various 
determinations of free HNE using gas chromatography/ 
mass spectrometry (GC/MS) have also been reported 
(18-20}. These are extremely sensitive and specific, but 
place a heavy burden on resources. 

In order to overcome these problems of sensitivity or 
cost, we have modified the early DNPH derivatization 
method and employed electrochemical detection to im- 
prove the detection limit. This procedure has enabled us 
to measure HNE in very small biological samples, in both 
in vivo and in vitro experiments. 

MATERIALS AND METHODS 

Chemicals. Chemically synthesized 4-hydroxynonenal was 
a gift from H. Esterbauer, Department of Biochemistry, 
University of Graz, Graz, Austria. 2,4-Dinitrophenyl- 
hydrazine {analytical grade) was from Merck (Darmstadt, 
Germany}. Dichloromethane, chloroform, benzene, n- 
hexane and methanol (all HPLC grade} were from Baker 
(Phillipsburg, N J). 

D N P H  derivatization. DNPH derivatization of HNE 
essentially followed the procedure of Benedetti et al. {21). 
Samples obtained from in vivo and in vitro experiments 
were immediately reacted with an equal volume of DNPH 
reagent {pellets of approximately 10 million cells were 
derivatized with 2 mL of reagent). The reaction was car- 
ried out in the dark for 2 h at room temperature The 
DNPH reagent was freshly prepared by dissolving 50 mg 
of DNPH in 100 mL of I N HC1, and the reagent was ex- 
tracted twice with 50 mL of hexane to remove impurities. 
The reaction mixture (sample plus DNPH reagent} was 
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extracted three times with 3 vol of dichloromethane The 
pooled extracts were dried under N2 and redissolved in 
200/~L of chloroform. The sample was then subjected to 
a purification procedure using either TLC or solid phase 
extraction. The DNPH derivatives (including the HNE- 
DNPH) were recognizable during these procedures be~ 
cause of their intense yellow color. 

TLC purification. The sample was applied to a TLC 
plate (20 cm • 20 cm • 0.2 ram, silica gel pre-coated, ob- 
tained from Merck) and developed twice with dichlor~ 
methane (5 cm) and once with benzene (9 cm) (21). Stan- 
dard HNE-DNPH was run along either end of the plate. 
The area corresponding to standard HNE-DNPH, to- 
gether with material migrating at a higher R~ up to 
unreacted DNPH, was scraped off and eluted three times 
with 2 mL of methanol. The methanol extracts were 
pooled, dried under N2 and redissolved in methanol 
(200/~L) prior to HPLC analysis. 

Purification by solid phase extraction. The sample was 
applied to a disposable silica gel extraction column (3 mL 
vol, Baker) which had been preequilibrated with n- 
hexane/chloroform (2:1, vol/vol). The same solvent mixture 
(approximately 10 mL) was used to wash off the highly 
lipophilic DNPH derivatives in the sample in a discrete 
band. The remaining material (including the HNE-DNPH) 
was eluted using chloroform (approximately 6 mL). The 
chloroform extract was evaporated under N 2 and redis- 
solved in methanol (200 ~L) prior to HPLC analysis. 

HPLC analysis. The separation of the HNE-DNPH 
derivative was performed using reverse~phase HPLC. A 
C18 column (5 nm Ultrasphere; 25 cm • 4.6 mm i.d.; 
Beckman Instruments Inc, San Ramon, CA), protected 
by a C18 precolumn (Guard-Pak, Millipore, Milan~ Italy), 
was used. The mobile phase, a mixture of 30 mM sodium 
citrate/27.7 mM acetate buffer, pH 4.75, with three 
volumes of methanol, was delivered isocratically at 1.0 
mL/min, using a Beckman (Palo Alto, CA) HPLC pump, 
model 114 M. Dinitrophenylhydrazones, including HNE- 
DNPH, were detected using an ESA model 5100A Coulo- 
chem detector linked to an ESA model 5011 analytical 
cell (ESA Inc, Bedford, MA). A potential of +0.3 V was 
used at the upstream (screening) electrode; the down- 
stream (detecting) electrode was set at +0.8 V. These 
potentials were found in preliminary experiments as the 
most suitable conditions for maximal detector yield of 
HNE-DNPH together with maximal screening. Standards 
and samples were injected using a Rheodyne syringe 
loading injector model 7125 (Rheodyne, Cotati, CA) fit- 
ted with a 6-~L loop. The identification of HNE-DNPH 
was made on the basis of the retention time of standard 
HNE-DNPH, as well as on the basis of the coelution test 
performed by adding HNE-DNPH to biological samples. 
Quantitation of the HNE-DNPH derivative in standards 
and samples was done by measurement of peak height. 

In vivo experiments. Male NMRI albino mice (Charles 
River, Como, Italy) weighing 20-30 g were used. The 
animals were maintained on a complete pellet diet 
(Altromin-Rieper, Bolzan~ Italy). They were starved over ~ 
night before intoxication. CC14, BrCCls or bromobenzene 
was administered intragastrically under light anesthesia, 
at the dose of 26, 26 and 15 mmol/kg body wt, respectively. 
Bromobenzene had been pre-mixed with two volumes of 
mineral oil. Control animals were given an equal volume 
of mineral oil. The animals were sacrificed 2, 3 and 12 h 

after intoxication, respectively. Liver homogenates (20%) 
were prepared in 0.154 M KC1/3 mM ethylenediaminetetra- 
acetic acid (EDTA) (pH 7.4), and aliquots were taken for 
DNPH-derivatization, estimation of malondialdehyde 
(MDA) with 2-thiobarbituric acid (TBA; ref. 22), and pro- 
tein determination (23). 

In vitro experiments. Rat liver microsomes were pre- 
pared and allowed to peroxidize in a NADPH/Fe- 
dependent system as described by Benedetti et al. (24). 
Two concentrations (6 and 60/~M) of FeSO4 were used to 
promote lipid peroxidation. At the times indicated, 1.5 mL 
of the mixture was removed for DNPH derivatization, and 
1.0 mL was removed for MDA estimation. An aliquot was 
also removed for protein determination. 

Baby hamster kidney fibroblasts transformed using 
polyoma virus (BHK-21/Py Y) (25) were routinely grown 
at 37 ~ in Dulbecco's modified Eagle's medium (DMEM) 
(Gibco Products Ltd., Uxbridge" United Kingdom), con- 
taining 10% (vol/vol) fetal calf serum (Flow Laboratories 
Ltd., Irvine, United Kingdom), under an atmosphere of 
air containing 5% CO2. No evidence of mycoplasmal con- 
tamination was found by staining with bisbenzamide 
(Hoechst 33258, Sigma, Poole, United Kingdom). The cells 
were grown to near confluency in 80-cm ~ culture flasks 
(Nunc, Roskilde, Denmark) and washed twice with 
DMEM. Half were subjected to prooxidant stress, induced 
by a Fe3+/ADP-containing medium (374 ~M FeC1J10 mM 
ADP dissolved in DMEM) for two hours. DMEM alone 
was used as the medium for the remaining control mono- 
layers. The prooxidant and the control media were then 
removed from the monolayers, which were washed twice 
with DMEM, trypsinized, washed once in phosphate buf- 
fered saline (PBS), suspended in PBS and counted using 
a Coulter counter (Coulter Electronics LtcL, Luton, United 
Kingdom). The cell suspension was then centrifuged, and 
the cell pellet was derivatized using the DNPH reagent. 

RESULTS AND DISCUSSION 

Figure 1 shows a typical chromatogram of standard HNE- 
DNPH revealed by electrochemical detection (ED). The 
detection limit for standard HNE-DNPH was 15 fmol 
(with a signal-to-noise ratio of 4). Thus the sensitivity of 
this method seems to be far greater than that  of other 
methods (with the exception of GC/MS) employed to 
measure HNE. We found good proportionality between 
the amount of HNE-DNPH injected onto the column and 
the detector response A typical calibration curve is shown 
in Figure 2. 

We then applied this HPLC-ED method to biological 
samples obtained from in vivo and in vitro systems. The 
original method of Benedetti et al. (1) describes a sample 
purification using TLC. Because of the notoriously low 
recovery of analytes separated by TLC, we initially 
developed an alternative purification procedure for our 
in vivo samples, which utilized solid phase extraction with 
silica gel columns. This procedure was also considered to 
be more convenient and less time-consuming than TLC. 
Therefore, it was used for the determination of HNE in 
liver samples obtained from CC14, BrCC13 or bromoben- 
zene intoxicated mice. Figure 3 shows representative 
chromatograms for control and CC14 intoxicated hepatic 
samples. As can be seen in Table 1, the highest levels of 
HNE were found in bromobenzene hepatotoxicity (in 
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FIG. 1. High-performance liquid chromatography elution profile of 
standard 2,4-diuitrophenylhydrazone of 4-hydroxynonenal (HNE- 
DNPH) (0.5 pmol) with electrochemical detection. A C18 reverse 
phase column was used. Mobile phase, methanol]30 mM sodium 
citratd27.7 mM acetate buffer, pH 4.75 (75:25, vol/vol) delivered 
isocratically at 1.0 mL/min. The HNE-DNPH was dissolved in 
methanol. A screening potential of +0.3 V and a detecting poten- 
tial of +0.8 V were used. 
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FIG. 2. Calibration curve of standard 2,4-dinitrophenylhydrazone of 
4-hydroxynonenal (HNE-DNPH) by high-performance liquid chro- 
matography {I-IPLC) with electrochemical detection. HPLC analysis 
was carried out as described in Figure 1. 

agreemen t  wi th  our  previous  results;  ref. 21) and  the  
lowest in CC14 and  BrCC13 hepatotoxici ty .  The  basa l  
levels of H N E  measured  by  this  m e t h o d  in normal  livers 
are qui te  similar  to  t h a t  repor ted  by  o thers  (20,26) and 
a little lower than  tha t  reported by Yoshino et aL (27). D a t a  
on the  hepat ic  con ten t  of  M D A  are also repor ted  here for 
comparison.  A l t h o u g h  the  product ion  of H N E  is lower as 
compared  to t h a t  of MDA,  it  m u s t  be considered,  as is 
known, t h a t  H N E  is a much  more specific p roduc t  of lipid 
peroxidat ion.  

As  s ta ted  in the  Mater ia ls  and Methods ,  the  identifica- 
t ion  of the  H N E - D N P H  peak  was  done on the  bas is  of 
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FIG. 3. Left: High-performance liquid chromatography (HPLC) 
analysis with electrochemical detection of (A) a liver extract from 
a control mouse (3.4 pmol 4-hydroxy-trans-2-nonanal (HNE)/mg 
protein), and (B) the same extract to which standard 2,4-diuitro- 
phenylhydrazone (HNE-DNPH) had been added. Right: HPLC 
analysis with electrochemical detection of (A) a liver extract from 
a CCI 4 intoxicated mouse (7.8 pmoi HNE/mg protein), and (B) the 
same extract to which standard HNE-DNPH was added. The HNE- 
DNPH peaks are indicated by arrows. Samples derived from a po~ 
tion of liver corresponding to approximately 0.2 mg of protein were 
injected. 

TABLE 1 

Hepatic Concentrations of HNE and MDA in Control and CCI4, 
BrCCI 3 or Bromobenzene Intoxicated Mice a 

HNE MDA 
Treatment (n) (pmol/mg protein) (pmol/mg protein) 

Control 6 4.5 +_ 0.7 18 _ 3 
CC14 3 11.3 +_ 0.7 33 +_ 7 
BrCC13 3 26.2 + 3.8 40 +_ 4 
Bromobenzene 3 90.6 - 19.3 1251 +_ 420 

aliNE was determined by high-performance liquid chromatography 
with electrochemical detection. MDA was determined with thiobar- 
bituric acid. The animals were intoxicated and sacrificed at different 
times as described in Materials and Methods. Results are means 
_ SE. Abbreviations: HNE, 4-hydroxy-trans-2-nonenal; MDA, 
malondialdehyde. 

the retent ion t ime of the  s t andard  (Fig. 4) and on the  basis 
of the coelution test  (Fig. 3). Fur ther  evidence for the iden- 
t if icat ion of H N E - D N P H  was obta ined  by compar ing  the  
modif ica t ions  of the  peak  of s t anda rd  H N E - D N P H  
(Table 2) and  of pu ta t ive  H N E - D N P H  in biological  sam- 
ples (Table 3), following changes  in oxidat ive potential .  
Tables 2 and  3 show t h a t  the  changes  in the  two peaks  
were very  similar when the oxidative potent ial  was varied. 

Figure  5 shows the  resul ts  of an in vitro exper iment  in 
which liver microsomes  were allowed to peroxidize in a 
N A D P H / F e = + - d e p e n d e n t  s y s t e m  (with 6 or  60 ~M 
FeSO4). I n  b o t h  cases an exponent ia l  increase of H N E  
was observed  dur ing  the  incubat ion,  and this  was  paral- 
leled by an increase in MDA.  The molar  rat io of H N E /  
M D A  was 1:5-10 in the  s y s t e m  in which lipid peroxida- 
t ion  was  induced by  the  lower a m o u n t  of iron (6 ~M), and  
1:20-40 in the  s y s t e m  in which lipid peroxida t ion  was  
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FIG. 4. High-performance liquid chromatography analysis with elet ~ 
trochemical detection of (A) a fiver extract from a bromobenzene in- 
toxicated mouse (66 pmol 4-hydroxy-trans-2-nonenal/mg protein). A 
sample derived from a portion of fiver corresponding to approximate- 
ly 0.2 mg of protein was injected. Standard 2,4-dinitrophenyl- 
hydrazone (HNE-DNPH) is shown in (B) for comparison of retention 
time. The HNE-DNPH peaks are indicated by arrows. 

TABLE 2 

Changes in the Response of the Electrochemical Detector 
with Changes in the Oxidative Potential  Applied 
to Standard H N E - D N P H  a 

Detector Detector response (nA) % of response 
potential on injection of 20.6 pmol HNE at +0.8 V 

+0.80 80 100 
+0.75 73 91 
+0.70 55 69 

aAbbreviations: HNE-DNPH, 2,4-dinitrophenylhydrazone; HNE, 
4-hydroxy-trans- 2-nonenal. 

induced by the higher amount  of iron (60 ~M). Thus the 
ratio of HNE/MDA was higher when there was a lower 
degree of lipid peroxidation. The reason for such a dif- 
ference is presently under investigation. Nevertheless, in 
the in vivo experiments to(~ a similar change in the ratio 
HNE/MDA was observed with different extents of lipid 
peroxidation (Table 1). 

When very low levels of HNE were to be measured, in 
some samples the solid phase extraction for the purifica- 
tion step was found to be insufficient to remove material 
tha t  interfered with the detection. Therefore it was con- 
sidered necessary to revert to the TLC method to purify 
such samples. Using the procedure described in Materials 
and Methods (i.e., scraping a broader area than that  
strictly corresponding to standard HNE-DNPH), we have 
obtained recoveries of H N E - D N P H  added to rat liver 

TABLE 3 

Changes in the Response of the Electrochemical Detector 
with Changes in the Oxidative Potential  Applied to a Sample 
Derived from the Liver of a Bromobenzene-Intoxicated Mouse 

Detector Detector response % of response 
potential (nA) at +0.8 V 

+0.80 82 100 
+0.75 75 92 
+0.70 52 63 
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FIG. 5. Time-course of formation of afhydroxy-trans-2-nonenal (HNE) 
and concomitant evolution of malondialdehyde in fiver microsomes 
peroxidized in the NADPH/Fe-dependent system. The incubation 
mixture was composed of microsomes derived from 250 mg fiver (or 
5 mg protein)/mL, 0.15 M KCI, 0.05 M tris-maleate buffer, pH 7.4, 
6 or 60 pM FeSO4, and an NADPH-generat ing system (0.1 mM 
NADP, 5 mM MgCI 2, 2.5 mM nicotinamide, 3 mM DL-isocitrate and 
0.I pM unitelmL isocitrate dehydrogenase) (Boehringer Mannheim, 
Milano, Italy). (A), 6 ixM FeSO4; (B) 60 pM FeSO 4. MDA, malon- 
dialdehyde. 

homogenates of 90 _ 8.5% (n = 6). This compares favor- 
ably with the usual virtually complete recoveries from 
solid phase extraction. The recovery of non-derivatized 
HNE added to the buffer alone (0.154 M KC1/3 mM 
EDTA, pH 7.4) and processed the same as liver homo- 
genates or microsomal suspensions was 87 +_ 2.8% (n = 4) 
when TLC purification was used, and almost complete 
(97%, mean of two samples) when the solid phase ex- 
traction was utilized. When HNE was added to liver 
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TABLE 4 

Levels of HNE in Cultured BHK-21/PyY Cells 
Subjected to Oxidative Stress Induced by Fe3+/ADP a 

Treatment HNE (pmol/million cells) 

Control 1.96 
+ Fe3+/ADP 7.84 

aBHK-21/PyY cells were grown to near confluency in DMEM con- 
taining 10% fetal calf serum washed with DMEM, and then sub- 
jected to oxidative stress by adding DMEM containing 374 ~M 
FeCI 3 and 10 mM ADP. DMEM alone was added to control 
cultures. Abbreviations: HNE, 4-hydroxy-trans-2-nonenal; DMEM, 
Dulbecco's Modified Eagle's Medium. 

homogena t e s  before the  der iva t iza t ion  step, the  recovery 
was  m u c h  lower (nearly 40%), wha tever  pur i f ica t ion pro- 
cedure was  used. This was  very  likely due to  the  quick 
b ind ing  of the  aldehyde to  biological components ,  as has  
also been no ted  by  others  (26). 

TLC was used  to  pur i fy  samples  ob ta ined  f rom cell 
cul ture  experiments .  The  resul ts  of  such m e a su remen t s  
on control  and oxidat ively s t ressed f ibroblasts  are shown 
in Table 4. This indicates the  sui tabi l i ty of the  H P L C - E D  
m e t h o d  for the  inves t igat ion of H N E  in small  in vitro 
samples  such as are c o m m o n l y  ob ta ined  in cell cul ture  
work. 

In  summary ,  we have developed a sensi t ive m e t h o d  for 
the  analysis  of H N E  in biological  samples.  The  lowest 
a m o u n t  of H N E  which can be measured  is 0.5-1 pmol  per 
injected s a m p l e  In  the  in vivo studies,  the  injected 
samples  were derived f rom a por t ion  of liver correspond-  
ing  to approximate ly  0.2 m g  protein. Thus  t issue samples  
m u c h  smaller  t han  those used in our  previous s t u d y  (liver 
cor responding  to  5 m g  protein; ref. 21) can be analyzed.  
The  m e t h o d  appears  par t icu la r ly  suited, for example, to 
the  measu remen t  of endogenous  levels of H N E  under  cir- 
cums tances  in which low levels of lipid peroxidat ion  have 
occurred, or  when  the  sample  size is small  (e.g., in micro- 
assays,  cell cul ture  work  or  b iopsy  samples). 
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Regiospecific Analysis of Triacylglycerols 
Using Allyl Magnesium Bromide 
Claus C. Becker*, Annemette Rosenquist and Gunhild H~lmer 
Department of Biochemistry and Nutrition, Technical University of Denmark, DK-2800 Lyngby, Denmark 

A method for the regiospecific analysis of triacylglyeerols 
(TAG), using the Grignard reagent allyl magnesium brm 
mide (AMB) to partially deacylate TAG, is described. 
1,3-Distearoyl-2~leoyl~lycerol (SOS) and 1,3-dld~anoyl- 
2-pAlmitoyl-glycerol (CPC) were reacted with AMB. From 
the resulting mixture, the four different classes of partial 
acylglycerols and TAG were isolated, and the mole ratios 
between stearic acid and oleic acid, or decanoic acid and 
pslmitic acid, respectively, were determined in each frac- 
tion. Different approaches of calculating the composition 
of the fatty acids in positions sn-l(3) and sn-2 of the original 
TAG were compared. For the sn-2 position, the best esti- 
mate was the direct determination of the fatty acid com- 
position of 2-monoacylglycerol (MAG). Mole percentages 
of stearic acid and decanoic acid in the sn-l(sn-3) positions 
of SOS and CPC, respectively, were most accurately 
estimated from the fatty acid compositions of TAG and 
2-MAG according to the formula: 1.5 X TAG -- 0.5 X 2- 
MAG. Using AMB and the present method of calculation, 
the results obtained were more accurate and showed 
smaller standard deviations than those obtained using 
other common deacylating agents, such as ethyl mag- 
nesium bromide or pancreatic lipase. 
Lipids 28, 147-149 (1993). 

The distribution of fatty acids between the primary and 
secondary positions in triacylglycerols (TAG) can be deter- 
mined either after pancreatic lipase degradation or after 
chemical degradation using a Grignard reagent (1,2). Both 
methods are based on the assumption that partial deacyla- 
tion of TAG leads to representative mixtures of diacylgly- 
cerols (DAG) and monoacylglycerols (MAG), which can be 
characterized by chromatographic analysis. These methods, 
however, have certain limitations. The lipase assay is not 
reliable for TAG which contain significant amounts of short- 
or medium, chain fatty acids (C10 or less) or very long, chain 
polyunsaturated fatty acids (PUFA) (1). Milk fat, for in- 
stance, will not give representative acylglycerols as short- 
and medium-chain fatty acids are more readily hydrolyzed 
by the pancreatic lipase than are long~hain fatty acids (2). 
Some PUFA, on the other hand, have been reported to resist 
hydrolysis by lipase (3-5); therefor~ marine oils should not 
be analyzed by the lipase assay either. 

The reaction of TAG with ethyl magnesium bromide 
(EMB) can be used to obtain representative mixtures of 
DAG (6). However, the MAG are easily isomerized and can- 
not be used for regiospecific analysis of TAG. Therefore the 
mole percentages of the fatty acids in the sn-l(sn-3) and sn-2 
positions are calculated from the composition of TAG and 
1,2(2,3)-DAG. In the present communication it is shown that 

*To whom correspondence should be addressed. 
Abbreviations: AMB, allyl magnesium bromide; CPC, 1,3-didecanoyl- 
2-palmitoyl-snoglycerol (10:0/16:0/10:0); DAG, diacylglycerol; EMB, 
ethyl magnesium bromide; MAG, monoacylglycerol; PUFA, polyun- 
saturated fatty acid; SOS, 1,3-distearoyl-2-oleoyl-sn-glycerol 
(18:0/18:1/18:0); TA, tertiary alcohols; TAG, triacylglycerol, TLC, thin- 
layer chromatography. 

the more reactive Grignard reagent allyl magnesium bro- 
mide (AMB) yields representative 2-MAG, allowing the com- 
position of the native TAG sn-2 position to be determined 
directly. The composition in the sn-l(sn-3) position can then 
be estimated from the composition of 2-MAG and TAG. The 
estimates obtained using AMB compare favorably to those 
found using EMB as they come closer to the theoretical 
value and have smaller standard deviations. 

MATERIALS AND METHODS 

1,3-Distearoyl-2-oleoyl-sn-glycerol (SOS) (99%+) was pur- 
chased from Sigma Chemical Company (St. Louis, MO). 
1,3-Didecanoyl-2-palmitoyl-sn-glycerol (CPC) was syn- 
thesized according to Redgrave et  al. (7). The structure 
of 1,3-didecanoyl-sn-glycerol was verified by ~H nuclear 
magnetic resonance Silicic acid 60G thin-layer chromatog- 
raphy (TLC) plates (Merck, Darmstadt, Germany) im- 
pregnated with boric acid were used for separation of the 
different acylglycerol species resulting from the action of 
AMB on TAG. The plates were prepared by spraying with 
a 0.4 M aqueous boric acid solution until saturated. Then, 
the plates were dried at room temperature overnight and 
kept in a desiccator over a drying agent. Diethyl ether, 
analytical grade, was redistilled immediately before use  
During distillation, the ether was protected from the 
moisture by a CaC12-tube AMB in diethyl ether (2M) 
was synthesized according to Gilman and McGlumphy (8). 
Methanol and hexane were high-performance liquid chro- 
matography-grade and obtained from Rathburn  
Chemicals (Walkerburn, Scotland). Anhydrous Na2SO4, 
37% HC1 (aq.), and boric acid were purchased from Merck. 
Na2SO4 was dried at 130~ for at least 4 h before use. 
Dichlorofluorescein and tripalmitoylglycerol were from 
Sigma. 

The TAG to be analyzed (6.0 to 6.5 mg) was dissolved 
in diethyl ether (5 mL) in a Teflon capped reaction tube 
with magnetic stirring. AMB (200 ~L) was added with a 
pipette that had been flushed with nitrogen; the diethyl 
ether solution became opaque, indicating a spontaneous 
reaction. After one minute, additional diethyl ether (5.0 
mL) was added. Then the organic phase was washed, first 
with an acidic buffer (4.0 mL) prepared by adding 37% 
HC1 (1.0 vol) to a 0.4 M boric acid solution (36 vol) giving 
a final concentration of 0.27 M. This neutralized the 
Mg(OH)2 formed in the reaction mixture upon addition 
of water. Additional washings (2 X 4.0 mL) with a 0.4 M 
boric acid solution removed excess HC1 and remaining 
magnesium salts. The ether phase was dried briefly with 
about 2 g of anhydrous Na=SO4 before being decanted 
and evaporated in vacuo. The acylglycerol mixture was 
redissolved in chloroform (400 ~L). 

The chloroform solution was applied to a boric acid im- 
pregnated TLC plate which was developed in chloro- 
form]acetone (96:4, vol]vol) in a saturated chamber. The 
fractions were visualized by spraying with 2,7-dichloro- 
fluorescein {0.1% wt/vol) in anhydrous ethanol The follow- 
ing bands were observed: 1,3-MAG (Rf -- 0.12); 2-MAG 
(l~ = 0.20); 1,2(2,3)-DAG (Rf = 0.50); 1,3-DAG (Rf = 0.62); 
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tertiary alcohols of the deacylated fatty acids (TA) (Rf = 
0.70}; and TAG (Rf = 0.82}. All bands except TA were 
scraped off. The acylglycerols were extracted from the 
silicic acid with diethyl ether (2 X 2 mL). After brief cen- 
trifugation, the ether was decanted and evaporated under 
a stream of N2. The residue was methylated using the 
alkaline transesterification procedure described by 
Christie (9). The methyl esters from SOS were analyzed 
on a Hewlett-Packard (Palo Alt~ CA) Gas Chromatograph 
HP 5890A, equipped with a flame-ionization detector, us- 
ing a HP 7673A Automatic Sampler. The fused silica col- 
umn (30 m in length and 0.32 mm i.d.} coated with SP2330 
(fiLm thickness 0.25 ~ )  was from Supelco (Bellefonte, PA). 
A helium flow rate of 34 mL/min and a split ratio of 1:20 
were used. The temperature of the oven was initially 
140~ and was increased at a rate of 3.0~ until the 
final temperature (200~ was reached. The methyl esters 
from CPC were analyzed on a Hewlett-Packard Gas 
Chromatograph HP 5830A equipped with a f lame 
ionization detector and a column {2.75 m • 2 mm) con- 
taining 10% SP 2330 on 100/120 Chromosorb WAW 
(on column injection) using an HP 7671A automatic 
sampler. A flow rate of 40 mL heliundmin was employed. 
After the injection of a sampl~ the column was maintain- 
ed at 100~ for 4 min before the temperature was in- 
creased to 220~ at a rate of 8~ In both gas 
chromatographs the detector and the injector were main- 
tained at 250~ 

The composition of the partial acylglycerols was calcu- 
lated based on relative integrated peak area obtained by 
gas chromatography for the pure triacylglycerols. 

RESULTS AND DISCUSSION 

The results of the analyses of the partial acylglycerols ob- 
tained after AMB degradation of SOS and CPC, respec- 
tively, are shown in Table 1. 

For SOS, the stearic acid accounted for more than 98% 
of the total fat ty acids in the 1,3-DAG and only 2.4% of 
the total fat ty acids in the 2-MAG, showing that  a repre  
sentative mixture of partial acylglycerols was obtained. 
In the I(3)-MAG from SOS, oleic acid originating from 
isomerized 2-MAG comprised 6.8% of the fatty acids. The 

presence of stearic acid (54%) in 1,2(2,3)-DAG may cor- 
respondingly be explained by minor isomerization of 1,3- 
DAG. The remaining TAG are still representative as 
shown by the presence of 66.7% stearic acid. 

For CPC, the 2-MAG was only contaminated with de- 
canoic acid to an extent of 1.2%. The I(3)-MAG, on the 
other hand, contained 7.7% palmitic acid which had 
migrated from the 2-position. As found for SOS, the di- 
glycerides of CPC were slightly less pure 

For other TAG species, such as 1,3-dipalmitoyl-2-oleoyl- 
glycerol and 1,3-didecanoyl-2-stearoyl-glycerol, compar- 
ably low degrees of migration for 2-MAG and 1,2(2,3)-DAG 
were observed (C.C. Becker, unpublished data). 

The objective of a regiospecific analysis is to determine 
the fatty acid composition of positions sn-l(3) and sn-2 
in the original TAG. This can be done by direct determina- 
tion or by calculation based on the composition of the dif- 
ferent acylglycerols, as demonstrated in Tables 2 and 3. 

For both SOS and CPC the most accurate estimate for 
the composition of I(3)-MAG was obtained by the formulm 
1.5 • TAG - 0.5 • 2-MAG. The estimates were 98.8 + 0.7 
percent stearic acid in SOS and 99.4 +_ 1.4 percent de- 
canoic acid in CPC. For the 2-MAG obtained from the 
deacylation of TAG, only a low level of migration had oc- 
curred, and the composition of the 2-position could 
therefore be determined directly. During the synthesis of 
the TAG used in this investigation, a limited isomeriza- 
tion of the intermediate 1,3-DAG may have taken place 
The values calculated for the sn-l(3) positions are therefore 
probably even less than one percent from the true value 
For both I(3)-MAG and 2-MAG it should be noted that  
the procedures giving the best estimates of the fatty acid 
composition in I(3)-MAG and 2-MAG are also the pro- 
cedures with the lowest standard deviation. 

It  is surprising that while the I{3)-MAG resulting from 
the Grignard deacylation is slightly contaminated with 
former 2-MAG, the 2-MAG obtained appears to be almost 
completely representative This could be explained by the 
greater stability of l(3)-monoacylglycerols; thus an 
equilibrium mixture of monoolein in an aqueous system 
consists of about 90% of the 1-isomer and 10% of the 
2-isomer (10). 

When the EMB method is used, the composition of 

TABLE 1 

Fatty Acid Composition (mole% decanoic acid or stearic acid) of the Aeylglycerols 
from 1,3-Distearoyl-2qfleoyl-glycerol (99% -b) {SOS), and 1,3.Didecanoyl-2-pqlmltoyl-glycer~ 
(97% +) (CPC) After Deacylation by the Grignard Reagent Allyl Magnesium Bromide" 
TAG Acylglycerol %18:0 (for sOS) b %18:1 {for SOS) c 

analyzed formed %10:0 (for CPC) ~ %16:0 (for CPC} c 

SOS I(3)-MAG 93.2 +__ 3.8 6.8 
2-MAG 2.4 --. 0.8 97.6 
1,2(2,3)-DAG 53.9 -+ 3.6 46.1 
1,3-DAG 98.3 +-- 1.7 1.7 
TAG 66.7 + 0.4 33.3 

CPC I(3FMAG 92,3 +- 1.4 7.7 
2-MAG 1,2 + 1.3 98.8 
1,2{2,3)-DAG 51.7 + 1.0 48.3 
1,3-DAG 93,8 - 2.1 6,2 
TAG 66.7 + 0.8 33.3 

~Abbreviations: MAG, monoacylglycerols; DAG, diacylglycerols; TAG, triacylglycerols. 
Values are means + SD for four experiments. 

CStandard deviations as given for 18:0 and 10:0. 
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TABLE 2 

Calculation of the Fatty Acid Composition (mol%) of the sn-l(3) 
Positions of 1,3-Distearoyl-2-oleoyl-glycerol (99% +) (SOS), and 
1,3-Didecanoyl-2-palmitoyl-glycerol (97% +) (CPC) from the 
Composition of Other Acylglycerols Obtained by Deacylation 
with Allyl Magnesium Bromide a 

Formulas SOS CPC 
for I(3)-MAQ I(3)-MA~ 
calculation % 18:0a, o %10:0a, o 

I(3)-MAG (from Table 1) 93.2 • 3.8 92.3 • 1.4 
1.5 X TAG - 0.5 X 2-MAG c 98.8 +__ 0.7 99.4 _ 1.4 
2 X 1,2(2,3)-DAG - 2-MAG 105.5 • 7.2 102.1 • 2.4 
1,3-DAG (from Table 1) 98.3 • 1.7 93.8 • 2.1 
3 X T A G -  2 X 
1,2(2,3)-DAG 92.1 • 7.3 96.7 • 3.1 
aAbbreviations: See Table 1. 
bValues are means + SD for four experiments. 
CThe best estimate for the fatty acid composition of the sn-l(sn-3) 
positions of the triacylglycerols. 

TABLE 3 

Calculation of the Fatty Acid Composition (mol%) of the sn-2 
Positions of 1,3-Distearoyl-2-oleoyl-glyeeral (99% +) (SOS), and 
1,3-Didecanoyl-2-palmitoyl-glycerol (97% -{-) (CPC) from the 
Composition of Other Acylglycerols Obtained by Deacylation 
with Allyl Magnesium Bromide a 

Formulas SOS CPC 
for 2-MAC[ 2-MA~ 
calculation % 18:0 u %10:0 
2-MAG (from Table 1) c 
4 • 1,2(2,3)-DAG - 3 X TAG 
3 • TAG-2  • 1,3-DAG 
3 • TAG-2  X I(3)-MAG 
2 X 1,2(2,3)-DAG - I(3)-MAG 
2 • 1,2(2,3)-DAG - 1,3-DAG 

2.4 • 0.8 1.2 • 1.3 
15.7 • 14.4 6.6 • 4.7 
3.4 +__ 3.7 12.5 • 4.9 

13.7 _ 7.7 15.4 • 3.7 
14.7 __ 8.1 11.0 • 2.5 
9.6 • 7.4 9.5 • 2.5 

aAbbreviations: See Table 1. 
bValues are means • SD for four experiments. 
CThe best estimate for the fatty acid composition of the sn-2 posi- 

tions of the triacylglycerols. 

sn-l(sn-3) and sn-2 is e s t ima ted  f rom the  compos i t ion  of 
TAG and 1,2(2,3)-DAG. The  equa t ions  employed are: 

I(3)-MAG = 3 X TAG - 2 X 1,2(2,3)-DAG [1] 

2-MAG = 4 X 1,2(2,3)-DAG - 3 X TAG (6) [2] 

The  resul ts  ob ta ined  wi th  these equa t ions  are shown in 
Tables 2 and  3. The equa t ions  sugges ted  for the  E M B  
method  showed larger s t andard  deviat ions than  the equa- 
t ions  used  wi th  the  A M B  m e t h o d  due to  larger factors  
and, in the  case of 2-MAG, more  terms.  Fur thermore ,  the  
results  f rom the  A M B  me thod  were closer to  the  theoreti-  
cal value. 

The  possible d iscr iminat ion  between the  p r i m a r y  and  
secondary  posi t ions  in TAG by  the  present  m e t h o d  was  
also examined, us ing  1,2,3-tripalmitoylglycerol. Wi th  7% 
of the  t r ipa lmi t in  degraded,  the  rat io between I(3)-MAG 
and  2-MAG, and  be tween 1,2(2,3FDAG and  1,3-DAG, 

respectively, approached  the  theoret ical  value of 2. This  
means  t h a t  the posit ional  discr iminat ion was of minor  im- 
portance,  a t  least  for palmit ic  acid. However, the  calcula- 
t ions  are based  on mole% of f a t t y  acid in each class of 
acylglycerol, and no t  the  a m o u n t  of these; therefore a cer- 
tain positional discrimination will no t  influence the results 
ob ta ined  wi th  the  present  method.  

The a m o u n t  of A M B  added  is theoret ical ly  enough  to  
deacyla te  all es ter  bonds  of abou t  250 m g  of TAG. T h a t  
only  a minor  p ropor t ion  of the  TAG was deacy la ted  is 
par t ly  due to the  conten t  of azeotropic water  in ether. The 
a m o u n t  of water  should  be minimized as it increases the  
po la r i ty  of the  solvent,  and hence, in principle, the  ra te  
of acyl migrat ion.  Therefore, an  excess of A M B  m u s t  be 
added  to compensa t e  for the  react ion wi th  the  water  pre- 
sent.  This  react ion produces  m a g n e s i u m  sal ts  which fur- 
ther  increases the polar i ty  of the solvent. In  order to mini- 
mize isomerizat ion,  boric acid is added  to  the  wash ing  
solut ions  (11). 

I n  conclusion,  the  me thod  presented  offers a fas t  and  
simple way  to ca r ry  ou t  regiospecific analyses  of triacyl- 
glycerols. Sample  sizes of abou t  6 m g  were used, b u t  
smaller  amoun t s  (2 mg) can also be analyzed.  This makes  
the method  well suited for biological samples. The method  
can be used  for m o s t  fats, inc luding those  for which the  
pancrea t ic  l ipase assay  is unre l iable  The  resul ts  ob- 
ta ined  are also more  accura te  and  have smaller  s t anda rd  
deviat ions than  when E M B  is used. In  our  l abora tory  the  
A M B  me thod  has  proven to be par t icu lar ly  useful for the  
analysis  of triacylglycerols,  such as mar ine  oils, t h a t  con- 
ta in  long-chain p o l y u n s a t u r a t e d  f a t t y  acids and for seed 
oils t h a t  conta in  medium-cha in  f a t t y  acids {Cs-C12). 

ACKNOWLEDGMENTS 
We would like to thank Dr. T. Holm and Dr. I. Lundt, Institute of 
Organic Chemistry, Technical University of Denmark, for valuable 
discussions. Doug Sarney kindly corrected the English. 

REFERENCES 
1. Gunstone, F.D. (1967) An Introduction to the Chemistry and 

Biochemistry of Fatty Acids and Their Glycerides, 2nd edn., 
Science Paperbacks, London. 

2. Entressangles, B., Pasero, L., Savary, P., Sarda, L., and Desnuelle, 
P. (1961)BulL Soc Chim. Biol. 43, 581-585. 

3. Lawson, L.D., and Hughes, B.G. (1988) Lipids 23, 313-317. 
4. Brockerhoff, H. (1965)Arch. Biochem. Biophys. 110, 586-590. 
5. Bottino, N.R., Vandenburg, G.A., and Reiser, R. (1967) Lipids 

2~ 489-493. 
6. Brockerhoff, H. (1971) Lipids 6, 942-956. 
7. Redgrave, T.G., Kodali, D.R., and Small, D. (1988) Am. Soc. 

Biochem. MoL BioL 2& 5118-5123. 
8. Gilman, H., and McGlumphy, J.H. (1928) Bull. Soc. Chim. 43, 

1322-1325. 
9. Christie, W:W. (1989) Gas Chromatography and Lipids, 1st edn., 

p. 72, The Oily Press, Ayr. 
10. Larsson, K. (1986) in The Lipid Handbook (Gunstone, ED., Hat- 

wood, J.L., and Padley, F.B., eds.) pp. 364-367, Chapmann and 
Hall, London and New York. 

11. Thomas, A.E., Scharoun, J.E., and Ralston, H. (1965)J. Am. Oil 
Chem. Soc. 42, 789-792. 

[Received August 10, 1992; Revision accepted November 13, 1992] 

LIPIDS, Vot. 28, no. 2 (1993) 



151 

Microplate Methods for Determination of Serum Cholesterol, High 
Density Lipoprotein Cholesterol, Triglyceride and Apolipoproteins 
Rachel B. Shireman* and Janine Durieux 
Food Science and Human Nutrition Department, and Center for Nutritional Sciences, University of Florida, Gainesville, Florida 32611 

Microtiter plate methods were developed for the enzymatic 
determination of serum total cholesterol (TC), high densi- 
ty  iipoprotein cholesterol (HDL-C) and triglyceride (TG), 
and for the turbidometric determination of apolipopro- 
teins. The micromethods resulted in accurate, precise val- 
ues that were in good agreement with the conventional 
spectrophotometrie assays. The coefficient of variation for 
TC determinations was 4.5% or less and bias was 5% or 
less. The lipid micromethod assays are sensitive to 10 
mg/dL or less, and the apolipoprotein assay to 1 mg/dL. 
Less than 100/~L of serum suffices for TC, TG and apopr~ 
tein assays; H D L ~  requires an additional 100 ~LL of serum. 
Advantages of the micromethods include reductions in 
assay time and in the amount of reagents required. 
Lipids 28, 151-155 (1993). 

In studies requiring large numbers of samples for assay of 
serum lipids and apoproteins in duplicate or triplicat~ time 
and cost of the assays become significant factors. In both 
clinical and research laboratories, serum total cholesterol 
(TC), high density lipoprotein cholesterol (HDL-C) and 
triglyceride (TG} assays are most often performed using 
"test sets or kits" supplied by commercial sources. The 
methods recommended by the National Cholesterol Educa- 
tion Program (NCEP) (1) are enzymatic assays which may 
be done by either manual or autoanalyzer procedures (2,3). 
Apolipoprotein quantification usually involves either anti- 
body-based or other types of precipitation assays (4,5), elec- 
troimmunoassay (6) or immunonepholometric assays (7). 

The advantages of micromethods for determination of 
serum lipid levels include the small sample size required and 
a great savings in terms of time and cost of reagents and 
reference standards. This paper describes the adaption of 
enzymatic and turbidometric "test set" methods to micr~ 
procedures for determination of serum TC, HDL-C TG and 
apolipoproteins A-I, A-II and B. 

MATERIALS AND METHODS 

Total serum cholesterol  The test set (Procedure No. 1010) 
was purchased from Stanbio Laboratory, Inc. (San An- 
tonio, TX). It is based on the principles of the procedures 
defined by Allain et  al. (2) and Trinder (3). The standard 
procedure using this commercial test set involves mixing 
1.0 mL reagent with 10/~L standard supplied with the test 
set, 10/~L serum, or 10/~L phosphat~buffered saline (PBS) 
for the blank, and incubating for 15 min at room tempera- 
ture before reading the absorbance against the blank in 

*To whom correspondence should be addressed at 303 FSHN Building, 
University of Florida, Galnesville, FL 32611. 

Abbreviations: apo, apolipoprotein; CV, coefficient of variation; 
ELISA, enzyme linked immunosorbent assay; HDL-C, high density 
lipoprotein cholesterol; NBS, National Bureau of Standards; NCEP, 
National Cholesterol Education Program; PBS, phosphate-buffered 
saline; std, standard; TC, total cholesterol; TG, triglyceride. 

a Beckman (Palo Alto, CA) DU-40 spectrophotometer. For 
comparison to the plate reader in the microassay, absorb- 
ance was read at 490 nm. Calculations were performed as 
described in the test set. To determine the validity of the 
microtiter plate method, dilutions of serum and standard 
with PBS were assayed with both the spectrophotometer 
and the microtiter plate reader, using 50 ~L of the 1:5 
diluted sample and 1 mL reagent. The cholesterol stan- 
dard (200 mg/dL) was diluted 1:5 with the same solvent 
(ethyleneglycol monomethyl ether} in which the original 
standard was dissolved. 

For the micromethod, 100 ~L of the Stanbio cholesterol 
reagent were added to wells containing 10 ~L of PBS, 10 
~L 1:5 diluted calibration standards, 10 #L 1:5 diluted 
reference sera or 10 ~L 1:5 diluted fresh human serum in 
ELISA plates (Coming Co., Coming, NY). Samples were 
run in sets of 3-5 using 2 separate dilutions. Reference 
sera, including both normal and elevated lipid levels, were 
obtained from the National Bureau of Standards (NBS; 
Gaithersburg, MD) and Fisher Diagnostics (Orangeburg, 
N J). After mixing by shaking the plate gently and in- 
cubating at room temperature for 15 min, bubbles were 
eliminated with a gentle stream of nitrogen. Absorbance 
was read at 490 mn in a microplate reader with an automix 
feature (UVmax TM, Molecular Devices Corp., Menlo Park, 
CA). The mean absorbance from 5 PBS blanks was sub- 
tracted from each reading to provide the final reading. 

To determine whether the use of a single standard con- 
centration was as accurate as the use of a calibration 
curve, the latter was constructed by dilution of the cho- 
lesterol standard (200 mg/dL) to concentrations of 80, 60, 
40, 30, 20 and 10 mg/dL. Absorbance values of samples 
were used to calculate and compare concentrations derived 
from the linear regression of the calibration line to those 
calculated by using only the 40 mg/dL concentration. 

HDL-Cholesterol .  The commercial method was per- 
formed as outlined in the brochure accompanying the test 
kit and compared to the micromethod. The reagent is the 
same as that  used in the TC assay. Stanbio HDL-Cho- 
lesterol Procedure No. 0599 was used. Five minutes after 
mixing 0.5 mL serum with 50 ~L precipitating reagent 
(1M MgCI2 in aqueous 1% dextran sulfate, Mr = 500,000 
D) (8), samples were centrifuged for 10 min in a microcen- 
trifuge at 11000 rpm. Fifty ~L of the clear supernatant 
were mixed with 1.0 mL cholesterol reagent and treated 
as described above for TC. 

For the micromethod, 100 ~L serum samples or refer- 
ence sera were mixed with 10/~L precipitating reagent and 
centrifuged as described above; 100 ~L enzymatic reagent 
were added to 5 ~L aliquots of the supernatant in the plate 
wells and handled as described for TC. Two separate pre- 
cipitations were done per serum sample Five ~L aliquots 
of the diluted standard cholesterol solution (40 mg/dL) 
were run in 5 wells and 5 vL PBS were used in each blank. 

Triglycerides. The Stanbio Enzymatic Triglycerides Pro- 
cedure Na 2000 is a colorimetric method based on a pro- 
cedure (9) involving hydrolysis of triglyceride and subse- 
quent enzymatic phosphorylation and oxidation of the 
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liberated glycerol. The method was performed as out- 
lined in the brochure accompanying the test kit, except 
that absorbance was read at 490 rather than 500 nm. The 
procedure is essentially identical to that  for TC, using 10 
~L of the standard, reference or sample sera and 1 mL 
reagent. For the microprocedure, 100 ~L reagent were 
mixed with 10 ~L of PBS, diluted standard, diluted refer- 
ence or diluted sample sera in the plate wells and absorb- 
ance was read at 490 nm after 15 min. Values for samples 
and references were compared using a single standard (40 
mg/dL) with those calculated from the linear reqression 
of the calibration curve 

A p o l i p o p r o t e i n s .  Test sets for the turbidometric deter- 
mination of apolipoproteins A-I, A-II and B (apo A-I, apo 
A-II, apo B) were purchased from Boehringer Mannheim 
Biochemica (Indianapolis, IN). The assay is based on the 
spectrophotometric determination of the turbidity of the 
antigen-antibody reaction. It  is essentially the same for 
each apoprotein, except for the specific antiserum. Brief- 
ly, antiserum was diluted 10-fold with the antiserum 
diluent as specified by the manufacturer. Samples and 
calibration sera were diluted with PBS. In the conven- 
tional method, 50 ~L diluted serum or standard were add- 
ed to 1.0 mL diluted antiserum, mixed and incubated at 
25 ~ for 2.5 b_ The test set procedure specifies absorbance 
reading at 365 nm, but this wavelength was unavailable 
in the microplate reader. As the spectrophotometric 
absorbances of standards at 405 and 365 nm were essen- 
tially identical, microplate reader absorbance was read at 
405 nm. 

In the micromethod, 5 ~L of diluted calibration serum, 
serum samples or PBS were each combined in plate wells 
with 100 ~L diluted antiserum and incubated at 25~ for 
2.5 h. The calibration serum was diluted 10- to 80-fold for 
construction of the apo A-I standard curve and 5- to 
40-fold for apo A-II and apo B. Sample and reference sera 
were diluted 1:10 for ape B and apo A-II and 1:20 for apo 
A-I determinations. Absorbance was determined at 405 
nm in the microplate reader; the mean absorbance of five 
blanks was subtracted from the sample values. The con- 
centrations of diluted samples were determined from the 
calibration curves, and these values were multiplied by the 
dilution factor in the final calculation. 

Statistical analyses on calibration curves and replicate 
comparisons were by analysis of variance using the pro- 
cedures of Minitab (copyright, Penn State Univ., PA) in 
the VAX computer. 

RESULTS 

Absorbance readings for TC, HDL-C and TG resulted in 
very similar values for each comparison when samples 
were prepared by the conventional test set procedure and 
read first in the spectrophotometer and then in the micr~ 
plate reader. Preliminary experiments showed that a total 
volume of 110 ~L per well in the microtiter plate was suf- 
ficient for accuracy. A comparison of the same samples 
indicated that  there were no significant differences be- 
tween cholesterol values obtained using 220 ~L total 
volume vs.  110 ~L (97 +_ 2 mg/dL vs.  93 _ 4, respectively, 
n = 6). Therefore, 100 gL reagent and 10 gL diluted serum 
were used in the final recommended procedure. 

Calibration curves developed for total cholesterol from 
representative assays are shown in Figure 1. Essentially 

400 

300 

200 

]00 

0 20 40 60 80 I O0 
[CHOLESTEROL] mg/dL 

FIG.  1. Two typical  cholesterol calibration curves. Two separate dilu- 
t ions  of a cholesterol standard were made as indicated in Mater ia ls  
and Methods and assayed by the micromethod. Absorbance was 
de te rmined  a t  490 nm in a microplate reader. Five determinations 
provided the mean value for each point. 

identical curves resulted from two replicates with five 
determinations each of a calibration standard (200 mg/dL) 
diluted on two separate occasions to 10, 20, 30, 40, 60 and 
80 mg/dL. Precision was good as the intra-assay coeffi- 
cient of variation (CV) for these values averaged 1.4% 
(range 1.0-1.6%), while the inter-assay CV was 2.8% (range 
2.0-3.9%). 

Similar values for each lipid class were obtained when 
comparing samples assayed by the conventional test set 
procedure to the same samples assayed by the micro- 
method (Table 1). The repeatability of the TC values from 
reference sera was good. The micromethod CV shown in 
Table 1 represents both inter- and intra-assay variation, 
as there were four determinations in each of two micro- 
assays; it ranged from 1-4.5%. The accuracy of the TC 
values, based on the "true" concentration given by the 
suppliers of the reference sera, ranged from 3.4-5%. In 
some assays, the conventional method provided slightly 
more accurate values; however, these were not significant- 
ly different from micromethod values (P > 0.05). Although 
there was good agreement between the values for HDL- 
C from both methods, the CV and bias for the micro- 
method were relatively large, up to 7.2 and 10.5%, respec- 
tively (Table 1). Likewise, there was no significant dif- 
ference between the methods for TG, but deviations from 
the given "true" values ranged from 2-10%. 

TC, HDL-C and TG values calculated from calibration 
curves were very similar to the values derived by using 
the absorbance of a single calibration standard (40 mg/dL) 
(Table 2). No significant differences were found between 
the mean values from the two methods. Because the cali- 
bration curve requires a number of plate wells, but offers 
no great advantage in accuracy of results, a single stan- 
dard can be recommended. 

The spectrophotometric assay for apoproteins resulted 
in the same value when the standard curve and sample 
were read at either 365 or 405 nm in the spectrophoto- 
meter. The values determined in the microplate reader at 
405 nm for these conventional preparations were similar, 
and it was concluded that it was feasible to use the micr~ 
plate reader (Table 3). Also, standards and samples pre- 
pared by the micromethod resulted in comparable values 
for apo B (Table 3), as well as for apo A-I and A-II (data 
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TABLE 1 

C o m p a r i s o n  of  C o n v e n t i o n a l  and Mieroplate  Lipid A s s a y s  a 

Micromethod b Conventional c Reference d 

Serumg 
A 
B 
C 

A 
B 
C 

A 
B 
C 

CV (%)e Bias (%)f 

Total cholesterol (mg/dl) h 

178 + 3 179 172 +-- 28 1.0 3.4 
298 + 8 304 309 +-- 48 2.2 3.6 
136 -- 8 140 141 + 5 4.5 5.0 

HDL-C (mg/dLI i 

44 +_ 4 41 48 +_ 9 6.0 3.5 
96 +_ 8 91 87 +- 21 7.2 10.5 
23 + 2 22 --  7.0 -- 

Triglyceride (mg/dL) ] 

89 -- 4 92 100 + 15 3.4 11.0 
260 -- 7 253 261 + 52 2.2 2.2 

48 ----- 2 53 - -  3.7 - -  

aEach serum sample was diluted twice for two separate assays by each method�9 
bValues represent the mean ___ SD of eight determinations by the microplate reader. 
cvalues represent the mean of four determinations (duplicates of two dilutions) in the 

d~pectrophotometer. 
alues were furnished by the suppliers of the reference sera. 

eThe coefficient of variation is a measure of the reproduciblity of the microassay. 
fBias is a measure of the accuracy of the microassay (variation from the true value). 
gSerum A is a normal lipid level reference serum and serum B an elevated lipid level 

reference serum supplied by Fisher Diagnostics (Cinncinati, OH). Serum C is a normal 
hlevel reference serum supplied by the National Bureau of Standards. 
For the microassay cholesterol concentration was calculated: Total Cholesterol (mg/dL) 
= Asam-le/Ast d • 40 mg/dL • 5. The concentration of the diluted standard was 40 IJ 

mg/dL; the factor 5 corrects for the 1:5 dilution of the serum sample. Concentration 
for the conventional method was calculated as specified in the test set: Total Cholesterol 

�9 (mg/dL) = Asample/Ast d • [standard]. Std, standard. 
~Microassay high density lipoprotein cholesterol = (HDL-C) values were calculated from 

the equation: HDI~C (mg/dL) = Asample]Ast d • 40 mg/dL • 1.1, where 1.1 is the dilu- 
tion factor for the precipitation step. Concentration for the conventional method was 

�9 calculated as specified in the test set. 
JMicroassay TG values were calculated from the equation: Triglycerides (mg/dL) = 

Asara-le]Ast d • 40 mg/dL X 5, where 40 is the concentration of the diluted standard and 
5 is t~e factor for dilution of the sample. Concentration for the conventional method 
was calculated as specified in the test set. 
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no t  shown). S t a n d a r d  curves  developed for the  apopro te ins  
are  shown in F i g u r e  2. I n t r a - a s s a y  v a r i a t i o n  was  v e r y  
small ,  b u t  t he  in te r -assay  CV averaged  a p p r o x i m a t e l y  4%. 
Values c a l c u l a t e d  f rom s ing le  s t a n d a r d  d e t e r m i n a t i o n s  
were n o t  as  s a t i s f a c t o r y  as  t h o s e  o b t a i n e d  f rom s t a n d a r d  
curves .  

DISCUSSION 

The  TC, HDL-C,  TG a n d  a p o p r o t e i n  m i c r o a s s a y s  d e  
s c r i bed  are  sens i t ive ,  rel iable,  economica l  and  rapid .  The  
r e a g e n t  for TC and  H D L - C  a s s a y s  c o n t a i n s  a combina -  
t i on  of e n z y m e s  {peroxidase,  cho les te ro l  e s t e r a se  and  oxi- 
dase)  and  a chromogen .  The  i n t e n s i t y  of t he  f inal  co lor  
is  p r o p o r t i o n a l  to  t he  cho les te ro l  concen t r a t ion .  The  cali- 
b r a t i o n  curve  was  found  to  be  l inear  to  c o n c e n t r a t i o n s  of 
10 m g / d L  for b o t h  cho les te ro l  and  TG. E v e n  t h o u g h  a 
m i c r o p l a t e  r e a d e r  is  an  expens ive  i n s t r u m e n t ,  a 96 well  
p l a t e  can  be  r ead  in a p p r o x i m a t e l y  one minute .  I f  t h r ee  
wel ls  a re  u s e d  to  p rov ide  the  m e a n  b l a n k  value,  t h r ee  for 
t he  s t andard ,  and  three  each for reference sera  {normal and  
e leva ted  l ipids) for TC and  HDL-C,  t he  78 r ema in ing  wells 
can  a c c o m m o d a t e  13 s e r u m  s a m p l e s  for TC a n d  H D L - C  

in t r ip l ica te  or  19 samples  of each in duplicate.  W h e n  large 
n u m b e r s  of s a m p l e s  m u s t  be  processed ,  i t  wou ld  be  m o s t  
economica l  to  p rocess  TC and  H D L - C  t o g e t h e r  and  tr i-  
g lyce r ides  on a s e p a r a t e  p la te ,  as  t he  b lanks ,  s t a n d a r d s  
a n d  reference se ra  shou ld  be  d e t e r m i n e d  on each  plate .  

The  d i lu t ion  of s t a n d a r d s  and  se ra  is t he  m o s t  c r i t i ca l  
p a r t  of t he  m i c r o a s s a y  as  ve ry  s m a l l  vo lumes  are  in- 
volved.  The  use  of reference se ra  for TC a n d  TG is s t rong-  
ly  r ecommended  for bo th  research and  cl inical  l abora tor ies  
b y  t h e  N C E P  so t h a t  accu racy  can  be  a s s e s s e d  {1). The  
N C E P  has  e s t a b l i s h e d  c r i t e r i a  to  min imize  the  CV a n d  
b i a s  of TC a s s a y s  w i t h  t he  hope  t h a t  t he se  can  be  re- 
duced  to  3% or  less. In  the  p resen t  s tudies,  the  mic roassay  
va lues  app roached  th i s  goal  w i th  one set  of reference s tan-  
da rds ,  b u t  we c a n n o t  exp la in  why  the re  was  c o n s i s t e n t l y  
g r e a t e r  b i a s  (5%) w i th  t he  reference s e r u m  f rom NBS.  In- 
t e r i m  r e c o m m e n d a t i o n s  of t he  N C E P  C o o r d i n a t i n g  Com- 
m i t t e e  have se t  b i a s  for H D L - C  a t  10% or  less  a n d  CV 
a t  6% or  less  {10); t he se  have  been  rev i sed  u p w a r d s  f rom 
t h o s e  c r i t e r i a  se t  in 1988 (1), b e c a u s e  t h o s e  g o a l s  were 
u n r e a l i s t i c  g iven  the  c u r r e n t  m e t h o d s  for H D L - C  deter-  
m ina t ions .  The  CV a n d  b i a s  for H D L - C  in t h e  p r e s e n t  
s t u d y  a p p r o a c h e d  those  now r e c omme nde d .  The  N C E P  
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TABLE 2 

Comparison of Standard Curve v s .  Single Standard Values in the Lipid Microassays a 

Total cholesterol (mg/dL) HDL-C (mg/dL) Triglyceride (mg/dL) 

Sample Std curve b Calculated c Std curve Calculated Std curve Calculated 

Reference serum A d 
Plate 1 171 178 • 7 
Plate 2 175 178 _+ 5 

Reference serum B e 
Plate 1 280 295 • 7 
Plate 2 289 294 • 3 

Samplef 
Plate 1 212 222 • 7 
Plate 2 219 222 • 4 

40 40 • 2 92 89 • 3 
40 41 • 1 95 93 • 4 

87 90 • 4 265 268 • 10 
88 89 • 4 271 267 • 10 

w 

w 

aTotal cholesterol values (mean +_ SD) are based on eight determinations; two dilutions were used. High 
density lipoprotein cholesterol (HDL-C) values are based on 10 determinations; two precipitations were 

bUSed. Triglyceride concentrations are based on 10 determinations, using two dilutions. Std, standard. 
Values were calculated from the regression equation of the standard curves. 

CConcentrations were calculated according to the equation shown in Table 1, using a single standard. 
dThe supplier of this reference serum for normal lipid values was Fisher Diagnostics (Cinncinati, OH). 
eReference serum for elevated lipid values was supplied by Fisher Diagnostics. 
fFresh human serum obtained from the local blood bank. 

TABLE 3 

Comparison of Apoprotein B Determinations by Conventional 
and Microturbidometric Assays 

ApoB (mg/dL) 

Conventional a Microassay 0 

A365 78.0 A4O 5 [1] 76 • 3.4 
A4O 5 78.5 A4o 5 [2] 72 + 2.5 

A405 [3] 75 -- 1.5 
aDuplicate samples in a representative assay read in the spectro- 

photometer at both 365 and 405 nm. 
bMean • SD of the same sample in a titer plate. Value for sample 
A405 [1] is the mean • SD of values from four wells in which 5 
~L diluted serum and 100 bLL antiserum were mixed. A405 [2] repre- 
sents the mean value of the conventional samples shown in the 
left column when the aliquots were dispensed into four wells. 
A405 [3] is the value obtained on four wells containing the same 
sample as [1] assayed on the following day with new dilutions of 
sample and standards. 

; ; ; ; , o  
[APOPROTEIN] mg/dL 
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FIG. 2. Apoprotein calibration curves in a representative assay. The 
dilutions of both antisera and individual apoprotein calibration stan- 
dards are described in Materials and Methods. Each point represents 
the mean of samples from duplicate microtiter plates: (open box with 
centered dot) apo A-II; (closed box) apo A-I; (closed box with centered 
dot) apo B. 

has  se t  5% as  t he  a c c e p t a b l e  CV and  b ia s  for TG, t h u s  
our  va lue  of 11% b ias  u s i n g  t h e  F i s h e r  D i a g n o s t i c  nor- 
mal  reference does  no t  mee t  t he  cr i ter ion.  The  va lues  were 
well  w i t h i n  t h e  r a n g e  of va lues  s t a t e d  b y  t h i s  suppl ier ,  
however, and  we a t t r i b u t e  t he  la rge  b i a s  to  t h e  fac t  t h a t  
the  " t rue"  value  is b a s e d  on a mean  value  de t e rmined  f rom 
a n u m b e r  of d i f fe ren t  m e t h o d s .  

Severa l  o b s e r v a t i o n s  a ided  in deve lop ing  t h e s e  assays .  
B e t t e r  r e su l t s  were o b t a i n e d  when  the  s t a n d a r d  or  s e r u m  
s a m p l e  was  d i s p e n s e d  f i rs t  on the  b o t t o m  wall  of t he  well  
before  t he  a d d i t i o n  of t he  100 ~L reagent .  We d i d  n o t  f ind  
i t  n e c e s s a r y  or  more  ef f ic ient  to  p r e t r e a t  t h e  wel ls  w i t h  
Tween 20, as  r e p o r t e d  b y  Be lche r  e t  aL (11) in t he i r  
m i c r o m e t h o d  for l ip id  m e a s u r e m e n t s  in l i pop ro t e in  sub- 
f rac t ions .  The  color  of t h e  TG s a m p l e  is  ve ry  s t ab l e  a n d  
supp l i e s  i den t i ca l  va lues  if r e ad  b e t w e e n  15 and  50 min.  
The  TC and  H D L - C  m i c r o t i t e r  p l a t e s  s h o u l d  be  r ead  be- 
tween  15 a n d  30 min.  The  m i c r o m e t h o d  u s i n g  the  tur-  
b i d o m e t r i c  a s s a y  for a p o p r o t e i n s  is n o t  as  s ens i t i ve  as  
E L I S A  methods ,  b u t  i t s  s e n s i t i v i t y  al lows quan t i f i ca t ion  
in t h e  r ange  of  a few m g  pe r  dL.  Un l ike  t he  l ip id  assays ,  
i t  s eems  a d v i s a b l e  to  use  c a l i b r a t i o n  cu rves  for al l  
a p o l i p o p r o t e i n  assays .  The  curve  is n o t  l inea r  a t  concen- 
t r a t i o n s  h ighe r  t h a n  t h o s e  u s e d  here; the re fo re  if  t h e  ab- 
s o r b a n c e  of a s a m p l e  is  off t he  c u r v ~  t h e  s a m p l e  shou ld  
be  fu r t he r  d i l u t ed  a n d  reassayed .  I t  is r e c o m m e n d e d  b y  
t h e  m a n u f a c t u r e r  of t h e  a p o p r o t e i n  t e s t  m a t e r i a l s  t h a t  
each  l a b o r a t o r y  r e p e a t  t h e  a s s a y  on two  or  more  s e r u m  
s a m p l e s  un t i l  a n o r m a l  r ange  of b i a s  is e s t a b l i s h e d  for t he  
m e t h o d .  
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C O M M U N I C A T I O N  I 

A Lack of Correlation Among Fatty Acids Associated with Different 
Lipid Classes in Human Milk 
Richard M. Clark* and Kenneth E. Hundrieser 
Department of Nutritional Sciences, University of Connecticut, Storrs, Connecticut 06269-4017 

The fatty adds associated with triacylglycerol, cholesteryl 
ester, phosphatidylethanolamine~ phosphatidylcholine and 
sphingomyelin in human milk were compared. Ten milk 
samples were selected for lipid class analysis based on their 
total  lipid polyunsaturated/saturated fatty acid ratio tP/S 
ratio}. The P/S ratio of the selected milk samples ranged 
from 0.3 to 0.8. Linoleic acid was the predominant fatty 
acid in milk to affect the P/S rati~ The percentage of 
linoleic acid in milk triacylglycerol was correlated {r = 0.84, 
P < 0.05} with the total  milk lipid P/S rati~ Linoleic acid 
esterified to cholesterol was not correlated with total milk 
lipid P/S ratio but was correlated {r = --0.66, P < 0.05} with 
the quantity of lipid in the milk. Linoleic acid in the phos- 
pholipid classes did not correlate with shift in P/S ratio 
of the total milk lipid or linoleic acid content of other lipid 
classes. 
Lipids 28, 157-159 {1993}. 

Lactating human mammary tissue secretes between 25 and 
50 g of milk lipid per day. The major lipid classes in milk, 
which appear to remain proportionately constant, are the 
triacylglycerol IccL 98%}, phospholl"pids Ic~ 1%) and ch~ 
lesterol]cholesteryl esters (c~ 0.5%} I1). Although the phos- 
pholipids and cholesteryl esters are minor components of 
milk, they contain significant amounts of the long~hain un- 
saturated fatty acids required by the infant for synthesis 
of eicosanoids and structural lipids (2). These lipid classes 
are digested and absorbed differently than the milk tri- 
acylglycerols, and their fatty acids may have a different 
metabolic fate than the fatty acids from the triaeylgly- 
cerols. 

The purpose of this study was to make within-sample 
comparisons of the fatty acids associated with the major 
lipid classes in human ~ The fatty acids associated with 
the major lipid classes in breast milk have been identified 
and the literature recently reviewed by Jensen (3). Whereas 
most reports provide data on a limited number of lipid 
classes, a series of studies by Bitman et 02 (4-6) provide 
information on fatty acids associated with the major lipid 
classes in breast milk from a group of mothers delivering 
prematurely and at full-term From this literature it is known 
that there is a variation in fatty acids associated with an 
the lipid classes in breast ~ However, it is impossible 
to determine from the literature if there is any correlation 
between changes in fatty acids among the lipid classes. By 
comparing fatty acid composition of lipid classes within a 
milk sampl~ it is possible to determine how fatty acids 
associated with different lipid classes vary relative to each 
other. 

*To whom correspondence should be addressed at Department of Nu- 
tritional Sciences, U-17, University of Connecticut, Storrs, CT 
06269-4017. 

Abbreviations: GLC, gas-liquid chromatography; P/S ratio, ratio of 
polyunsaturated to saturated fatty acids; PUFA, polyunsaturated fat- 
ty acid; TLC, thin-layer chromatography. 

MATERIALS AND METHODS 

Ten milk samples containing a wide range of unsaturated 
fatty acids were chosen for this study from an initial 
screening of approximately a hundred milk samples. The 
samples were complete breast expressions donated by 
mothers who had delivered full-term infants and had been 
lactating for at least a month. The general protocol for 
collection and subsequent handling of samples has been 
described (7). 

On the day of analysis the milk samples were thawed 
to 38~ homogenized, and a 15-mL aliquot was taken. 
The lipids then were extracted by a modified Folch pro- 
cedure (8). Total lipid was determined by weighing the lipid 
extract. Preliminary separation of the polar and nonpolar 
milk lipids was on a column containing Unisfl (Clarkson 
Chemical Co., Williamsport, PA) as recommended by 
Rouser et at (9). The triacylglycerols and cholesteryl esters 
in the nonpolar fraction were isolated on silica gel G thin- 
layer chromatographic plates developed with hexane/di- 
ethyl ether/glacial acetic acid (90:30:2, by vol). When 
necessary, further purification of cholesteryl esters and 
triacylglycerols was achieved by a second plating on silica 
gel G plates developed with hexane]diethyl ether (95:5, 
vol/vol). 

An aliquot of the triacylglycerols was used for struc- 
tural analysis. The fatty acids esterified to the primary 
{sn-l,3) and secondary {sn-2) positions of the triacylgly- 
cerol were determined by digestion with pancreatic lipase 
(10). The residual triacylglycerols and sn-2 monoglycerols 
were isolated from the digestion mixture by thin-layer 
chromatography (TLC) on silica gel G plates containing 
5% boric acid developed in chloroform/methanol (96:4, 
vol/vol}. 

The polar lipids were separated by the use of two TLC 
systems. First, the polar lipids were separated on silica 
gel G plates developed in chloroform/methanol]water 
{75:30:3, by vol). Phosphatidylcholine, phosphatidyleth- 
anolamine and sphingomyelin were eluted from the silica 
gel G and complete isolation obtained by a second plating 
on silica gel H. The second plating was developed in 
chloroform/methanol]acetic acid/water (25:15:4:2, by vol). 

The fatty acids associated with triacylglycerol, sn-2 
monoacylglycerol and cholesteryl esters were prepared for 
gas-liquid chromatography {GLC) by transmethylation 
with 2.5 N sodium methoxide (11). The fatty acids 
associated with the total polar lipids, sphingomyelin, 
phosphatidylcholine and phosphatidylethanolamine were 
transesterified in methanol/benzene (4:1, vol/vol) with 
acetyl chloride {12). 

The methyl esters of fatty acids were separated by GLC 
on a Supelcowax 10 fused capillary column, 30 m X 0.53 
mm i.d. (Supelca Bellefont~ PA). Identification of fatty 
acids was based on the retention times of known fatty 
acids. 

Statistical analyses included Pearson's correlation 
analysis and linear regression analysis among the fatty 
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acids in  the  different  f rac t ions  and  to ta l  mi lk  polyun-  
s a tu r a t ed / s a tu r a t ed  f a t t y  acid ra t io  (P/S ratio} (13). 

RESULTS AND DISCUSSION 

The propor t ions  of f a t t y  acids in  the  three major  phos- 
phol ipid classes are shown in  Table 1. There are relat ively 
few values  avai lable  on the  f a t t y  acid compos i t ion  of 
phosphol ip ids  in b reas t  milk, and  the  values  in  Table 1 
are in  general  ag r eemen t  wi th  the  l i t e ra ture  (5,14). The  
range  of u n s a t u r a t e d  f a t ty  acids in  the  to ta l  phosphol ipid  
fract ion was 42-56%, wi th  linoleic acid (c~ 22%) be ing  the 
major  po lyunsa tu ra t ed  fa t ty  acid (PUFA). A large propor- 
t ion  of the  f a t t y  acids were u n s a t u r a t e d  in  phospha t idy l -  
choline (ca, 52%) and phosphat idy le thanolamine  (c~ 61%), 
and  only  19% of the  f a t t y  acids in  sph ingomyel in  were 
u n s a t u r a t e d .  As  previous ly  reported,  the  ma jo r  unsa tu r -  
a ted  f a t ty  acid in  sph ingomyel in  was nervonic  acid {24:1}, 

a f a t t y  acid no t  observed in  the  o ther  l ipid classes (5). 
Linoleic acid was approximate ly  2% in  sphingomyel in  and  
arachidouic  acid was no t  detected. The  u n s a t u r a t e d  f a t ty  
acids in  the  phosphol ip id  classes were re la t ive ly  con- 
s t a n t  a nd  did no t  correlate wi th  p ropor t ions  of u n s a t t m  
a ted  f a t t y  acids in  the  o ther  ma jo r  l ipid classes in  milk. 

The  to ta l  u n s a t u r a t e d  f a t t y  acids in the  ne u t r a l  l ipid 
fract ion con ta in ing  cholesteryl  esters and  tr iacylglycerols 
had  a range  of 50-65%. The u n s a t u r a t e d  f a t t y  acids were 
60% in t r iacylglycerols  a nd  55% in  choles tery l  es ters  
(Table 2). Based on the literature, i t  appears  t h a t  the fa t ty  
acids ester if ied to cholesterol  in  h u m a n  milk  are qu i te  
v a r i a b l e  

I n  previous reports, fa t ty  acids of cholesteryl esters were 
repor ted  to be more s a t u r a t e d  (15,16}, s imi lar  to (17,18) 
or less s a t u r a t e d  (6} t h a n  the  f a t t y  acids of t r iacylgly-  
cerols. The  p r i m a r y  difference in  these  repor t s  was the  
values  for l inoleic acid ester if ied to cholesterol.  Average 

TABLE 1 

Fatty Acid Composition of Phospholipids in Human Milk (wt%) a 

Total 
Fatty acid polar lipids Sphingomyelin Phosphatidylcholine Phosphatidylethanolamlne 

12:0 0.80 • 0.38 0.40 _+ 0.29 0.70 • 0.43 0.75 • 0.29 
14:0 2.60 • 0.89 1.68 • 0.30 2.01 • 1.10 2.30 • 0.79 
16:0 13.80 • 2.89 9.42 +_ 1.62 22.78 -- 2.99 10.93 • 3.07 
16:1 1.68 _ 0.75 0.35 • 0.20 2.87 _ 1.05 2.74 • 1.07 
18:0 21.63 • 2.70 11.14 • 2.48 22.60 • 3.13 24.18 • 2.23 
18:1 17.69 • 1.20 4.05 • 1.14 16.15 • 1.30 23.97 • 2.29 
18:2 22.05 • 1.39 2.15 • 0.56 26.50 • 3.33 24.82 • 2.72 
18:3 0.80 • 0.28 -- 0.37 • 0.14 1.00 • 0.45 
20:0 1.48 + 0.50 7.19 • 1.48 0.20 • 0.18 0.20 • 0.15 
20:3 _o  -- 1.19 • 0.31 1.69 +--- 0.29 
20:4 4.10 • 1.12 -- 3.09 • 1.25 6.49 • 2.23 
21:0 0.31 • 0.18 0.70 • 0.25 0.18 • 0.15 0.25 • 0.20 
22:0 5.90 • 1.10 20.79 • 2.32 -- -- 
22:1 -- 2.33 • 1.74 -- -- 
22:4 0.50 • 0.28 -- 0.20 • 0.15 1.23 • 1.03 
22:5 0.38 • 0.15 -- 0.36 • 0.35 0.58 • 0.34 
22:6 0.80 • 0.20 -- 0.37 • 0.32 2.00 • 0.58 
23:0 0.93 +_. 0.56 4.01 • 1.54 -- -- 
24:0 3.89 • 1.00 14.96 • 5.01 -- -- 
24:1 2.25 • 0.89 10.30 +_ 3.93 -- -- 

~ Results are mean of 10 observations _ SD. 
Fatty acid value less than 0.15 wt%. 

TABLE 2 

Comparison of Fatty Acids Esterified to Cholesteryl Ester and Triacylglycerol 
in Human Milk (wt%) a 

Fatty acid Cholesteryl ester Total 

Triacylglycerol 
sn-2 Position o 

12:0 1.57 • 0.77 4.28 _ 1.08 
14:0 4.85 • 2.07 5.87 • 1.87 
16:0 23.64 _ 3.37 20.65 • 3.61 
16:1 5.40 • 1.92 3.01 • 0.95 
18:0 9.30 • 1.60 7.09 • 0.73 
18:1 26.24 • 9.85 34.59 • 3.01 
18:2 20.49 • 6.30 20.20 + 4.93 
18:3 0.67 • 0.34 1.39 • 0.45 
20:4 1.33 • 0.68 0.55 • 0.09 
22:6 0.42 • 0.32 0.21 • 0.12 

2.88 • 1.12 
8.26 • 1.90 

47.85 +- 4.67 
1.23 • 1.00 
2.86 - 0.96 

17.78 • 3.65 
13.79 • 3.83 
0.74 _ 0.39 
1.46 - 0.895 
0.45 • 0.19 

~ Results are mean of 10 observations • SD. 
Determined by digestion of triacylglycerol with pancreatic lipase. 
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cholesteryl linoleate in milk has been reported as 6.2% 
(16), 6.9% (15), 12.4% (17), 19.4% (18) and 30.6% (6). In 
this report, linoleic acid esterified to cholesterol ranged 
from approximately 9-30%, which encompasses most of 
the values from previous reports. The linoleic acid con- 
tent of milk triacylglycerol ranged from 14 to 27%, which 
is not  quite as great  as tha t  observed with the cholesteryl 
esters. 

The fa t ty  acids esterified to the sn-2 position of the milk 
triacylglycerol are presented in Table 2. Fa t t y  acids are 
not  randomly dis t r ibuted among  the posit ions of triacyl- 
glycerol. As observed in previous reports,  16:0 is found 
p r e d o m i n a n t l y  in the  sn-2 pos i t ion  of the  milk  
triacylglycerol, and the unsaturated fa t ty  acids, 16:1, 18:1, 
18:2 and 18:3, are found predominant ly  in the sn- l ,3  posi- 
t ion (14,19,20}. Unlike the other unsa tura ted  f a t ty  acids, 
arachidonic acid and docosahexaenoic acid are also found 
predominant ly  in the sn-2 position. The predominance of 
arachidonic acid in the sn-2 position suppor ts  a previous 
repor t  (20). The observat ion with  docosahexaenoic acid, 
to our knowledge, has not  been reported. However, this 
observat ion should be viewed with some caution as pan- 
creatic l ipase digestion was used for positional analysis 
and there is some debate about the relative activity of pan- 
creatic lipase toward docosahexaenoic acid (21,22}. 

The total  lipid in the milk samples  used in this s tudy  
ranged from 1.5 to 8.1 g/dL with a mean of 3.8 _+ 2.4 g/dL 
SD. The samples  had a P/S ratio tha t  ranged from 0.3 to 
0.8. Linoleic acid in the milk was the predominant  f a t ty  
acid to affect the P/S ratio. When linoleic acid in the in- 
dividual lipid classes is compared to the P/S rat io of the 
total  milk lipid, different relationships are observed. As 
expected, linoleic acid content  of milk triacylglycerol was 
correlated {r = 0.84, P < 0.05} with the P/S ratio of the 
total  milk lipid. Linoleic acid content  in both  the pr imary  
and the sn-2 posit ions increase with the P/S ratio. The 
linoleic acid associated with the phospholipid [r = -0 .16,  
{nonsignificant}] and cholesteryl ester  (r = 0.26, ns) were 
not  significantly correlated with whole milk P/S ratio. 
Rather  than  being related to the composit ion of f a t t y  
acids in the milk, the amount  of linoleic acid esterified to 
cholesterol appears to be negatively correlated (r = -0.66,  
P < 0.05} with the quan t i ty  of lipid in the milk. 

In  this study, the milk phospholipids and cholesteryl 
esters contained substantial  amounts  of unsaturated fa t ty  
acids, but  the f a t t y  acids esterified to these lipid classes 
are not  correlated with each other or with the amounts  
found in milk triacylglycerol. The phospholipids are par t  
of the fat  globule membranes  in milk, and their composi- 
t ion appears  to be closely maintained. The distr ibution 
of fa t ty  acids esterified to cholesterol is more variable than 
observed with the phospholipids, and it  may be affected 
by  total  milk lipid synthesis.  The enzyme responsible for 
the esterification of f a t ty  acids to cholesterol in milk has 
not  been identified. The f a t ty  acids esterified to the milk 
triacylglycerol make up the bulk of the fat  globule core 
and may  be mos t  responsive to changes in the amounts  
of available f a t ty  acids. This is suppor ted  by a previous 

observat ion tha t  deuterium-labeled linoleic acid is incor- 
porated into breast  milk triacylglycerol, cholesteryl ester 
and phospholipid, bu t  the influence of available linoleic 
acid on milk triacylglycerol is much greater  than  on milk 
cholesteryl esters and phospholipid (23). 
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Reaction of methyl 10(llhiicarbethoxymethyl-9,12~lioxc, 
octadecanoate (la,lb) with ammonium acetate furnished 
a mixture of positional isomers of a pyrrole deriva- 
tive, methyl 9,12-imino40(11}-dicarbethoxymethyl-9,11- 
octadecadienoate (2a,2b). Decarboxylation of the mixture 
of compounds 2a,2b with sodium carbonate in aqueous 
methanol yielded a mixture of compounds 3a,3b contain- 
ing a CH2COOCH 3 group at the 3- or 4-position of the 
pyrrole ring after esterification. Heating of the hydro- 
lyzed mixture of compounds 3a,3b at 180~ for I h gave 
the desired trisubstituted pyrrole derivatives, methyl 
9,12-imin~10(11~methyl-9,11~)ctadecadienoate (4a,4b), con- 
taining a methyl group at the 3- or 4-position of the pyr- 
role nucleus. The structures of the products and inter- 
mediates were confirmed by infrared, and by IH and 13C 
nuclear magnetic resonance spectroscopy. 
Lipids 28, 161-162 (1993). 

CH ( COOC 2H5 ) 2 /~._.~ C ~ ~ . H  
( cooc 2H5 ) 2 

I 2 I 2 l i R /R -C-CH2-CH-C-R /R ) RI/R z" \N / "R2/R I 
II II H 
o o 

(la,lb) (2a,Rb) 

i i , i i i  

H2COOCH3 ~ H3 

iv - vi 
RI/R 2 R2/R 1 �9 RI/R 2 R2/R 1 

H H 

(3a,3b) (4a,4b) 

where R 1 = CH3(CH2)5; R 2 = (CH2)7COOCH3; i) (NH4)2CO 3, AcOH; 
ii) Na2CO3, MeOH, HzO; iii) BF3/MeOH; iv) KOH, EtOH; v) HCI; 
vi) 180~ 1 h. 

SCHEME 1 

We have recently reported a new synthetic approach for 
the introduction of a methyl group into the furan ring of 
a 2,5-disubstituted C18 furanoid fatty ester via a malonic 
acid function (1). The mechanism of the conversion of the 
CH2COOCH 3 substituent to a CH 3 group, located at the 
3- or 4-position of the furan ring in one of the intermedi- 
ates, was postulated to be analogous to the decarboxyla- 
tion process of a,~unsaturated carboxylic acids (2). In con- 
tinuing our study of this novel type of reaction, we have 
extended our investigation to include a pyrrole system. 
Fatty acid derivatives containing a pyrrole or N-methyl- 
pyrrole nucleus were obtained during the oxidative cleav- 
age of the furan ring of furanoid fatty acids by lipoxy- 
genase present in bovine liver homogenate when con- 
ducted at pH 7.5 and in using cofactors known to 
stimulate fatty acid oxidation (3). The synthetic route 
leading to the various trisubstituted pyrrole intermediates 
and products is presented in Scheme 1. 

RESULTS AND DISCUSSION 

As the primary objective was to study the feasibility of 
incorporating a methyl group into either the 3- or 
4-position of a pyrrole ring via malonyl intermediates, no 
effort was made to develop synthetic methods to obtain 
regiospecific positional isomers. The synthesis of a regio- 
specific methyl substituted pyrrole fatty ester derivative 
was reported earlier by our group (4). 

Treatment of methyl 10(ll)-dicarbethoxymethyl-9,12- 
dioxooctadecanoate (la,lb) with ammonium acetate 
yielded the pyrrole derivatives 2a,2b, which contain a 
malonyl system at the 3- or 4-position of the pyrrole ring. 
The structure of the pyrrole system was characterized by 
the chemical shifts of the C-H and N-H protons of the 

*To whom correspondence should be addressed at the Department 
of Chemistry, University of Hong Kong, Pokfulam Road, Hong 
Kong. 

Abbreviations: ECL, equivalent chain length; GLC, gas-liquid 
chromatography; IR, infrared spectroscopy; NMR, nuclear magnetic 
resonance spectroscopy; Rf, retardation factor, TLC, thin-layer 
chromatography. 

N-heteroaromatic ring, which appeared at 65.92 and 7.70, 
respectively. 

Unlike the corresponding furan analogues, the 13C 
nuclear magnetic resonance (NMR) chemical shifts of the 
ring C-2' and C-5' carbon nuclei of the pyrrole nucleus in 
compounds 2a,2b were more shielded than those observed 
for the similarly positioned carbon nuclei in the furan. The 
shift of the C-2' and C-5' carbon atoms of the pyrrole ring 
appeared at the region of 127.9-130.8 ppm, while the shift 
of the C-2' and C-5' carbon atoms of the furan ring were 
found at 151.7-154.2 ppm. 

Decarboxylation of one of the carboxylic acid groups 
in the malonyl moiety of compounds 2a,2b was readily 
achieved when the mixture of compounds 2a,2b was re- 
fluxed with sodium carbonate in methanol. Methylation 
of the decarboxylated product furnished compounds 
3a,3b. The presence of the CH2COOCH 3 group in com- 
pounds 3a,3b was confirmed by the singlet at 63.38 for 
the shift of the methylene protons of the CH2COOCH 3 
substituent. When the hydrolyzed mixture of compounds 
3a,3b was heated at 180~ for 1 h, further decarboxyla- 
tion took place to give the desired methyl substituted pyr- 
role derivatives {4a,4b). The methyl function attached to 
the pyrrole nucleus in compounds 4a,4b was confirmed by 
the singlet at d2.0 in the 1H NMR spectrum and by the 
signal at 10.9 (pyrrole-CH3) ppm in the ~3C NMR spec- 
trum. The shift of the a-methylene carbon atoms located 
on either side of the pyrrole ring appeared at 25.8 and 
27.7 ppm. 

Pyrroles are generally more electrophilic than furans (5). 
This property of the N-heteroaromatic system appeared 
to accelerate the decarboxylation process during the con- 
version of the CH2COOCH3 substituent in compounds 
3a,3b to the CH3 group in compounds 4a,4b, which re- 
quired heating at 180~ for only 1 h. In the case of the 
furan analogues of compounds 3a,3b, conversion of the 
CH2COOH to the CHa group required 4 h. From these 
results it can be concluded that the introduction of a 
methyl group into the ring of a pyrrole system via a 
malonyl group proceeds more readily than in the case of 
the corresponding furan analogue. 
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MATERIALS AND METHODS 

Details of the chromatographic, analytical techniques and 
the method for the preparation of methyl 10(ll)-dicarb- 
ethoxymethyl-9,12-dioxooctadecanoate (la,lb) are de- 
scribed elsewhere (1). 

Synthesis of methyl 9,12-irnino-10(11)-dicarbethoxy- 
rnethyl-9,11~ctadecadienoate (2a,2b). A mixture of methyl 
10111)-dicarbethoxymethyl-9,12-dioxooctadecanoate 
(la,lb, 1.0 g, 2.1 mmol), ammonium acetate (2.1 g, 27 
mmol) and acetic acid (20 mL) was refluxed for 3 h. Water 
(50 mL) was added and the reaction mixture was extracted 
with diethyl ether (2 • 50 mL). The ethereal extract was 
washed with water {20 mL) and dried over anhydrous 
sodium sulfate. The mixture was filtered and the solvent 
was evaporated. Silica gel column chromatographic sepa- 
ration of the residue using a mixture of light petroleum]di- 
ethyl ether (7:3, vol/vol) as the eluant gave a mixture of 
methyl 9,12-imino-10(11)-dicarbethoxymethyl-9,11-octa- 
decadienoate (2a,2b, 0.88 g, 90%) as an oil. Retardation 
factor (Rf) {light petroleumJdiethyl ether, 3:2, vol/vol) 0.3; 
infrared (IR) (cm -1) (film) 3387(w), 1738 (s), 1033(rn); ~H 
NMR (CDC13,) 0.88 (t, 3H, CH3), 1.2-1.6 (rn, 18H, CH2), 
2.31 (t, J =  7 Hz, 2H, 2-/-/}, 2.52 (t, J =  7.8 Hz, 4H, 
CH2-pyrrole), 3.66 (s, 3H, COOCH3), 4.19 [q, J = 7 Hz, 
4H, COOCH2CHs), 4.51 [s, 1H, CH(COOEt)2], 5.92 (s, 
1H, CH pyrrole) and 7.70 (s, 1H, NH); 13C NMR (CDC13) 
13.9 (C-18), 14.1 (2C, COOCH2CHs), 22.6 (C-17), 24.9 
(C-3), 25.8, 27.8, 29.0, 29.1, 30.1, 31.6 (C-16), 34.0 (C-2), 
49.9 [CH(COOEt)2], 51.4 (COOCH3), 61.3 (2C, 2 X 
COOCH2CH3), 105.3 (c-4' of pyrrole, assuming malonate 
ester substituent at C-3' of pyrrole ring), 110.0 (C-3' of pyr- 
role), 128.9 (C-2' of pyrrole), 130.8, 131.0 (C-5' of pyrrole), 
169.5 (2C, 2 X COOEt) and 174.0 (C-l) ppm. 

Decarboxylation of compounds 2a,2b. A mixture of 
compounds 2a,2b (0.8 g, 1.7 mmol), methanol (20 mL), 
water (7 mL) and sodium carbonate (5 g) was refluxed for 
12 h. The reaction mixture was acidified with dilute HC1 
(2M, 25 mL) and extracted with diethyl ether (2 • 40 mL). 
The ethereal extract was washed with water (20 mL) and 
dried over anhydrous sodium sulfate. The solvent was 
evaporated, and the residue was refluxed with borontri- 
fluoride methanol complex (15%, w/w, 5 mL) and methanol 
(20 mL) for 15 min. Water (40 mL) was added and the reac- 
tion mixture was extracted with diethyl ether (2 • 50 mL). 
The ethereal extract was washed with water and dried 
(Na2SO4). Silica gel column chromatographic separation 
of the residue gave compounds 3a,3b (0.5 g, 78%) as an 
oil. Rf (light petroleum/diethyl ether, 3:2, vol/vol) 0.4; IR 
(cm -1) (film) 3385(w), 1739(s), ll70(rn), 1015(m); 1H NMR 
(CDCI3, d) 0.88 (t, 3H, CH3), 1.2-1.8 (rn, 18H, CH2), 2.30 
(t, J =  7 Hz, 2H, 2-/-/), 2.52 (t, J - - 7 . 8  Hz, 4H, CH 2- 
pyrrole), 3.38 (s, 2H, pyrrole-CH2COOCH3), 3.66 (s, 6H, 
2 • COOCH3), 5.76 (s, 1H, CH pyrrole) and 7.64 (s, 1H, 

NH}; 13C NMR (CDC13) 14.1 (C-18), 22.6 (C-17), 24.9 (C-3), 
25.7, 27.7, 29.0, 29.2, 29.4, 29.5, 30.1, 31.7 (C-16), 32.1 
(pyrrole-CH2COOCH3), 34.0 (C-2), 51.2 (COOCH3), 51.8 
(pyrrole-CH2COOCH3), 106.0 (C-4' of pyrrole, assuming 
CH2COOCH3 substi tuent  at C-3' of pyrrole ring), 110.6 
(C-3' of pyrrole), 127.9, 128.1 (C-2' of pyrrole), 130.6, 130.8 
(C-5' of pyrrole), 173.2 (pyrrole-CH2-COOCH3) and 174.3 
(C-l) ppm. 

Synthesis of methyl 9,12-irnino-10(11)-methyl-9,11-octa- 
decadienoate (4a,4b). A mixture of compounds 3a,3b (0.5 g, 
1.3 mmol), potassium hydroxide (0.2 g) and aqueous 
ethanol {95%, 20 mL) was refluxed for 1 h. Dilute HC1 (2M, 
25 mL) was added, and the cooled reaction mixture was 
extracted with diethyl ether (2 X 20 mL). The ethereal ex- 
tract was washed with water (20 mL) and dried (Na2SO4). 
The solvent was evaporated, and the residue was heated 
under nitrogen at 180~ for 1 h. The reaction product was 
refluxed with borontrifluoride methanol complex (15%, 
w/w, 5 mL) and methanol (20 mL) for 15 min. Water (30 
mL) was added and the reaction mixture was extracted 
with diethyl ether (2 X 25 mL). Silica column chromato- 
graphic separation of the residue using a mixture of 
petroleum ether/diethyl ether, 7:3, vol/vol, as the eluant 
gave a mixture of compounds 4a,4b (0.34 g, 82%) as an 
oil. Rf (light petroleum/diethyl ether, 3:2, vol]vol) 0.8; gas- 
liquid chromatography (SE-30) ECL = 20.4; 1H NMR 
(CDC13, d) 0.88 (t, 3H, CH3), 1.2-1.8 (m, 18H, CH2), 2.0 (s, 
3H, pyrrole-CHa), 2.30 (t, J = 7 Hz, 2H, 2-/-/}, 2.47 (t, 
J = 7.8 Hz, 4H, pyrrole-CH2), 3.66 (s, 3H, COOCH3), 5.65 
(s, 1H, CH pyrrole) and 7.3 (s, 1H, N/D; t3C NMR 
(CDC13) 10.9 (pyrrole-CH3), 14.1 (C-18), 22.6 (C-17), 24.9 
(C-3), 25.8, 27.7, 29.3, 29.7, 30.1, 31.7 (C-16), 34.1 (C-2), 51.4 
(COOCH3), 106.5 {C-4' of pyrrole, assuming CH 3 sub- 
st i tuent  at C-3' of pyrrole ring), 113.4 (C-3' of pyrrole), 
126.5, 126.7 (C-2' of pyrrole), 130.1,130.2 (C-5' of pyrrole) 
and 174.3 (C-l) ppm. 
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Comparison of the Metabolism of a.Linolenic Acid and Its h6 
Desaturation Product, Stearidonic Acid, in Cultured NIH,3T3 Cells 
Richard C. Cantrill*, Yung-Sheng Huang, Gregory  W. Ells and David F Horrobin 
EFAMOL Research Institute, Kentville, Nova Scotia, Canada, B4N 4H8 

The incorporation and metabolism of a-linolenic acid 
(18:3n-3) and its h6 desaturase product, stearidonic acid 
(18:4n-3), were compared by NIH-3T3 cells. In the presence 
of fetal calf serum, cells accumulated exogenously added 
18:3n-3 and 18:4n-3 apparently at the expense of oleic acid 
(18:1n-9). Both 18:3n-3 and 18:4n-3 were elongated and de  
saturated to eicosatetraenoic acid (20:4n-3), eicosapenta- 
enoic acid (20:5n-3) and docosapentaenoic acid (22:5n-3), 
but not to docosahexaenoic acid (22:6n-3), and were incor- 
porated into phospholipids and triacylglycerols. Over a 
4<1 period, the growth of NIH~3T3 cells was slightly stimu- 
lated in the presence of 18:3n~3 (20 ~ghnl.) but was strongly 
inhibited in the presence of 18:4n-3 at the same concentra- 
tion. This inhibition may be caused by enhanced lipid per- 
oxidation as a result of the high levels of 18:4u-3 present. 
Lipids 28, 163-166 (1993). 

In recent years an increased dietary intake of fish oils, rich 
in long-chain n-3 fatty acids, has been vigorously pro- 
moted for its possible medical benefits. For instance" 
eicosapentaenoic acid (20:5n-3) may reduce the risk of 
thrombosis and, consequently, the risk of coronary disease 
(1,2). However, there is increasing evidence that excessive 
fish oil intake may induce adverse side effects (3,4). Some 
researchers have suggested that increasing the intake of 
a-linolenic acid (18:3n-3), the precursor of long-chain n-3 
fat ty acids, may provide the same beneficial effects but 
minimize the adverse effects of fish oil supplementation 
(5,6). Unfortunately, the activity of 56 desaturase in 
humans is relatively low (7), thus limiting the formation 
of long-chain n-3 fat ty acids and, consequently, their 
potential beneficial effects. 

Stearidonic acid (18:4n-3), the 56 desaturation product 
of 18:3n-3, is found in small quantities in borage and 
blackcurrant oils (8-10) and certain fish oils (for a review, 
see ref. 11). It has previously been shown in experimen- 
tal animals that stearidonic acid is a more effective dietary 
supplement than a-linolenic acid in the formation of long- 
chain n-3 fatty acids (12). In other words, supplementing 
the diet with stearidonic acid could compensate for the 
low activity of h6 desaturase and low availability of its 
products. 

To date few studies have compared the metabolism of 
stearidonic acid and a-linolenic acid in cultured cells. 
Previous studies in our laboratory have shown that  ad- 
ministration of certain n-6 polyunsaturated fatty acids 
(PUFA) in the concentration range of 5-60 ~g/mL kills 
many tumor cell lines in culture (13-15). We (16) and others 
(17) have also shown that 18:4n-3 was toxic to tumor cells 

*To whom correspondence should be addressed at the EFAMOL 
Research Institute, P.O. Box 818, Kentville, Nova Scotia, Canada. 
B4N 4H8. 

Abbreviations: Chol, cholesterol; DMEM, Dulbecco's modified essen- 
tial medium; HPLC, high-performance liquid chromatography; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI + PS, 
phosphatidylinositol and phosphatidylserine; PUFA, polyun- 
saturated fatty acids; TG, triacylglycerol. 

in culture; however, its effect on a normal cell line has not 
been reported. In the present study, stearidonic acid and 
its direct precursor, o~linolenic acid, were added individ- 
ually, to cell culture medium, and their effects on NIH-3T3 
cells, a nonmalignant cell line, were compared. Cell growth 
was determined by cell counting, and the extent of incor- 
poration and modification of 18:3n-3 and 18:4m3 was 
determined in lipid extracts of the cells. 

MATERIALS AND METHODS 
Cell cultur~ NIH-3T3 cells, obtained from Dr. R. Bassin 
(NIH, Bethesda, MD), were maintained in Dulbecco's 
modified essential medium (DMEM) (Flow Labs, 
Mississauga, Ontari(~ Canada) containing 10% fetal calf 
serum (Flow Labs), without the addition of antibiotics. 
The protocol for the examination of the effects of 18:3n-3 
and 18:4n-3 on cell growth has been described previously 
(18). Cells were seeded in 24-well plates at a density of 
104 cells per well (0.5 mL) and allowed to attach. Twenty- 
four hours later (Day 0), the medium was replaced with 
fresh medium containing 5% fetal calf serum (total fatty 
acid content -- 12.5 ~g/mL medium; major fat ty acids in 
percent: 16:0, 21, 16:1, 5; 18:0, 12; 18:1, 24; 18:2n-6, 6; 
20:3n-6, 3; 20:4n-6, 11; 20:5n-3, 1; 22:4n-6, 1; 22:5n-6, 2; 
22:5n-3, 3; 22:6n-3, 4) and either 18:3n-3 or 18:4n-3. Solu- 
tions of each fatty acid in ethanol (40 mg/mL) were diluted 
with medium to give final concentrations between 5 and 
30 ~g/mL. The final ethanol concentration was maintained 
at 0.2%. Control wells received fresh medium containing 
0.2% ethanol. Cells were observed daily by phase contrast 
microscopy. After an additional 4 d in culture, cells were 
detached with trypsin and counted in a haemocytometer 
counting chamber. The trypan blue exclusion technique 
was used to determine the number of dead cells (19). Some 
experiments were carried out in the presence of ferrous 
ions (FeC12.4H20 10 ~g/mL) or dl-a-tocopherol (Sigma, 
St. Louis, MO; 10 ~M). 

Determination of fatty acid profiles. For lipid analysis, 
cells were seeded in 5 mL medium at a density of 105 
cells per 6-cm Petri dish and supplemented with either 
18:3n-3 or 18:4n-3 according to the protocol described 
above After 3 d cells were released from the dish with 
trypsin, pelleted at 900 X g and resuspended in phosphate 
buffered saline (pH 7.4, composition as in ref. 20). For fatty 
acid quantitation, 17:0 was added to each sample as in- 
ternal standard. Lipids were extracted by the method of 
Folch et aL (21), and the lipid class distribution was 
determined by high-performance liquid chromatography 
(HPLC) (22). Data were expressed as area percentage and 
were taken directly from the HPLC/mass detector analy- 
sis. Different lipid classes were expressed as a ratio which 
was calculated from the area percentage data for in- 
dividual samples. For fatty acid analysis, phospholipids 
and triacylglycerols (TGs) were first separated by thin- 
layer chromatography (23). After transmethylation of lipid 
extracts (24), the fatty acid composition of the growth 
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medium, cells and phospholipid and TG fractions was 
determined by gas-liquid chromatography as described 
elsewhere (12). 

All data are presented as mean +_ SD (n = 4). Statistical 
analysis was performed using one-way analysis of variance 
and the Student 's  t-test using the SPSS-PC+ software 
package (SPSS Inc ,  Chicago, IL). 

RESULTS 

Ef fec ts  of  18:3n-3 and 18:4n-3 on cell growth. Supplemen- 
tation with either fa t ty  acid (20 pg/mL) led to the ap- 
pearance of lipid droplets within 24 h. The number of 
droplets decreased as time progressed. This observation 
has also been made when NIH-3T3 cells were incubated 
with other exogenous fa t ty  acids (16:0, 18:2n-6, 18:3n-6 
and 20:4n-6; Cantrill, Ells and Horrohin, unpublished 
data). Phase contrast  microscopy revealed no other 
changes in cell morphology in either control or supple- 
mented media. Cell number was not affected by either 
fa t ty  acid during the first two days after supplementa- 
tion. Thereafter, cells grown in 18:4n-3 supplemented 
medium ceased to proliferate, whereas cells grown in the 
control medium and those treated with 18:3n-3 continued 
to divide {Fig. 1). On Day 4 the number of cells in the 
18:3n-3 supplemented medium was greater than in the 
control medium. 

The effects of 18:3n-3 and 18:4n-3 supplementation at 
different concentrations are shown in Figure 2. On Day 
4, 18:4n-3 at concentrations greater than 10 pg/mL had 
significantly suppressed the proliferation of NIH-3T3 cells 
and few viable cells remained at concentrations above 25 
pg/mL. On the other hand, 18:3n-3 caused a 25-50% in- 
crease in cell number above control levels. The effect of 
18:4n-3 was exacerbated by the addition of ferrous ions 
(FeC12.4H20 10 ~g/mL) and reduced by the simultaneous 
addition of dl-a-tocopherol (10 ~M) (Fig. 2). 

Cellular lipid distribution. To compare the effect of 
18:3n-3 and 18:4n-3 supplementation on cellular lipid class 
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FIG. 2. Concentration<lependent effect of 18:3n-3 and 18:4n-3 on 
NIH-3T3 cells. Cells were cultured for four days in the presence of 
different concentrations of either 18:3n-3 (B) or 18:4n-3 (&) between 
0 and 30 pg/mL. 18:4n-3 treated cells were also grown in the presence 
of either ferrous ions (FeCI2.4H20 10 pg/mL) f/x) or dl-a-tocopherol 
(10 pM) (V}. Data are presented as % control (total cell count at 
0/~ghnL fatty acid) +__ SD (n = 4). 

distribution, cells were harvested, and analyses were per- 
formed on Day 3, before any cytotoxic effects were evi- 
dent. Table 1 shows that  the presence of either fa t ty  acid 
caused a marked increase in the relative amount  of TG 
and phosphatidylethanolamine (PE) and a decrease in the 
proportions of free cholesterol (chol) and phosphatidyl- 
choline (PC) in total cellular lipids. The ratios of different 
lipid classes were calculated in order to determine if these 
relative changes were solely a reflection of TG formation 
or were more complex. Cells treated with 18:4n-3, as com- 
pared with 18:3n-3, had a 40% increase in the chol/PC 
ratio, a 20% increase in the PE/PC ratio and a 33% in- 
crease in the TG/chol ratio (Table 1). These results indicate 
that  the two fatty acids have different effects on lipid class 
distribution. 
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FIG. 1. Time-dependent effect of 18:3n-3 and 18:4n-3 on NIH-3T3 
c ,Ks. Cells were cultured for four days in control medium (�9 or 
in the presence of 20 ~g/mL of either 18:3n-3 (11) or 18:4n-3 (b). Data 
are presented as mean total cell count +__ SD (n = 4). *Cell counts 
significantly different {P < 0.05) from control values on the same day. 

TABLE 1 

Lipid Class Distribution of NIH-3T3 Cells Treated for Three Days 
with 18:3n-3 or 18:4n-3 a 

Control 18:3n-3 18:4n-3 

Area % 
TG b trace c 10.7 • 1.0 15.9 • 3.1 d 
Chol 14.5 10.5 __ 0.5 11.7 • 1.0 
PE 19.1 23.1 __ 0.9 22.2 • 0.5 
PI + PS 1.6 2.3 _ 0.1 0.9 -- 0.1 d 
PC 60.7 46.0 --- 0.6 36.8 __ 3.2 d 
SPM trace 3.7 ___ 0.2 3.6 __- 2.2 

Ratio 
Chol]PC 0.24 0.23 __ 0.02 0.32 __ 0.04 d 
Chol]PE 0.76 0.45 • 0.01 0.53 -- 0.04 d 
PE/PC 0.31 0.50 • 0.04 0.60 • 0.05 
TG/Chol -- 1.03 • 0.12 1.37 • 0.35 

aResults are expressed as area % • SD (n = 4). For abbreviations, 
see footnote to title. 

bMay contain trace amounts of cholesterol esters. 
c Present at less than 1%. 
dSignificantly different from 18:3n-3 treated cells (P < 0.05). 
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TABLE 2 

Fatty Acid Composition of NIH-3T3 Cells Grown in Culture with Either 18:3n-3 or 18:4n-3 at a Concentration of 20 ~g/mI/Z 

Fatty Day 1 Day 3 
acid Control 18:3n-3 18:4n-3 Control 18:3n-3 18:4n-3 

Total 32.2 • 10.7 48.2 • 14.7 32.2 • 11.4 19.8 • 2.3 

18:3n-3 trace b 21.2 • 6.4 c 0.1 • 0.0 d trace 
18:4n-3 0.1 • 0.1 1.5 • 0.5 c 10.7 • 4.3 c,d 0.2 • 0.0 
20:4n-3 0.1 • 0.0 0.8 • 0.3 c 1.3 • 0.5 c trace 
20:5n-3 0.2 • 0.1 1.2 • 0.4 c 1.3 • 0.6 c 0.1 • 0.0 
22:5n-3 1.3 • 0.5 1.3 • 0.4 0.9 • 0.5 0.2 • 0.0 
22:6n-3 1.3 • 0.5 1.1 • 0.3 1.3 • 0.9 0.3 • 0.0 

Total n-3 3.1 27.1 15.6 0.8 
% Total 9.5% 56% 48% 3.9% 

Total n-6 7.0 • 2.3 5.0 • 1.6 3.1 • 1.3 2.5 

18:1n-9 7.2 • 2.5 4.0 • 1.2 3.5 • 0.9 7.4 

30.8 • 7.6 65.2 • 9.7 

5.2 • 1.1 c 0.3 • 0.1 d 
1.1 • 0.2 c 17.3 • 2.1c, d 
1.2 • 0.3 c 6.7 • 1.1c, d 
4.2 • 1.0 c 4.9 • 1.1 c 
1.4 • 0.3 c 1.4 • 0.3 c 
0.3 • 0.1 1.5 • 0.5c, d 

13.5 32.3 
44% 50% 

2.1 • 0.5 5.2 • 0.2 

3.1 • 0.7 6.5 • 0.8 

aResults are expressed as ~g/106 cells, mean • SD (n = 4). 
bIndicates present in amounts below 0.1/~g/106 cells. 

c Significantly different from control values (P < 0.05). 
dSignificantly different from 18:3n-3 treated values (P < 0.05). 

C e l l u l a r  f a t t y  a c i d  c o m p o s i t i o n .  I n c u b a t i o n  w i t h  e i the r  
18:4n-3 or  18:3n-3 s i gn i f i c an t l y  i nc reased  t h e  a m o u n t  of 
n-3 f a t t y  acids  in to ta l  cel lular  l ipid ex t rac ts .  The  n-3 f a t t y  
ac ids  inc reased  a t  t he  expense  of m o n o u n s a t u r a t e d ,  espe- 
c ia l ly  18:1n-9, and  n-6 f a t t y  ac ids  {Table 2). On D a y  1 on- 
ly  m o d e s t  a m o u n t s  of e l onga t i on  a n d  d e s a t u r a t i o n  prod-  
u c t s  of e i the r  18:3n-3 or  18:4n-3 were presen t ,  a n d  no  in- 
c reases  in t he  a m o u n t s  of 22:5n-3 a n d  22:6n-3 were seen. 
B y  D a y  3, the  a m o u n t  of the  p roduc t s  was  increased above 
D a y  1 values. The  ma jo r  me tabo l i t e  of 18:3n-3 was 20:5n-3, 
a n d  the  m a j o r  m e t a b o l i t e s  of  18:4n-3 were 20:4n-3 and  
20:5n-3. The  a m o u n t  of  22:6n-3 was  i nc r ea sed  above  con- 
t ro l  va lues  on ly  in 18:4n-3 s u p p l e m e n t e d  cel ls  {Table 2). 

The  ce l lu lar  f a t t y  ac id  c o n t e n t  (~g/106 cells) in 18:3n-3 
t r e a t e d  cells was  s l i g h t l y  h ighe r  t h a n  in con t ro l  or  in 
18:4n-3 t r e a t ed  cells on  D a y  1 {Table 2). Th is  resu l ted  f rom 
an  increase  in t o t a l  ce l lu la r  n-3 f a t t y  acids.  I n  18:3n-3 a n d  
18:4n-3 t r e a t ed  cells, t he  levels of n-3 f a t t y  ac ids  were 27.1 
a n d  15.6 ~g/106 cells, respec t ive ly ,  a n d  c o n s t i t u t e d  ap- 
p r o x i m a t e l y  50% of t h e  t o t a l  f a t t y  acids.  Th i s  was  more  
t h a n  a four fo ld  inc rease  above  the  levels  p r e s e n t  in con- 
t ro l  cells.  

On  D a y  3, t he  t o t a l  f a t t y  ac id  c o n t e n t  of b o t h  con t ro l  
and  18:3n-3 t r e a t e d  cells was  r educed  by  30% wi th  r e spec t  
to  D a y  1 values.  However, the  f a t t y  ac id  con ten t  of 18:3n-3 
t r e a t e d  cel ls  r e m a i n e d  50% h ighe r  t h a n  t h a t  of con t ro l  
cel ls  on D a y  3. The  f a t t y  ac id  c o n t e n t  of 18:4n-3 t r e a t e d  
cel ls  on D a y  3 was  twice  t h a t  m e a s u r e d  on D a y  1. Th i s  
va lue  was also 2- and  3-fold higher  t h a n  t h a t  of the  18:3n-3 
t r e a t e d  and  of t h e  con t ro l  cells, respect ively ,  on D a y  3. A t  
t h i s  t ime,  the  levels of  n-3 f a t t y  ac ids  were 4% of  t he  t o t a l  
f a t t y  ac id  c o n t e n t  in  con t ro l  cells  and  44 a n d  50% in 
18:3n-3 and  18:4n-3 t r e a t e d  cells, respect ive ly .  

Table  3 shows the  d i s t r i b u t i o n  of 18:3n-3 and  18:4n-3 
a n d  t h e i r  m e t a b o l i t e s  in t h e  TG and  p h o s p h o l i p i d  frac- 
t i ons  on  D a y  3. In  t he  TG f rac t ion ,  m o s t  of t he  n-3 f a t t y  
ac ids  in t h e  18:3n-3 t rea ted  cells were recovered as  18:3n-3. 
However ,  a s i gn i f i c an t  p r o p o r t i o n  of 18:4n-3 h a d  been  
e l o n g a t e d  to  20:4n-3 and  s u b s e q u e n t l y  d e s a t u r a t e d  to  
20:5n-3 in t h e  18:4n-3 t r e a t e d  cells.  I n  t h e  p h o s p h o l i p i d  
f rac t ion ,  20:5n-3 was  t h e  m a j o r  p r o d u c t  in b o t h  18:3n-3 
a n d  18:4n-3 t r e a t e d  cells,  and  a s u b s t a n t i a l  a m o u n t  of 

TABLE 3 

Percent Distribution of n-3 Fatty Acids in Triacylglycerol 
and Phospholipid Fractions of NIH-3T3 Cells Incubated 
for Three Days with Either 18:3n-3 or 18:4n-3 (20/~g/mL? z 

Fat ty  acid Control 18:3n-3 18:4n-3 

Triacylglycerols 
18:3n-3 0.2 + 0.1 33.3 --- 1.3 c 0.5 + 0.1 d 
18:4n-3 0.5 --- 0.3 5.1 - 0.5 c 17.4 _ 6.3c, d 
20:4n-3 trace b 7.6 - 0.3 c 27.9 • 1.OC, d 
20:5n-3 trace 8.0 • 0.4 c 13.6 • 1.9c, d 
22:5n-3 0.1 --- 0.1 3.8 • 0.3 c 4.1 + 1.4 c 
22:6n-3 0.2 + 0.1 1.1 • 0.1 c 0.8 + 0.2 c 

Phospholipids 
18:3n-3 0.3 • 0.1 22.4 • 0.2 c 1.3 + 0.3c, d 
18:4n-3 trace 3.2 • 0.3 c 9.9 • 3.3c, d 
20:4n-3 trace 3.1 • 0.1 c 10.7 • 0.6c, d 
20-5n-3 0.4 • 0.1 11.9 • 0.6 c 15.2 • 1.8c, d 
22:5n-3 1.0 • 0.1 3.0 • 0.1 c 4.0 • 1.0 c 
22:6n-3 1.3 • 0.2 1.1 • 0.1 1.5 • 0.2 

a Results are expressed as mean • SD (n = 4). 

bpresent at less than 0.1%. 

c Significantly different from control values (P < 0.05). 

dSignificantly different from the 18:3n-3 values (P < 0.05). 

20:4n-3 was  a lso  obse rved  in t h e  18:4n-3 t r e a t e d  cells. The  
r e su l t s  a lso  show t h a t  t he  a m o u n t  of  22:5n-3 or  of  22:6n-3 
d id  n o t  d e p e n d  on t h e  p r ecu r so r  f a t t y  acid.  

DISCUSSION 

S u p p l e m e n t a t i o n  of g r o w t h  m e d i u m  w i t h  e i the r  18:3n-3 
or  18:4n-3 inc reased  t h e  q u a n t i t i e s  of n-3 f a t t y  ac ids  in 
N I H - 3 T 3  cells. A s  shown in Table 2, however, t he  t o t a l  
f a t t y  ac id  c o n t e n t  on D a y  3 was  30% lower t h a n  on D a y  
1 in b o t h  con t ro l  a n d  18:3n-3 t r e a t e d  cells, whereas  i t  was  
i nc r ea sed  2-fold in 18:4n-3 t r e a t e d  cells. The  e x p l a n a t i o n  
for  t h e s e  d i f ferences  is  p r o b a b l y  r e l a t ed  to  t he  r a t e  of cell  
prol i ferat ion,  s ince t he  n u m b e r  of 18:4n-3 t r e a t e d  cells had  
on ly  d o u b l e d  s ince  D a y  1, whe reas  t he  n u m b e r  of 18:3n-3 
t r e a t e d  cel ls  h a d  i nc r ea sed  6-fold. 
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Treatment  with 18:3n-3 increased the levels of the post  
A6 desaturase n-3 fa t ty  acids (18:4n-3, 20:4n-3, 20:5n-3 and 
22:5n-3) indicating tha t  NIH-3T3 cells have an active A6 
desaturase sys tem (Table 2). In 18:4n-3 treated cells, there 
was an increase in 20:4n-3 levels but  the level of 20:5n-3 
was not  affected. The da ta  suggest  tha t  A5 desaturase ac- 
t iv i ty  was low in these cells and migh t  have l imited the 
product ion of 20:5n-3. Following either t rea tment ,  the 
amounts  of 22:5n-3 and 22:6n-3 were similar on both Day 1 
and Day 3. 

I t  is also possible tha t  the metabolism of n-3 fa t ty  acids 
is not  solely regulated by the act ivi ty of the desaturat ion 
and elongation enzymes bu t  also by  their  incorporation 
into phospholipid and TG fractions. I t  has been proposed 
recently (25) tha t  the dis tr ibut ion and metabol ism of n-6 
fa t ty  acids is a consequence of the availabil i ty of a c c e p  
tor molecules (PUFAs are predominant ly  found in the 2- 
position of phospholipids). There also exists the possibility 
of compet i t ion between n-3 fa t ty  acids of different chain- 
length and degree of unsa tura t ion  for esterification into 
different posit ions of TG and phospholipid molcules. 

An increased supply of n-3 f a t ty  acids increased their  
incorporation into phospholipids and also led to the for- 
mation of TGs (Table 1). Acylation into TGs and the subse~ 
quent formation of intracellular perinuclear lipid droplets 
is evidence of another  cellular response to excess PUFA 
intake  The formation of these lipid droplets was probably 
responsible for the changes in the lipid class rat ios 
(Table 1). These changes could not  be a t t r ibu ted  solely to 
the increase in TG content  since the proport ions of dif- 
ferent lipids were not  reduced to the same extent.  Thus, 
it is likely tha t  the format ion of the lipid droplet  boun- 
dary membrane led to the alterations in the cholesterol/PC 
and the PE/PC ratios (Table 1). These shif ts  in the 
chol/phospholipid ratios may  have also induced the incor- 
porat ion of more PUFA into phospholipids. 

I f  the incorporation of PUFA into phospholipid is 
restr icted by the number  of sites on suitable acceptor 
molecules, then excess f a t ty  acid esterified into neutral  
lipids may  be subsequent ly  incorporated into phospho- 
lipid as cell number  increases (26). In 18:3n-3 treated cells, 
the format ion of long-chain metaboli tes  and their  ac- 
cumulat ion in neutral  lipid stores was lower than  in 
18:4n-3 t rea ted  cells (Table 3). This may  have served to 
reduce the accumulat ion of subs t ra tes  for lipid peroxida- 
t ion since it has  been shown previously t ha t  f a t ty  acids 
with three and more double bonds are cytotoxic to many  
tumor  cell lines in culture (14). This process is thought  
to be caused by the formation of lipid peroxides (27) since 
the cytotoxic effect of post  A6 desaturase  n-6 f a t ty  acids 
cannot  be prevented by certain cyclooxygenase or prosta- 
glandin syn the tase  inhibitors (28). However, cell death  
may  be accelerated by the addit ion of ferrous or copper 
ions and blocked by vi tamin E and other antioxidants (18). 
Our observat ions suppor t  the involvement of lipid perox- 
idation in the lethal process (Fig. 2). The provision of 
18:4n-3 to cells leads to the accumulat ion of subs t ra tes  
for lipid peroxidation, a process which is likely to cause 
cell death. 
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The Effects of Dietary Fish Oil on Alveolar Type II Cell Fatty Acids 
and Lung Surfactant Phospholipids 
Richard Carleton Baybutt, John Edgar Smith and Yu-Yan Yeh* 
Nutrition Department, The Pennsylvania State University, University Park, Pennsylvania 16802 

The purpose of this study was to determine the respon- 
siveness of alveolar type II cells to dietary fish oil and the 
consequent effects on alveolar and lung surfactant. Rats 
were fed a corn oil or a fish oil diet for four weeks. Dietary 
n-3 fatty acids were readily incorporated into the type II 
cell phospholipids as indicated by higher levels of eico- 
sapentaenoic acid {2.77 ___ 0.10%} and docosahexaenoic acid 
{1.63 ___ 0.10%) in the group receiving the fish oil diet. The 
elevated levels of w3 fatty acids were accompanied by con- 
comitant reduction in arachidonic acid and linoleic acid. 
Neither eicosapentaenoic acid nor docosahexaenoic acid 
was incorporated into type II cell triacylglycerols. Feeding 
a fish oil containing diet increased surfactant phosph~  
lipids, particularly 1,2-disaturated acyl phosphatidylche, 
lines in whole lung compared to a corn oil diet. However, 
the amount of surfactant found in the alveolus was not 
different between the two diet treatment groups. The 
results suggest that dietary n-3 fatty acids stimulate syn- 
thesis and/or inhibit degradation of lung surfactant with- 
out altering surfactant secretion in alveoll, 

Lipids 28, 167-172 {1993}. 

Surfactant is a lipoprotein complex that acts as a surface 
active agent to reduce the surface tension of the water lin- 
ing the alveolar lumen for maintaining respiration (1). Also 
it plays an important role in the immune system by enhanc- 
ing the activity of alveolar macrophages (2). Insufficiency 
of surfactant can cause respiratory distress syndrome in 
premature infants and adults (3,4). Surfactant is synthe- 
sized, stored and secreted by the alveolar type II cell, and 
all these processes regulate the availability of surfactant to 
alveoli (5,6). In an earlier study, we found that eicosapen- 
taenoic acid stimulated surfactant secretion in cultured 
alveolar type II cells (Baybutt et aL, unpublished data). It 
is reasonable to assume that the stimulatory effect of eic~ 
sapentaenoic acid must be mediated first by its incorpora- 
tion into tissue llpids. 

The incorporation of dietary highly unsaturated long- 
chain fatty acids, eicosapentaenoic acid and docosahexaenoic 
acid has been demonstrated in humans (7,8) and animals 
(9-12). Specifically, these fatty acids are incorporated into 
various tissues such as kidney (11), liver (9-11,13) and brain 
(13) and different cell types such as macrophages (14), neu- 
trophils (15), platelets (16) and erythrocytes (17,18). Little 
attention has been directed to the alveolar type II cell 
although some studies with lung tissue have been reported 
(9-11). 

*To whom correspondence should be addressed at Nutrition Depart- 
ment, 129 S. Henderson Human Development Bldg., The Pennsyl- 
vania State University, University Park, PA 16802. 

Abbreviations: CL, cardiolipin; C-DMEM, complete Dulbecco's modi- 
fied Eagle's medium; DSPC, 1,2-disaturated acT] phosphatidylcholine; 
EDTA, ethylenediaminetetraacetic acid; LPC, lysophosphatidylch~ 
line; P, phosphorus; PA, phosphatidic acid; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phos- 
phatidylinositol; PL, phospholipid; PS, phosphatidylserine; Sph, 
sphingomyelin; TLC, thin-layer chromatography; USPC, unsaturated 
acyl phosphatidylcholine. 

The present study was conducted to determine whether 
alveolar type I] cells can be enriched by eicosapentaenoic 
acid and docosahexaenoic acid by feeding rats a diet con- 
taining fish oil In addition, the effect of dietary n-3 fatty 
acids on surfactant content and phospholipid composition 
in lung lavage and lung tissue was investigate~ The results 
showed that surfactant phospholipid and 1,2<lisaturated 
acyl phosphatidylcholine (DSPC) content increased in whole 
lung but not in the alveolus in response to fish oil feeding. 
The alteration in the amount of suffactant was accompanied 
by an increase of eicosapentaenoic acid in phospholipids of 
alveolar type II cells. 

MATERIALS AND METHODS 

Animals and diet. Pathogen-free male Sprague-Dawley 
rats were purchased from Harlan Sprague-Dawley Ca (In- 
dianapolis, IN) and housed in stainless steel cages at ap- 
proximately 24~ and 50% relative humidity with a cy- 
cle of 12 h light and 12 h dark (0600-1800 h). The rats, 
weighing 130-190 g, were fed ad libitum a semi-purified 
diet containing 15% corn oil or 13% menhaden oil plus 
2% corn off for four weeks. Water was provided at all 
times. The complete composition of the diets was adapted 
from those of others (19,20) and is listed in Table 1. The 
diet containing corn oil was rich in n-6 fatty acids (e.g., 
linoleic acid) while the fish oil diet was high in n-3 fatty 
acids (e.g, eicosapentaenoic acid and docosahexaenoic 
acid) (Fig. 1). To minimize oxidation, the diet was packaged 
in small plastic ziplock bags, purged with nitrogen and 
stored frozen (-20~ Food intake was determined by 
measuring the difference in the preweighed and uncon- 
sumed amount of diet. The unconsumed portion was 
discarded and replaced. Every other day, the food was ad- 
mirdstered and food intake and body weight were mea- 
sured. 

Animal care complied with guidelines developed by the 
Pennsylvania State University, the federal and state 
governments, and the National Research Council's In- 
stitute of Laboratory Animal Resources. 

Isolation of type I l  pneumocytes. The type II pneumo- 
cytes were isolated according to the procedure of Mason 
et al. (21) with minor modifications {22). The procedure 
followed closely the original method {21) except that the 
carotid artery was cut instead of the aorta during the lung 
perfusion, and that percoll was used for the discontinuous 
gradient cell purification by centrifugation. The cells were 
resuspended in complete Dulbecco's modified Eagles 
medium {C-DMEM) salt supplemented with 10% fetal 
bovine serum, penicillin (100 U/mL) and streptomycin (100 
~g/mL) and immediately incubated under an atmosphere 
of 5% CO2 and 95% air at 37~ The nonadhering cells 
obtained after 3 h of incubation were further incubated 
for 20 h. The type I I cells adhering to the culture plat~ 
were washed to remove nontype II cells before being 
scraped and collected for lipid extraction. The purity of 
the adhering cells was determined microscopically after 
tannic acid staining (23). 

Lung lavage and surfactant isolation. The lung lavage 
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TABLE 1 

Diet Composition a 

Fish oil Corn oil 
Ingredients diet diet 

(g/100 g diet) 
Casein 20.0 20.0 
Dextrose 27.4 27.4 
Corn starch 27.5 27,5 
Menhaden oil 13.0 0.0 
Corn oil 2.0 15.0 
Cellulose (amorphous) 5.0 5.0 
Salt/mineral mix (AIN-76A) 3.5 3.5 
Vitamin mix (AIN-76) 1.0 1.0 
DL-Methionine 0.3 0.3 
Choline bitartrate 0.2 0.2 
a-Tocopherol 0.075 0.075 
t-Butylhyd~oquinone 0.003 0.003 
Cholesterol ~ 0.079 0.079 
aThe diets were adapted from those used by other investigators 
b(19,20}. 
Cholesterol was added to the corn oil diet at an amount equivalent 
to that contained in fish oil. 

to 

Oit O i e t  l I 6 0  

o=, o=,t m 

4 0 ** p < OOl 
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o 2 0  
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F o t t y  A c i d s  

FIG. 1. The fat ty  acid eompositon of the experimental diets is 
reported giving mean values with standard error for three samples. 
The wt% was calculated by dividing the weight  of the fat ty  acid 
by the-total fat ty  acid content and multiplying by 100. * and ** in- 
dicate significant difference between diets at P < 0.05 and P < 0.01, 
respectively. 

was performed as previously described (24). Briefly, rats 
were anesthetized with sodium pentobarbital (50 mg/kg) 
by intraperitoneal injection. A cannula was placed in the 
trachea proceeding into the bronchi of the left lobe of the 
lung. The left lobe was chosen because it provided a 
manageable sample and was representative of whole lung 
(24). The lungs were removed from the animal, and the left 
lobe was instilled with approximately 6 mL of ice-cold 

0.9% saline and lavaged. Three passes were made which 
has previously been shown to recover over 80% of the sur- 
factant  (24). The left lobe and whole lung of rats receiv- 
ing similar dietary t reatment  were weighed for determin- 
ing the weight proportion of the lavaged left lobe This 
information was used to express the data  relative to whole 
lung. The lavage fluid collected from three washes was 
pooled and centrifuged at 500 • g for 10 mill to remove 
cells and cell debris. The supernatant was lyophillzed and 
used for alveolar surfactant  isolation. The lavaged lung 
(i.e., left lobe) was dissected free of all connective and 
vascular tissue and homogenized in a medium consisting 
of 0.145 M NaC1 in 0.01 M Tris buffer, pH 7.4, and 0.001 
M ethylenediaminetetraacetic acid (EDTA), using a Ten 
Broeck homogenizer (Thomas Scientific. Philadelphia, PA) 
(25). The alveolar and tissue surfactants were isolated by 
the discontinuous sucrose gradient centrifugation pro- 
cedure (26). 

Lipid extraction and analysis. Alveolar type II cells, 
lung and lavage surfactant  were extracted for lipids ac- 
cording to the method of Folch et aL (27). The extracted 
lipids were further separated into total phospholipid and 
triacylglycerol by thin-layer chromatography (TLC) using 
silica G plates, and the solvent system consisted of hex- 
ane/diethyl ether/acetic acid (80:20:1, by vol) (28). The 
phospholipids were visualized by exposing the plate to 
iodine vapor. The total  phospholipid and triacylglycerol 
fa t ty  acids of the type II  cells were transmethylated with 
14% boron trifluoride in methanol as described elsewhere 
(29). The methyl  esters of fa t ty  acids were analyzed by 
gas-light chromatography (Model 5880A, Hewlett-Pack- 
ard, Palo Alto, CA) equipped with a hydrogen flame ioniza- 
tion detector using a glass column packed with 10% 
diethyleneglycol succinate + 1% phosphoric acid on 
80/100 Chromosorb W AW (Supelco Co., Bellefonte, PA). 
The temperatures used were: injector, 200~ column, 
175~ detector, 250~ The flow rate of the carrier gas 
(helium) was 21.4 mL]min (30). Appropriate reference stan- 
dards were used to determine retention times for iden- 
tification of fa t ty  acids. For quantification of the fa t ty  
acids, heptadecanoate was added as an internal s tandard 
at the methylation step (31). The mass was calculated as 
follows: fat ty acid (wt) = {peak area of fat ty acid]peak area 
of heptadecanoate} X weight of heptadecanoate added 
(32). 

The individual phospholipids of lung tissue and lavage 
surfactant  were separated by two-dimensional TLC on a 
Baker Si-250 silica gel plate (0.25 mm thick), with 
chloroform/methanol/petroleum ether (b.p. 60~ 
acid/boric acid (40:20:30:10:1.8, vol/wt) as the developing 
solvent for the first dimension (33). Boric acid was dis- 
solved in the methanol/acetic acid prior to combining with 
other solvents. The phosphoUpids were visualized by brief- 
ly exposing the plate to iodine vapor. Immediately after 
the removal of other phospholipids, phosphatidylcholine 
(PC) remaining on the plate was treated with 5% osmium 
tetroxide in carbon tetrachloride (33). The plate was 
developed in the second dimension for separation of DSPC 
using the developing solvent, chloroform/methanol/am- 
monium acetate (80:28:6, by vol). The individual phos- 
pholipids were quantified by determination of phosphorus 
content (34). 

Data and statistical analysis. The phospholipid fa t ty  
acids of the alveolar type II  cell are presented as weight 
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TABLE 2 

Phospholipid and Triacylglycerol Fat ty  Acid Composition of Alveolar Type II  Cells a 

Phospholipids Triacylglycerols 

Fatty Corn oil Fish oil Corn oil Fish oil 
acid diet diet diet diet 

% of total fatty acids b 

14:0 4.3 + 0.2** 7.3 ___ 0.4 10.6 + 1.7 13.5 ----- 
16:0 50.4 + 0.3 51.4 + 0.4 56.3 + 3.0* 47.8 • 
16:1 9.9 • 0.1"* 13.2 • 0.1 nd** 9.2 • 
18:0 6.7 • 0.1"* 5.8 • 0.1 14.5 • 2.0 15.7 • 
18:1n-9 9.0 • 0.3 8.7 • 0.1 11.5 --- 2.7 7.2 • 
18:2n-6 8.5 • 0.2** 3.7 • 0.3 4.7 • 1.2 4.6 • 
18:3n-3 nd nd 1.0 • 0.5 0.9 • 
20:4n-6 8.2 • 0.1"* 3.2 • 0.1 0.3 • 0.3** nd 
20:5n-3 nd** 2.8 • 0.1 nd nd 
22:4n-6 1.0 • 0.0"* 0.1 • 0.0 nd nd 
22:5n-3 0.7 • 0.0"* 1.7 • 0.1 nd nd 
22:6n-3 0.6 • 0.0"* 1.6 +_ 0.1 nd nd 

2.5 
3.3 
2.8 
1.3 
0.6 
0.5 
0.6 

aMean values are reported with standard error for four samples. Each sample was pooled 
from four culture wells. 

bThe wt% was calculated by dividing the weight of the fatty acid by the total fatty acid 
content and multiplying by 100. Within the lipid class, * and ** signify differences 
between diets at P < 0.05 and P < 0.01, respectively, nd, Not detectable. 
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percent  or ~g fa t ty  acid]106 cells. The amount  of surfac- 
t an t  found in alveoli and lavaged lung is reported as 
nmoles phosphorus  of phospholipids/lung, whereas the 
distr ibution of individual phospholipids in sur fac tan t  is 
expressed as molar  percent  of to ta l  phospholipids. Da ta  
are presented as mean +_ s tandard  error. Differences b e  
tween the two diet groups were determined by a two-tailed 
t-test. 

RESULTS 

Effects of diets on body and tissue weights. The initial 
body weights were 162 +_ 8 g and 160 _ 9 g for the fish 
oil fed and corn off fed rats, respectively. As a result  of 
similar food intake and body  weight gain, there was no 
significant difference in their respective final body weights 
(295 _ 10 g vs. 292 +_ 7 g). In  addition, lung weights were 
the same between the fish oil fed and corn oil fed ra ts  at  
the end of the s tudy  (1.26 +__ 0.07 vs. 1.31 +_ 0.06 g). 

Fatty acids of alveolar type I I  cell. As determined by 
the  tannic acid s ta ining procedure  the pur i ty  of the 
alveolar type  I I  cells was 86 + 2%. Fa t t y  acid profiles of 
phospholipids and triacylglycerol were analyzed. As 
shown in Table 2, phospholipids of alveolar type  I I  cells 
derived from the fish oil fed group were enriched with 
eicosapentaenoic acid {20:5n-3) and docosahexaenoic acid 
(22:6n-3) as compared to t ha t  of the corn off group. The 
enrichment of eicosapentaenoic acid and docosahexaenoic 
acid was accompanied by reduction of arachidonlc acid 
{20:4n-6), linoleic acid (18:2n-6) and stearic acid (18:0). Als~ 
the contents  of myris t ic  acid {14:0) and palmitoleic acid 
(16:1n-7) in phospholipids were higher in the fish oil than  
corn oil fed groups. The die tary  t r ea tmen t s  had no effect 
on the content of palmitic acid, the predominant  f a t ty  acid 
of sur fac tan t  phospholipid. 

The fa t ty  acid distribution in triacylglycerol was essen- 
tially the same for both  dietary groups {Table 2). However, 
palmitoleic acid was found only in the ra ts  fed the fish 
oil diet. Fish oil feeding lowered palmitic acid content  in 

m 

-~ 3O 

~ 2o 

Corn Oil Diet 

Fish Oil Diet m 
40 

n - 6  n - 3  Total 

Fatty acids 

FIG. 2. The effects of dietary fats on n-6 and n-3 fatty acid mass 
of phospholipid in alveolar type I I  cells. Mean values are reported 
with standard error for four samples.  Each sample was pooled from 
four culture wells. Data were derived from those shown in Table 2. 
* and ** indicate significant difference between diets at P < 0.05 
and P < 0.01, respectively. 

triacylglycerols. Eicosapentaenoic acid and docosahex- 
aenoic acid were not detected in triacylglycerol of the type 
I I  pneumocytes.  

Consistent with the changes in wt% of phospholipid fat- 
ty  acids, the mass  of n-3 fa t ty  acids {eicosapentaenoic acid 
and docosahexaenoic acid} was higher and n-6 f a t ty  acid 
(arachidonlc acid and linoleic acid} was lower in fish oil 
than  corn oil fed animals  {Fig. 2). The mass  of to ta l  f a t ty  
acids of phospholipid was slightly but  significantly higher 
in the corn oil than  the fish off group. This finding was 
mos t  likely the result  of a greater  reduction of long-chain 
n-6 f a t ty  acids relative to the increase in n-3 f a t ty  acids 
in response to fish off feeding. 

Lung tissue and lavage surfactant. The effects of dietary 
fats  on sur fac tan t  contents  in lung t issue and alveolar 
lavage were determined by measur ing  the amount  of sur- 
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TABLE 3 

Individual Phospholipid Content of Surfactant from Lavage and from Lung Tissue 
after Lavage a 

Lung tissue Lavage 
Corn oil Fish off Corn oil Fish oil 

PL b diet diet diet diet 

nmoles P/lung 

LPC 4.7 +-- 1.2 6.4 +-- 1.8 0.5 + 0.3 2.5 + 1.3 
Sph 30.6 +_ 2.2 30.5 + 4.1 2.0 • 1.2 2.0 • 0.7 
USPC 368.8 • 41.5 463.2 • 37.3 46.7 +- 10.7 45.7 • 6.2 
DSPC 620.6 • 73.8* 860.1 • 44.7 212.2 • 14.5 227.7 • 13.9 
PI 27.9 + 2.4** 46.8 • 2.9 2.2 • 1.1 3.6 • 1.6 
PS 33.1 + 3.7** 49.7 + 3.0 nd nd 
PE 114.4 + 10.3" 182.4 • 18.1 3.0 • 1.3 5.9 • 0.9 
PG 76.7 +_ 8.4 94.5 • 6.0 14.0 + 2.7 21.8 • 1.8 
PA 17.0 • 1.9 22.2 • 2.6 0.4 • 0.3 0.3 • 0.3 
CL 7.1 • 0.7 11.6 • 4.9 0.6 + 0.4 0.2 • 0.2 

aMean values are reported with standard error for five samples. 
bThe individual phospholipids (PL) were separated by two-dimensional thin-layer chro- 
matography (33). *and ** signify differences between diets at P < 0.05 and P < 0.01, 
respectively, nd, Not detectable. For abbreviations, see footnote to title. 

2000 ~ Corn Oil Diet [~J 
1500 I Fish Oil Diet 1 

. 

i ooo 

c 

5 0 O  

0 DSPC PC Totol 
Phospholipid 

FIG. 3. The phospholipid content of whole lung surfactant. Mean 
values and standard error for five samples are presented. Data were 
obtained from 3hble 3 by combining the values for lavage surfac- 
tant and lavaged t issue surfactaut.  1,2-Disaturated acyl 
phosphatidylcholine (DSPC) was separated from unsaturated acyl 
phosphatidylchol ine {USPC) by two-dimensional  thin-layer 
chromatography (33). Phosphatidylcholine was the sum of the DSPC 
and USPC, Total phospholipid was the sum of all individual 
phosphalipid classes. *Indicates significant difference between diets 
at P < 0.05. 

fac tant  phospholipids. The amounts  of lung t issue sur- 
fac tan t  PC (1323 • 75 nmoles P/lung) and tota l  phos- 
pholipid {1768 • 99 nmoles P/lung) measured in the fish 
oil fed animals were 34 and 36% higher than  the cor- 
responding values for the corn oil group. The mole% 
distribution of individual phospholipid was similar in the 
two die tary  groups except  for sl ightly higher phospha- 
tidylinositol (PI} levels noted in the fish oil t han  in the 
corn oil group (data not  shown}. 

However, when expressed as nmoles P/lung, there were 
apparent  differences in the amounts  of individual phos- 
phoLipid classes result ing from the fa ts  provided for the  
animals  (Table 3}. The fish oil feeding increased the 
amount  of DSPC, PI ,  phosphat idylser ine (PS} and phos- 

phat idyle thanolamine (PE) in lung tissue as compared to 
the corn oil feeding. 

Unlike the al terat ions seen in lung t issue surfactant ,  
the amounts  of lavage sur fac tan t  PC (261 +_ 18 nmoles 
P/lung) and tota l  phospholipid (293 _+ 17 nmoles P/lung) 
measured in the fish oil fed animals  were not  different 
from the corresponding values for the corn oil group. The 
contents  of individual phospholipid classes in lavage sur- 
fac tan t  were the same for bo th  groups (Table 3). 

When lung t issue and lavage sur fac tants  were com- 
bined, the amount  of DSPC (1046 • 50 v s .  833 _ 73 
nmols P/lung) and total  phospholipid (1977 + 109 v s .  1583 
• 110 nmoles P/lung) was again greater in the fish oil than 
in the corn off fed animals  (Fig. 3). This sugges ts  an in- 
crease in total  surfactant  in the whole lung caused by fish 
oil. 

DISCUSSION 

Alveolar surfactant  plays vital roles in pulmonary respira- 
tion and immune function. This together  with the finding 
tha t  eicosapentaenoic acid supplemented to tissue culture 
enhanced sur fac tan t  lipid secretion by  alveolar type  I I  
cells p rompted  us  to invest igate the effect of dietary fish 
oil on sur fac tan t  availabili ty in in tact  lung. In  the pre- 
sent study, the amount  of sur fac tan t  phospholipid (PL) 
was taken as a quanti tat ive measure of surfactant  because 
sur fac tan t  is composed of greater  than  60% PL 135). As 
indicated by the increased amount  of sur fac tan t  phos- 
pholipid in whole lung {i.e., lavaged lung plus lavage sur- 
factant), fish oil feeding can in fact augment  the availabili- 
t y  of surfactant .  This finding suggests  an overall increase 
in production and/or decrease in degradation of surfactant. 
I t  should be pointed out, however, t ha t  t issue associated 
sur fac tan t  is not as well characterized as alveolar surfac- 
t an t  and may  not  represent pure surfac tant  material  (26). 
Thus the interpretation of the da ta  mus t  take into account 
these factors. 

The reason for the observed increase of sur fac tan t  in 

LIPIDS, Vol, 28, no. 3 (1993) 



171 

FISH OIL, TYPE II PNEUMOCYTE LIPIDS AND SURFACTANT 

whole lung by fish oil is not  known. Exogenous  palmitic 
acid has been found to s t imulate  sur fac tan t  synthesis  by 
alveolar type  I I  cells (36,37). Also, maximal  DSPC syn- 
thesis occurs when exogenous sources of palmitic acid are 
provided (38). This mechanism, however, may  not  explain 
the present  observat ion since palmit ic  acid levels were 
ei ther  unal tered in phospholipids  or decreased in 
triacylglycerol by fish oil feeding. Longmuir  and Haynes  
(39) have suggested a cellular sor t ing mechanism favor- 
ing the incorporation of 14- and 16-carbon chain length 
f a t ty  acids (including 16:1) into lamellar bodies in the 
alveolar type  I I  cell. Therefore, the increased levels of 14:0 
and 16:1n-7 in type I I  cell phospholipid and triacylglycerol 
of the fish oil fed ra ts  may  in par t  be responsible for the 
increased amount  of sur fac tan t  in the lung. 

In contrast  to the s t imulatory effect of eicosapentaenoic 
acid on sur fac tan t  secretion by  cultured type  I I 
pneumocytes  in vitro (Baybut t  et  aL, unpublished data), 
dietary fish oil rich in n-3 fa t ty  acids did not  alter the 
amount  of surfactant  found in the alveolus. However, this 
finding does not  exclude the possibil i ty tha t  d ie tary  
n-3 f a t ty  acid enhances surfac tant  secretion in in tact  
lungs because the cons tant  amount  of sur fac tan t  found 
in alveoli could result  f rom an increase in sur fac tan t  
clearance. 

In  agreement  with previous studies with whole lungs 
(10,11) and lung microsomes (9), the present  s tudy  
showed tha t  dietary fish oil was effective in enriching 
eicosapentaenoic acid and docosahexaenoic acid in 
alveolar type  I I  cell phosphollpids. Not  only did the 
re la t ive  p ropor t ion  of e i cosapen taeno ic  acid and  
docosahexaenoic acid to total  f a t ty  acids increase, the 
mass  of these f a t ty  acids was also higher in the fish oil 
fed than  corn oil fed group. I t  should be noted tha t  the 
increased n-3 f a t ty  acid levels were accompanied by a 
reduction in arachidonic acid. There was little or no 
preformed arachidonic acid in the experimental  diets con- 
taining either corn oil or fish oil (Fig. 1). Thus, the cellular 
content  of arachidonic acid mus t  be derived from its 
precursor, linoleic acid. I t  is then reasonable to speculate 
t ha t  the decreased content  of arachidonlc acid in type  I I  
cells of animals  fed fish oil s tems  in pa r t  f rom the limited 
source of linoleic acid (Table 2) and from eicosapentaenoic 
acid inhibition on the conversion of d ihomogamma 
linolenlc acid to arachidonic acid (40}. The low level of 
cellular linoleic acid in the fish oil fed group reflects a low 
content of the fa t ty  acid in the diet (i.a, 11%) as compared 
to 60% in the corn oil diet. A reduction of linoleic acid 
in whole lung has also been observed in ra ts  fed a diet 
containing lard low in linoleic acid (10). 

The failure to incorporate dietary eicosapentaenoic acid 
and docosahexaenoic acid into triacylglycerols of alveolar 
type  I I  cell is in direct cont ras t  to the significant ac- 
cumulat ion of these long-chain n-3 fa t ty  acids (9 and 11%, 
respectively) in liver triacylglycerols (12). Al though the 
reason for the discrepancy observed between the type  I I  
cell and liver is not  readily known, it may  be related to 
the preferential incorporation of 14- and 16-carbon f a t ty  
acids into triacylglycerols v/a the lipid sorting mechanism 
within the alveolar type  I I  cell (39), as ment ioned above  
The physiological significance of 14- and 16-carbon f a t ty  
acid enr ichment  in triacylglycerols is not  known. I t  may  
be speculated tha t  these fa t ty  acids serve as a reserve for 
the synthesis  of DSPC in the type  I I  cells. 

In  summary,  fish oil feeding modifies the lipid profile 
of the type  I I  cell and increases whole lung surfactant .  
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In order to compare the turnover of two major surfactant 
components, [ la,2a(n~3H]cholesterol and [methy114C cho. 
line] dipalmitoyl phosphatidylcholine (DPPC) were in- 
troduced as lamellar bodies via the trachea into l ightly 
anesthetized rats which were then allowed to recover. The 
radiotracers were assumed to have entered the alveolar 
surfactant pool and to have subsequently recycled in part 
into the lamellar bodies of alveolar type II cells. For 
DPPC, the specific activity vs. time curves of tubular 
myelin rich (alv-1) and tubular myelin poor (alv-2} alveolar 
lavage fractions were similar, and there was a plausible 
precursor-product relationship between lamellar bodies 
and either (or both) of these compartments.  In contrast, 
however, the specific activities of alv-1 and alv-2 for 
cholesterol were quite different, allowing us to reject the 
hypothesis  of a precursor-product relationship between 
classical lamellar bodies and alv-2. The estimated turn- 
over time for DPPC in alv-1 was 240 or 206 min, depend- 
ing on which subfraction of lamellar bodies one takes to 
be the precursor. For cholesterol it was 583 or 624 min. 
These longer turnover times for cholesterol should lead 
to a greater than twofold increase in the relative concen- 
tration of cholesterol in the putative product compart- 
ment. Such an increase was not found. We interpret this 
as reflecting either noncompartmental  behavior of the 
alveolar surfactant pool, or multiple pools of lamellar 
bodies with different turnover times. We conclude that  
two major components  of pulmonary surfactant, choles- 
terol and DPPC, are handled differently, and that  for at 
least one of these substances, the widely accepted sce- 
nario of a compartmental precursor-product relationship 
between lamellar bodies and alveolar surfactant must  be 
rejected. 
Lipids 28, 173-179 (1993). 

The alveoli, and probably the distal airways, of the lungs 
would be mechanically unstable if the surface tension at 
the gas-liquid interface were the same as for saline or 
plasma. A mixture of phospholipids, neutral lipids and 
specific proteins, which can be recovered by lavage of 
lungs, is believed to supply the gas-liquid interface with 
a monolayer of surface-active material. The presence of 
this material, pulmonary surfactant, modifies the inter- 
face in at least two important ways: first, it reduces sur- 
face tension; second, it allows surface tension to vary be- 
tween alveoli, permitting alveoli of different diameters to 
coexist. 

The alveolar surfactant appears to be in a state of 
dynamic equilibrium, being replaced every few hours (1-3). 
This ongoing renewal raises a number of questions. Why 

*To whom correspondence should be addressed at Anatomy 6E-413, 
Flinders Medical Centre, Bedford Park SA 5042, Australia. 

Abbreviations: alv-1, tubular myelin rich alveolar lavage fraction; 
alv-2, tubular myelin poor alveolar lavage fraction; DPPC, di- 
palmitoyl phosphatidylcholine; lbA, lamellar bodies, classical; lbB, 
lamellar bodies, vesicular. 

is it necessary for there to be a turnover of surfactant? 
Could it not, like paint on a wall, be left to serve its pur- 
pose for many years? Does alveolar surfactant have a 
nominal life span analogous to the 120-d life of the red 
blood cell, or is it subject to a constant hazard such that  
its likelihood of being replaced is independent of the time 
already spent in the alveoli? Are the different components 
of surfactant replaced at different rates and, if so, does 
this reflect a multiplicity of turnover mechanisms? 

Phospholipids make up about 77% of surfactant, with 
dipalmitoyl phosphatidylcholine (DPPC) being the most 
abundant. Phospholipids are found in alveolar surfactant 
in much the same proportion as found in the characteristic 
lamellar bodies of alveolar type II cells (4-6), and this has 
been taken as evidence that surfactant is synthesized in 
alveolar type II cells and stored and secreted as lamellar 
bodies. Electron microscopic evidence (7) suggests that 
lamellar bodies are precursors of alveolar surfactant, and 
this has been supported by radiotracer experiments (5). 

If lamellar body DPPC is, indeed, the precursor for 
alveolar DPPC, then evidence from several laboratories 
points to there being substantial recycling of this com- 
ponent of surfactant (3,8). This argues that  the impetus 
for surfactant turnover is not the destruction of individual 
molecules, for they could not then be recycled without 
modification. Several alternative reasons for recycling 
might be proposed, but it suffices to divide these into two 
broad categories: those which would necessarily involve 
all components (phospholipid, neutral lipid, protein) in the 
same turnover kinetics, and those in which similar kinetics 
would only occur as a matter of unlikely coincidence 

Tracer experiments depend in part on the fact that  if 
two distinct molecular species enter a pool and exist 
within the pool in the same relative concentrations then 
they have the same residence time there The early obser- 
vation that lamellar bodies and alveolar surfactant yield 
the same relative concentrations of different phospho- 
lipids implied a similar turnover and was the early 
justification for studying phospholipid turnover as a 
whole without distinguishing between individual phos- 
pholipids (4). Individual phospholipids, however, have dif- 
ferent physical and biochemical properties, and it would 
be a remarkable coincidence if, despite these differences, 
the independent and individual removal of phospholipid 
molecules were to result in identical mean residence times 
in the alveoli for distinct molecular species. If, however, 
the removal of molecules does not represent independent 
events, then similar turnover times might be not only 
possible but actually obligatory. If, for instance, local 
alveolar collapse were to lead to surfactant bflayer or vesi- 
cle formation and if the involved surfactant were then suf- 
ficiently stable that the original monolayer configuration 
could not be restored, then all components in the affected 
area might be destined for recycling. Baritussio e t  al. (1) 
note the logical nexus between bulk uptake processes and 
a lack of molecular specificity, and have demonstrated 
a remarkable constancy in phospholipid concentration 
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between nine phospholipids in two subfractions of alveolar 
lavage. 

The similarity of residence times for different phosph~ 
lipids suggested that bulk uptake might be a quantita- 
tively dominant event in precipitating surfactant turn- 
over. Not only would it dictate similar turnover times, but 
it would justify there being turnover when individual 
molecules, taken in isolation, were unchanged and seem- 
ingly in no need of being removed. Indeed, it would justify 
not only removal, but also the recycling of the individual 
molecules once repackaged into a physiologically useful 
configuration. Lamellar bodies once released into the 
alveolar hypophase release their contents in a morphologi- 
cally distinct form called tubular myelin which may be 
the precursor of the more amorphous surfactant to be 
found at the gas-liquid interface A plausible relationship 
between these pools is shown in Figure 1. 

The distinct and structured architecture of tubular 
myelin lends support to the view that functioning surfac- 
tant depends on the well-ordered arrangement of the com- 
ponent molecules, and that a disturbance of this arrange ~ 
ment might necessitate recycling in order to restore a func- 
tioning architecture. 

Appealing though such a conjecture might be for events 
precipitating surfactant removal, the evidence is based on 
the implied similar turnover times for relatively similar 
phospholipid molecules. We felt that the conjecture should 
be tested using dissimilar components such as cholesterol 
and DPPC which make up approximately 10 and 50%, 
respectively, of surfactant. 

In these experiments we therefore introduced tracer 
amounts of radiolabelled DPPC and cholesterol via the 
trachea into the lungs of lightly anesthetized rats which 
were then allowed to recover. The tracers were introduced 
as lameUar bodies, the limiting membranes of which had 
been ruptured immediately prior to instillation. The disap- 
pearance of these tracers from the alveolar compartment 
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~ ~  LAMELLAR BOOIES 
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Lamellar Bodies 
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FIG. 2. The experimental protocol involves using an isolated per- 
fused rat lung to prepare radiolabelled lamellar bodies ObA and lbB). 
These are introduced v/a the trachea into the lungs of recipient rats 
and are assumed initially to enter the tubular myelin rich alevolar 
lavage fraction (air-l) pool. The movement of the tracer molecules 
into other pools is followed over time, and from the specific activities 
of these pools, putative precursor-product relationships and turnover 
times can be inferred. 

of the recipient rats and the partial recycling of the tracers 
into the lamellar bodies of those rats were followed over 
the next 24 h. From these data the turnover times of the 
tracers in the alveolar compartment can be deduced and 
compared, as can the plausibility of a precursor-product 
relationship between lamellar bodies and the alveolar com- 
partment. This experimental protocol, including the pre- 
liminary preparaton of radiolabelled lamellar bodies, is 
outlined in Figure 2. 
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FIG. 1. The flow between proposed compartments may involve both 
d e  n o v o  synthesis and recycling of surfactant components which are 
stored in lamellar bodies. These are released, or experimentally in- 
troduced, into the alveolar hypophase where we identify it  as a 
tubular myelin-rich pool (alv-1). This may feed into a tubular myelin- 
poor pool (alv-2) before being either recycled or lost from the system. 

MATERIALS AND METHODS 

All of the experiments were performed on specific patho- 
gen-free male Porton rats (250-290 g) which were main- 
tained in a positive pressure filtered environment and fed 
normal rat pellets (Milling Industries, Adelaid~ Australia) 
and water ad libitum. 

Preparation of radiolabeled larnellar bodies. Labeled 
lamellar bodies were prepared by reperfusing a reservoir 
containing radiolabeled precursor molecules through an 
isolated rat lung (3) which was set up as previously 
described (9). Briefly, the rat was heavily anesthetized 
with methohexital sodium (Eli Lilly, Sydney, Australia; 
160 mg/kg i.p.) and ventilated with 5% CO2/95% 02 at 60 
breathes/rain, a tidal volume of 2.5 mL and end-expired 
pressure of 2 cm H20. The thorax was opened, and 
catheters were placed in the main pulmonary artery via 
the right ventricle and in the left atrium via the left ven- 
tricle Without interruption of the circulation, the lungs 
were perfused at 10 mL/min with Krebs bicarbonate solu- 
tion containing 4.5% bovine serum albumin (Cohn frac- 
tion V, Sigma, St. Louis, MO). Finally, the lungs were 
removed from the thorax and placed in a closed chamber 
saturated with water vapor at 37 ~ C; the positive pressure 
ventilation continued. The perfusate was recirculated 
through a 25-mL reservoir which contained 100 ~Ci 
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[la,2a(n)-3H]cholesterol (46 .2Ci /mmol ,  A m e r s h a m ,  
Sydney, Australia) and 10 FCi of [methyl-14C]choline 
chloride (56.0 mCi/mmol, New England Nuclear, Boston, 
MA). The radiolabeled cholesterol in toluene was evapo- 
rated to dryness  and then 25 m L  of Krebs bicarbonate/  
albumin added. This was then warmed to 37 ~ sonicated 
and stirred vigorously before the radiolabeled choline 
chloride was added. After  2 h of perfusion, the vascular  
bed was flushed free of radiolabel with 50 mL of unlabeled 
perfusate  t ha t  was not  recirculated. 

Preparation of lamellar body fraction. We used a modi- 
fication of the s tandard Duck-Chong method (10) and fur- 
ther  fract ionated this as previously described (11) to 
prepare fractions of greater  uniformity. Briefly, the lungs 
were minced and then homogenized in 2 m L  of 1.0 M 
sucrose. The homogenate  was centrifuged a t  1,000 X g 
(avg) for 5 min at  2~ and the superna tant  was aspirated 
and adjusted to 1.3 M with 2 M sucrose Sucrose gradients 
were layered on the homogenate  in 1 mL vol, each of 
0.1 M, from 0.8 to 0.3 M (0.4 and 0.5 M were 0.5 m L  vol) 
and the tubes were centrifuged at 80,000 • g (avg) for 2 h 
at  2~ The band  corresponding to lamellar bodies (be- 
tween 0.4 and 0.5 M) was removed and diluted with an 
equal volume of cold distilled water, mixed gently, then 
centrifuged to prepare subfractions; lbA 8,000 • g (avg) 
for 30 min a t  2~ and lbB, 80,000 • g (avg) for 60 min 
a t  2~ Only the subfraction containing classical lamellar 
bodies as determined by transmission electron microscopy, 
and which we denote lbA, was used for tracheal  instilla- 
t ion in the studies reported here. 

Method of lung lavage. The lungs were degassed at  
0.5 a t m  for 60 s and then lavaged a t  2~ with three sepa- 
rate  10-mL vol (for a 250-g rat) of 0.15 M saline, each 
volume instilled and withdrawn three t imes (4). This 
recovered 73% of the phospholipids t ha t  could be recov- 
ered from ten triple lavages. 

Analysis of phospholipids. Lipids were extracted in 
chloroform/methanol/water (1:2:0.8, by vol), the disatu- 
rated phospholipids were separated by the osmium tetrox- 
ide method, and the phospholipid content was determined 
by  measur ing  inorganic phosphorus  as described previ- 
ously (4). 

Analysis of cholesterol. Cholesterol was determined 
using high-performance liquid chromatography  as previ- 
ously described (12). Briefly, separat ion used prepacked 

pPorasfl columns (15 cm X 3.9 mm) from Waters Associ- 
ates (Milford, MA), a mobile phase  consis t ing of hex- 
ane/isopropyl alcohol/acetic acid (750:10:0.1, by vol) and 
a variable wavelength detector (model 481, Waters Asso- 
ciates) a t  206 nm. 

Intratracheal instillation of lamellar bodies. The lbA 
fraction was instilled as previously described (3). Briefly, 
the l imiting membranes  were ruptured  by incubation for 
5 min at  37~ and two separate  75-pL aliquots were 
rapidly instilled through a fine catheter  inserted between 
cart i lage rings of the t rachea and advanced to the level 
of the carina, one into the left, and one into the right, bron- 
chus. The amount  of DPPC instilled was approximate ly  
17 ~g, containing 24,000 dpm, and the amount  of choles- 
terol instilled was approximate ly  3 jag, containing 20,000 
dpm per rat. 

Statistical methods. 2hrnover t ime in the product  com- 
p a r t m e n t  was es t imated  by a direct least  squares fit  to 
the unt ransformed da ta  as outlined in the Appendix.  We 
have previously shown (13) tha t  this approach gives un- 
biased es t imates  of turnover time. Because the analysis 
depends on a comparison of the turnover  t imes of two 
compounds,  da ta  was only included from experimental  
animals  in which bo th  compounds  had been successfully 
assayed. The hypothesis  of s teady s ta te  compar tmen ta l  
precursor-product relationship may  be tes ted using a tes t  
stat ist ic analogous to a variance ratio (14). Because of the 
nonlineari ty of the model and because the da ta  from dif- 
ferent times have different variances, the test  statistic will 
va ry  from an F distribution. The distr ibution of the tes t  
s ta t is t ic  was therefore derived using a Monte-Carlo ap- 
proach. Random number  generation within the Monte- 
Carlo trials was carried out  by applying a randomizing 
shuffle (15) to the sequence of random numbers  generated 
by the Turbo Pascal subroutine Random. 

RESULTS 

The amount  of DPPC and cholesterol in the t issue frac- 
t ions lbA and lbB, and in the alveolar c o m p a r t m e n t  frac- 
t ions alv-1 and alv-2 are listed in Tables 1 and 2. 

The ratios of cholesterol to DPPC (wt/wt) in lbA (0.077), 
lbB (0.17), alv-1 (0.11) and alv-2 (0.18) confirm tha t  the two 
lamellar body compar tments  are biochemically dissimilar, 
as are the two alveolar subfractions. The rapid fall in 

TABLE 1 

Pool Sizes and Specific Act ivi t ies  for DPPC a 

Pool and size ~g/g dry lung 

lbA lbB alv-1 alv-2 
Size 801 • 82 554 • 62 856 • 109 2899 • 122 

Time (h) Specific activity (dpm/~g phosphorus) 

0.5 110 -+ 21.3 (7) 69 • 12.7 (6) 372 + 53.2 (6) 425 __- 76.9 (7) 
1 143 _+ 31.7 (11) 75 • 6.1 (9) 383 + 47.3 (10) 337 + 31.3 (11) 
2 117 + 11.9 (18) 107 + 11.0 (17) 340 • 31.4 (17) 330 -e 22.5 (18) 
4 84 -+ 11.1 (4) 71 • 7.9 (6) 199 + 17.0 (6) 189 • 13.1 (6) 
8 69 - 7.1 (5) 53 • 4.0 (6) 131 • 14.2 (6) 130 • 11.6 (6) 

24 19 • 3.1 (6) 18 • 2.4 (6) 40 • 4.5 (6) 32 • 3.7 (6) 

aResults are expressed as mean • SEM, with number of rats in parentheses. Abbreviations: DPPC, dipalmitoyl 
phosphatidylcholine; lbA, lamellar bodies (classical); lbB, lamellar bodies (vesicular); alv-1, tubular myelin 
rich alveolar lavage fraction; alv-2, tubular myelin poor alveolar lavage fraction. 
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TABLE 2 

Pool Sizes and Specific Activities for Cholesterol a 

Pool and size ~g/g dry lung 

IbA IbB alv-I alv-2 
Size 62 + 6.3 96 _ 8.6 91 +_ 8.0 519 _ 25 

Time (h) Specific activity (dpm/~g cholesterol) 

0.5 91 +_ 22.0 64 +_ 9.3 512 ___ 69.2 296 __ 29.6 
1 96 +- 21.4 42 +_ 7.7 417 + 64.3 257 +_ 12.1 
2 139 +_ 31.3 64 +- 9.5 301 + 33.1 159 +_ 18.3 
4 63 +- 13.9 80 +_ 25.5 277 +_ 42.2 138 +_ 16.7 
8 53 +- 11.4 43 +_ 5.6 230 + 40.0 102 + 7.6 

24 20 _+ 3.8 16 -+ 3.6 69 +-- 5.5 23 +__ 2.8 

aResults are expressed as mean _+ SEM. Rat numbers and abbrevia- 
tions are identical to those in Table 1. 

specific activity of both DPPC and cholesterol in the 
alveolar compar tment  was coincident with a rapid initial 
increase in specific activity of these two lipids in both of 
the lameUar body fractions, suggesting that  there is con- 
siderable recycling of lipid from alveolus to lamellar 
bodies. 

An example of the analysis of possible precursor-product 
relationships between these four fractions is illustrated 
in Figure 3, which addresses the relationship between the 
classical lamellar body compartment  lbA and the tubular 
myelin rich alveolar subfraction alv-1, with DPPC as the 
tracer molecule. For DPPC it is widely held tha t  lbA is 
the precursor of alv-1, that  both pools act as homogeneous 
well mixed compartments and that  both the turnover time 
of DPPC in alv-1 and that  the extent of recycling into lbA 
can be calculated on the basis of those assumptions. 
Figure 3 illustrates the analysis of the experimental data  
on the basis of those assumptions. The observed decline 
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FIG. 3. Specific activities of dipalmitoyl phosphatidylcholine, mea- 
sured as dpm per ~g of phosphorus (sp. act. dpm/~g phos.) in the 
classical lamellar bodies from lung parenchyma (O), and in the tubular 
myelin-rich alveolar lavage (o)  following intratracheal introduction 
of tracer is consistent with a turnover time of 240 min. The curve 
of best fit (weighted least squares) for the alveolar compartment ( m )  
is the sum of an exponential decay with 240 min time constant ( - -  -), 
and recycling from the newly synthesized lamellar bodies (-- --) with 
the same time constant. Least squares estimates of the lamellar body 
specific activity is linearly interpolated ( - - )  between sampling 
times. 

TABLE 3 

Analysis of Precursor-Product Relationships a 

Turnover Recycle 
Tracer Precursor Product Prob. (min) (%) 

DPPC lbA alv-1 0.26 240 + 38 46 
lbA alv-2 0.29 206 + 31 49 
lbB alv-1 0.13 300 +- 47 36 
lbB alv-2 0.17 254 +-- 37 39 

Cholesterol lbA alv-1 0.30 583 + 55 24 
lbA alv-2 0.02 180 +- 39 56 
lbB alv-1 0.32 624 + 52 18 
lbB alv-2 0.14 198 + 41 47 

aThe probability (Prob.) is the proportion of Monte-Carlo trials in 
which the trial test statistic exceeded that calculated from the real 
experiment. The turnover time is in minutes ___ SD. For each 
precursor-product pair, 1000 simulations were carried out. The re- 
cycle % is the percentage of the product total radioactivity which 
can be attributed to recycling from lamellar bodies within the 24-h 
duration of the experiment. Abbreviations found in Table 1. 

of the specific activity of DPPC in alv-1 represents the 
sum of two components. One component is an exponen- 
tial decay, with time constant T = 240 min, of the initially 
introduced dose This first component dominates the ini- 
tial response The second component represents recycled 
DPPC and is influenced by the appearance of tracer in 
the lbA compar tment  and the subsequent secretion of 
these labelled lamellar bodies into the alveolar compart- 
ment. This second component of alv-1 specific activity 
follows the lbA specific activity, approaching it always 
with the same time constant  T --= 240 min. Al though its 
contribution is initially small, this second component 
dominates the latter par t  of the experiment. 

Table 3 summarizes the result of such an analysis for 
both DPPC and cholesterol, taking either lbA or lbB as 
precursor and alv-1 or alv-2 as product. 

DISCUSSION 

The results for DPPC are broadly in line with the expec- 
tations. The widely accepted precursor-product relation- 
ship between lbA as precursor and alv-1 as product is not  
rejected by our statistical test, and the least-squares esti- 
mate of turnover time is close to our previous estimates 
{3). The specific activities in alv-1 and alv-2 are very 
similar. Our analysis accepts either lbA or lbB as precur- 
sor, and either alv-1 or alv-2 as product, deriving in each 
case similar time constants.  

In constrast, the specific activities of alv-1 and alv-2 for 
cholesterol are quite different, suggesting that the alveolar 
kinetics of cholesterol differ from those of DPPC. The 
statistical analysis reflects this difference in specific activ- 
ity and rejects the hypothesis that alv-2 is derived from lbA 
as sole precursor. There is a plausible precursor-product rela- 
tionship (P = 0.14) between lbB and alv-2. The product alv-1 
could be derived either from lbA or lbB as precursor. The 
time constants associated with these scenarios are, however, 
very much greater for cholesterol than for DPPC. 

Were we to accept lbA as precursor, and alv-1 as pro- 
duct, then the 583 re_in time constant  for cholesterol turn- 
over in alv-1, taken in conjunction with the 240 min time 
constant  for DPPC in alv-1, would lead us to expect tha t  
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the ratio of cholesterol to DPPC in alv-1 should be 
583/240 = 2.4 times greater than the ratio of the two in 
lbA. This factor of 2.4 derives from the proposition that 
on average, cholesterol molecules reside in the alv-1 com- 
partment 2.4 times longer than do DPPC molecules. The 
relative increase observed, however, was only 23%o, and this 
is inconsistent with their having a common origin in lbA 
and the turnover times as calculated. 

The alternative scenario of lbB as precursor and alv-1 
as product is even less plausible. Not only does it involve 
a sequence of events which differs from accepted opinion, 
but it predicts by an argument analogous to that above, 
that in going from lbB to alv-1 there should be a relative 
increase in the cholesterol to DPPC ratio of more than 
twofold. Instead we note an observed decrease of 39%. 

The precursor-product relationship which is plausible 
{although barely so) for both DPPC and for cholesterol, 
and for which the observed cholesterol/DPPC ratios are 
not in strong conflict with those predicted from the tur- 
nover times, is for lbB as precursor and alvo2 as product. 
Here, there is a decrease in cholesterol]DPPC ratio of 23% 
predicted from the turnover times against an observed in- 
crease of 3%. Perhaps the best one can say here is that  
the grounds for rejecting this scenario are not as strong 
as for the others discussed. Against this scenari~ we note 
that lbB is the vesicular fraction and lacks the lamellae 
which are widely presumed to be 'packaged' surfactant. 
Further, alv-2 specifically lacks the tubular myelin which 
electron microscopic evidence argues to be the form taken 
by surfactant newly secreted from the alveolar type II cell. 

The data therefore lead us to two tentative conclusions. 
First, that the apparent kinetics of cholesterol in lameUar 
bodies and alveolar surfactant under the experimental 
conditions described for the rats in this experiment, dif- 
fer markedly from those of DPPC. In particular, if lbA 
is the sole precursor of alv-1 for DPPC, then this relation- 
ship cannot hold for cholesterol, and vice verso- Second, 
that if despite this evidence we persist in postulating that 
lbA is the common precursor for alveolar cholesterol and 
alveolar DPPC, then the differing turnover times pre- 
cludes bulk uptake as the dominant mechanism of sur- 
factant removal from the alveoli. 

We can only speculate on the mechanism underlying 
these results. It  is useful to consider our results in con- 
junction with those of Pettenazzo et  as (16) who have 
reported the results of similar experiments in the adult 
rabbit. In those experiments, the form in which the sur- 
factant lipids were introduced had a profound effect on 
the turnover kinetics. When instilled as liposomes v/a the 
trachea, phosphatidylcholine and cholesterol had identical 
kinetics of removal from the alveolar compartment. How- 
ever, the kinetics of liposome removal differed from those 
of a saline-suspended tubular-myelin-rich fraction, but 
again, for material instilled down the trachea as a tubular- 
myelin-rich fraction, the kinetics for phosphatidylcholine 
mirrored those for cholesterol. In the experiments of 
Petenazzo et al. {16), therefore, the form in which the tracer 
was instilled was pivotal, but the removal from alveoli did 
not distinguish between cholesterol and phosphatidyl- 
choline. 

In the present experiments, a clear difference exists bet- 
ween the behavior of cholesterol and that  of DPPC in the 
rat. Although the difference may reflect the species, a 
more interesting possibility revolves around our introduc- 

tion of the tracers within lamellar bodies. Removal of 
material from alveoli might well depend on whether it is 
recognized as a foreign body, as nonfunctioning surfac- 
tant or as physiologically functioning surfactant. We have 
introduced the surfactant in the form of lameilar bodies 
in the expectation that much of it will be treated as func- 
tionally normal surfactant. Consistent with this, we would 
interpret our results as suggesting that, in functionally 
normal rat surfactant, cholesterol and DPPC exhibit dif- 
ferent kinetics of removal from the alveolar pool. We spec- 
ulate that when these tracers are introduced as liposomes 
or as resuspended, processed lavage subfractions a signifi- 
cant proportion is treated either as foreign body or as non- 
functioning surfactant, and as such is subject to removal 
mechanisms which might not be expected to distinguish 
between the tracer molecules. 

If we accept that the two tracers, when introduced as 
lamellar bodies intratracheally in the rat, differ in their 
kinetics, the question arises as to why cholesterol kinetics 
should differ from those of DPPC. Three interpretations 
suggest themselves. 

First, cholesterol introduced as lamellar bodies via the 
trachea might not be acting as a tracer, and the aberrant 
behavior of alveolar cholesterol might be an artifact of the 
experiment. Against this, we note that DPPC introduced 
in the same lamellar bodies has behaved as expected and 
therefore presumably has acted as a tracer. Within the 
macrophages, the time course of the specific activity for 
DPPC and for cholesterol do not differ greatly. It  is dif- 
ficult to see why one substance would act as a tracer while 
another, introduced in the same lamellar body prepara- 
tion, would not, but the possibility exists that DPPC 
might have dispersed from a local aggregation of intro- 
duced surfactant leaving a relatively immobile glob 
enriched in cholesterol. 

A second possibility is that the introduced cholesterol 
acts as a tracer but that the alveolar pool is not a homo- 
geneous compartment with respect to cholesterol. The ex- 
perimental data is consistent with alveolar cholesterol ex- 
isting as at least two compartments, one of which has a 
slow turnover. As a variation on this theme, alveolar 
cholesterol might be in rapid equilibrium with a poorly 
lavageable cholesterol compartment from which DPPC is 
excluded. While these scenarios are compatible with our 
results, we would not necessarily advocate them as the 
most likely explanations. 

A third possibility is that alveolar cholesterol represents 
a single homogeneous compartment and that the appar- 
ent discrepancy in the results reflects recycling of choles- 
terol from a pool of higher specific activity than the 
lamellar bodies as analyzed. Either this is an entirely dif- 
ferent source or the lamellar bodies themselves exist as 
distinct subpopulations of different composition, specific 
activity and turnover kinetics, as suggested by Young and 
Tierney {17}. There is some support for this speculation 
in recent work from our laboratory concerning the effect 
of breathing pattern on alveolar and tissue surfactant (18). 

Our working hypothesis is that  the optimal physical 
characteristics of surfactant depend on the pattern of 
breathing. Reflecting this, the surfactant composition 
which is optimal in the resting individual might differ 
from that  required during exercise. It  is conceivable that  
the lipid composition of surfactant might change with ac- 
tivity in the mammal as it does with temperature in the 
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lizard Ctenophorus nuchalis (19). In fact, we have recently 
found that  the ratio of cholesterol to DPPC in the alveolar 
compar tment  varies with exercise in both  rats and 
humans, and this appears to reflect a differential release 
of these two components  (20,21). The constant  turnover 
of surfactant  would then be a necessary consequence of 
matching surfactant  composition to the act ivi ty of the 
mammal at the t ime Changes on a short tirae scale might 
be accommodated by drawing on pools of lamellar bodies 
of different composition, and our results are consistent  
with there being within the surfactant  precursor pool a 
subset of precursors with more rapid recycling. Such a 
subset would attain a higher than average specific activity 
following the tracheal instillation of tracer. The data  is 
interpretable as evidence for the feeding of alveolar lavage 
cholesterol preferentially from a subset of precursors rich 
in cholesterol and with a rapid turnover. 

APPENDIX 

Turnover of surfactant  components  is difficult to quan- 
tify, even when seemingly drastic simplifying assumptions 
are made about the underlying mechanism. In the follow- 
ing we use a theoretical model in which lamellar bodies, 
or a subfraction of them, are the sole immediate precur- 
sors of alveolar surfactant.  The assumptions underlying 
this model have been detailed elsewhere (22,23). Briefly 
they amount  to there being a steady-state compartmen- 
tal precursor-product relationship between the two pools 
(lamellar bodies as the sole precursor and lavagable 
alveolar surfactant  as product) being examined. 

Under those circumstances, the mean residence t ime T, 
for a molecular species in the product  compar tment  is 
given by T = V/Q, where V is the volume of the product  
compar tment  (i.e., mg DPPC per g dry lung) and Q the 
flux of the molecular species through the product  com- 
par tment  (i.e., mg DPPC per g dry lung per rain, being 
the rate at  which DPPC enters aqd leaves the alveolar 
compar tment  at  s teady state). As Q is usually unknown, 
T is determined experimentally in one of two ways. 

In the first, radiotracer is introduced intravenously as 
a precursor (e.g., as [14C]choline via a caudal vein) and 
the specific activity of the substance of interest  (i.e., 
DPPC) determined in precursor and product  compart- 
ments. If s,(T) and sb(T) are the specific activities in 
precursor A and product  B compartments ,  respectively, 
then provided a s teady state  precursor-product relation- 
ship exists, we have 

y ;  salt)e IT-t}/T dt [1] s b ( T }  = o 

and a direct least-squares est imate of T may be obtained 
using, for instance, the Marquardt-Levenberg algorithm 
to minimize the residual error, and we have shown (13) that  
this least squares approach to the estimation of turnover 
t ime can be very  much more efficient than several other  
methods in common use. Where several animals are used 
to determine the specific act ivi ty at each time point and 
when the data  is homoscedastic, deviations from the 
regression model closely follow an F distribution, not- 
withstanding tha t  the regression is nonlinear (14). This 
provides an objective basis on which to decide whether 
a precursor-product relationship might  be presumed to 
exist between two compartments .  Where the data  is 

heteroscedastic, the equivalent test  statistic, even in a 
linear model, does not  follow an F distribution. The prob- 
lem of hypothesis test ing then becomes an extension of 
the well known Behrens-Fisher problem (24). In practice, 
the distribution of the test  s tat ist ic is then most  easily 
derived empirically using a Monte-Carlo simulation, which 
is the approach we have adopted. Unless the data  is at  
least consistent  with a precursor-product relationship, 
then there is not  a theoretical basis on which to proceed 
to determine a turnover t ime in the putat ive product  
compartment .  

Where the turnover of two different substances is being 
compared, there are four specific-activity time curves, two 
for each substance, and the aim is to compare the time- 
constants  derived from each pair. Al though mathemati-  
cally straightforward, the approach precludes any mean- 
ingful "eyeballing" of the data, and the validity of the 
results is strongly dependent  on knowing the correct 
precursor compar tment  for each of the two molecular 
species. 

A second experimental  approach to est imating T is to 
introduce the tracer directly into the product  compart- 
ment and to examine the fall of specific activity with t ime  
In a compartmental  process without  recycling of tracer, 
the specific act ivi ty would fall exponentially toward zero 
with t ime constant  T = ~Q. 

In practice however, the recycling of tracer complicates 
the picture so tha t  the specific act ivi ty in the precursor 
compar tment  still enters the calculations. Initially, how- 
ever, precursor specific act ivi ty is zero, and its effect is 
not  dominant. I t  enters the equations only as a correc- 
tion, the importance of which increases with time. For 
tracer introduced as a bolus into the product  compart- 
ment  at t ime zero, the product  specific activity sb(T) is 
given by 

"JC T 
sb(T} = s~ Y~-o sa(t)e(T-t}/~ dt [2] 

where So is the product specific activity at t ime zero after 
the introduction of the bolus. As before, sa(t) is the 
precursor specific act ivi ty at  t ime t. 

The experimental  da ta  comprise, for each molecular 
species, precursor specific activities A~j, i = 1, 2 . . . . .  n, 
j = 1, 2 . . . . .  m,i there being n times at which specific ac- 
tivities were determined, and m~ rats from which precur- 
sor specific activities were obtained at the i th sample 
time. B~j and rnb~ are defined analogously for product 
specific activities. The calculations assume a zero precur- 
sor specific act ivi ty at  t ime zero and a linear interpola- 
tion of precursor specific act ivi ty between sample times. 
Given tha t  both precursor and product specific activities 
are subject to random error, we introduce as nuisance 
parameters to be est imated Oi, i = 1, 2 . . . . .  n being 
precursor specific activity at time Tg, i -- 1, 2 . . . . .  n, and 
O0 the product  specific act ivi ty at t ime zero. For nota- 
tional convenience let O = (O0, O~ . . . . .  0n). Then 0 and T are 
the parameters  to be estimated. Given (T, O), equa t ion2  
gives the predicted product  specific activities P~(v,O). 
Then we define as the objective function to be minimized 

g~('r,O) = ~ w~, i [Aq  - -  0,] 2 + ~. wb, i [B,, j  - -  P,('r,0)] 2 [3] 
l , l  ~] 

where w~ and wb.~ are weights determined by the as- 
sumed error structure of the dat& In heteroscedastic data 

LIPIDS, Vol. 28, no. 3 (1993) 



179 

CHOLESTEROL AND DPPC TURNOVER IN RAT LUNG SURFACTANT 

such  as found here, the  weights  are the  reciprocals of the  
var iances  found  in the  c o m p a r t m e n t  and, a t  the  time, ap- 
propr ia te  to  the  da t a  being weighted.  

The  calcula t ion of the  ex ten t  of recycling depends  on 
the  pa ramete r s  e s t ima ted  above. The  radioactivi ty,  R0, 
init ially in the  p roduc t  c o m p a r t m e n t  is given by R0 = 
0oV. The  rad ioac t iv i ty  en te r ing  f rom the  precursor  com- 
par tment ,  all of which is "recycled," is denoted and defined 

= f  oIt) dr, [4] 

f rom which, using V/(~ = T, the rat io of the two becomes 

R J R o  = ~s,( t ) / (eoX) d t  [5] 
. #  
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The effect of increasing amounts of a cyclic oligosac- 
charide, /~cyclodextrin (BCD), included in the diet on 
plasma cholesterol and triglycerides, was investigated in 
two animal models, namely in male genetically hyper- 
cholesterolemic Rico rats and in male Syrian hamsters. 
The distribution of bile acids in the gastrointestinal tract 
and in the feces of hamsters was also determined. In the 
Rico rats and hamsters, plasma cholesterol and triglyc- 
erides decreased linearly with increasing doses of BCD. 
In these two species, 20% BCD as compared to control 
diet lowered cholesterolemia (--35%) and triglyceridemia 
(--70%). In the hamster, the BCD diet caused a marked 
decrease in cholesterol and triglycerides in chylomicrons 
and very low density lipoprotein, and in high density 
lipoproteins cholesterol. Composition and amounts of bile 
acids were modified in the gastrointestinal tract of ham- 
sters receiving 10% BCD as compared to the control 
group. The total bile acid content of the gallbladder of 
treated hamsters was fourfold higher than in the control 
group, and the bile contained a large amount of hydro- 
philic bile acids. This trend was also observed in the small 
intestine, in which percentages and total quantities of 
cholic plus deoxycholic acids (cholic pathway) were higher 
than those of chenodcoxycholic plus ursodcoxycholic plus 
lithocholic acids (chenodeoxycholic pathway). The bile 
acid contents of the cecum and colon of treated hamsters 
were 2.7-fold higher than those of control Animals, but the 
bile acid composition was similar in the two groups of 
hamsters. Fecal excretion of bile acids was 3.3-fold higher 
in the treated group than in the control group, and the 
percentage of lithocholic acid was markedly increased and 
close to that observed in the colon. The turnover of the 
chenodeoxycholic pool was twice as fast in treated ham- 
sters as in control hamsters, whereas that of cholic acid 
was not significantly modified. These results suggest that 
BCD does not alter the microbial degradation of bile 
acids, but rather stimulates their synthesis and increases 
their pool size. BCD prevents the intestinal absorption 
of lithocholic acid and washes this cytotoxic bile acid from 
the colon. The hypocholesterolemic effect of BCD appears 
to be due to stimulation of bile acid synthesis. 
Lipids 28, 181-188 (1993). 

FCyclodextrin (BCD) is an enzymatically modified starch 
containing seven glucopyranose units all linked in a ring 
structure in a (1-4) position (1). B CD is cone-shaped with 

*To whom correspondence should be addressed at Laboratoire de 
Physiologie de la Nutrition, Universit~ Paris-Sud, Bt 447, 91405 
Orsay Cedex, France. 

Abbreviations: BCD, ~-cyclodextrin; C, control hamsters; CA, cholic 
acid; EDTA, ethylenediaminetetraacetic acid; HDL, high density 
lipoprotein; HI, hydrophobicity index; K, chenodeoxycholic acid; 
LDL, low density lipoprotein; POPOP, 1,4-bis(5-pbenyloxazol-2-yl)- 
benzene; PPO, 2,5-diphenyloxazole; T, 10% BCD treated hamsters; 
VLDL, very low density lipoprotein. 

all of the secondary hydroxyl groups located at one end 
of the ring (the larger diameter end) and all of the primary 
hydroxyl groups at the other (2). The BCD cavity contains 
hydrogen and glycoside oxygen atoms and is therefore 
hydrophobic (3). BCD shows a remarkable ability to form 
inclusion complexes with various natural and synthetic 
molecules (4). In particular, BCD is able to encapsulate 
and solubilize cholesterol and bile acids to varying degrees 
in vitro (5-7). The inclusion process is influenced by the 
interactions between the guest molecules and the cavity 
of the host, and also by the shape and size of the guest. 
This can change the chemical and physical properties of 
the guest, such as stability, solubility and bioavailability. 

When orally administered to animals for 13 weeks, BCD 
does not exert any toxic or genotoxic effects (8,9). BCD 
is not absorbed from the small intestine of rats (10). Ac- 
cording to Gerloczi et aL (10), the cecum and colon of rats 
fed a BCD-containing diet contain large amounts of in- 
tact BCD, part of which is probably excreted in the feces. 
Whereas human salivary and pancreatic a-amylases do 
not hydrolyze this carbohydrate in vitro (11), it can be 
hydrolyzed by Bacteroides isolated from the human colon 
(12). BCD is slowly metabolized in the hindgut, probably 
by the microflor~ The encapsulation of various molecules 
in vivo by BCD could modify the digestibility of the guest, 
but also of the host in the gastrointestinal tract. 

In previous experiments we have observed that poorly 
digestible carbohydrates, such as lactose, amylomaize 
starch or pectin, modified bile acid metabolism and mark- 
edly reduced plasma cholesterol in germ-free or conven- 
tional rats (13-15). The mechanisms by which these car- 
bohydrates exert their effects are poorly understood (16). 

The purpose of the present study was to determine the 
effects of increasing levels of BCD, added to a semi- 
purified diet, on plasma cholesterol and triglyceride con- 
centrations in genetically hypercholesterolemic Rico rats 
(17) and in Syrian golden hamsters. Subsequently, the ef- 
feet of a diet containing 10% BCD on bile acid metabolism 
was analyzed in the male Syrian hamster which, like 
humans, possesses a gallbladder and shares a similar bile 
acid pattern (18). 

MATERIALS AND METHODS 
Animals  and diets. The control semi-purified diet con- 
tained (g/kg): sucrose 625, lactic casein 200, lard 92, 
walnut oil 8, mineral mix 50, vitamin mix on cellulose 25, 
and cholesterol 0.5. In experimental diets, increasing 
amounts of BCD (Kleptose | water content 12%, purity 
99%, provided by Roquette Fr~res, Lestrem, France) were 
substituted for sucros~ The experimental diets contained 
10, 50, 100 or 200 g of BCD/kg. Young male Syrian golden 
hamsters were purchased from the CNRS specialized 
breeding unit, Villejuif (France). Male hypercholesterole- 
mic Rico rats were originally purchased from Ciba-Geigy 
(Basel, Switzerland}. 
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Experiment 1. Effect of BCD dose Thirty hamsters and 
18 Rico rats, 12-weeks-old at the beginning of the experi- 
ment, received food and water ad libitum throughout the 
8 wk of the study. The room temperature was maintained 
at 23 +_ I~ and lighting conditions were controlled ac- 
cording to a 12-h cycle Six hamsters per group were fed 
the control diet (C) or the experimental diet containing 
1, 5, 10 or 20% BCD. Six rats per group were fed the con- 
trol diet or this diet containing 10 or 20% BCD. During 
the last week of the experimental period, feces were col- 
lected for bile acid and neutral sterol analysis. At the end 
of the experiment, the hamsters and rats were killed at 
10:00 a.m. by aortic puncture after Tiletamine~Zolazepam 
(Virbac, Paris, France) anesthesia. Plasma and liver were 
collected and immediately stored at -20~ Two other 
groups of six hamsters each were used in order to deter- 
mine lipoprotein composition. These hamsters, 12-weeks- 
old, received either the control diet or the experimental 
diet containing 20% BCD for 8 wk. After diethyl ether 
anesthesia, blood was collected over ethylenediamine- 
tetraacetic acid (EDTA, 4%) and centrifuged at 3,000 • g 
for 15 rain at 4~ The plasma of two hamsters was pooled 
and 2 mL were used for lipoprotein isolation. 

Experiment 2. Bile acid synthesis and distribution in 
the gastrointestinal tract and in the feces of hamsters. Two 
groups of four hamsters, 12-weeks-old, received either the 
control diet (C) or the experimental diet containing 10% 
BCD (T) for five weeks; thereafter they received these 
same diets containing 20,000 dpndg of [24-14C]chenode- 
oxycholic acid (CFA 533 batch 6, sp. act. 2,212 MBq/mmol, 
Amersham, Amersham, United Kingdom) for three weeks. 
Feces were collected from each hamster over two periods 
of four days during the last eight days of the experiment 
and were stored at -20~ Finally, the hamsters were kill- 
ed as previously described. Plasma, liver, gallbladder, 
small intestine, cecum and colon were collected and stored 
in ethanol prior to analysis. 

Analysis of plasma cholestero~ triglycerides and 
lipoproteins. Total plasma cholesterol, triglycerides and 
phospholipids were determined enzymatically by using 
commercial reagent kits (Boehringer, Mannheim, Ger- 
many}. For lipoprotein isolation, 2 mL of plasma was 
used and ultracentrifuged in a KBr density gradient at 
105,000 • g for 24 h according to the method of Serougne 
et al. (19). Eighteen fractions were obtained, and choles- 
terol, triglycerides and phospholipids were determined in 
each fraction using commercial kits. Proteins were assayed 
by the method of Lowry et al. (205 using serum albumin 
as a standard. 

Analysis of fecal sterols and bile acid distribution in the 
gastrointestinal tract. Lipids from the organs and feces 
were extracted with ethanol for 24 h in a Soxhlet appa- 
ratus. Lipid fractions were saponified in boiling ethanolic 
2 M potassium hydroxide for 1 h. The sterols were ex- 
tracted with hexane and bile acids were deconjugated by 
the method of Grundy et el. (21). Free bile acids were 
methylated with diazomethane, silylated with Deriva-sil 
(Chrompack, Middelburg, The Netherlands) and assayed 
on a Carlo Erba (Milano, Italy) HRGC 5160 gas chromate- 
graph equipped with a standard fused silica WCOT 
capillary column cross-linked with OV1701 (Spiral, Dijon, 
France) or with CP Sil 5 CB (Chrompack) (length, 25 m; 
film thickness 0.2 ~m; oven temperature, 240~ flow-rate 
of hydrogen carrier gas, 2 mL/min). 

For quantification of bile acids in the gastrointestinal 
tract and in the feces, an isotope equilibrium of [24-14C]- 
chenodeoxycholic was used as described by Sacquet et al. 
(225. For three weeks, C and T hamsters received the 
radioactive diet. Dietary radioactive chenodeoxycholic 
acid absorbed daily in the intestine was diluted by newly 
synthesized or endogenous chenodeoxycholic acid until 
a constant dilution was obtained. When isotope equilibra- 
tion was achieved, bile acids of the chenodeoxycholic 
pathway had the same specific activity. In particular, the 
specific activity of lithocholic acid (microbial metabolite 
of chenodeoxycholic), the most abundant fecal bile acid, 
became constant, and the input and output of the total 
radioactivity from the body were identical (see Results). 
The amounts of chenodeoxycholic acid and its metabolites 
in the gallbladder, small intestine, cecum, colon and feces 
were determined by dividing the radioactivities of the in- 
testinal contents by the specific activity of lithocholic 
acid. These results and the percentages of chenodeoxy- 
cholic plus its microbial metabolites (chenodeoxycholic 
acid biosynthesis pathway, K) as determined by gas-liquid 
chromatography, allowed the calculation of the amounts 
of cholic acid plus its microbial metaboLites (cholic acid 
biosynthesis pathway, CA) in the intestinal contents. The 
following equations were used: 

%of CA+ %ofK = 100% [1] 

amount of K in ~_moles = 

radioactivity in the intestinal content 

specific activity of lithocholic acid in dpm • ~noles -1 

amount of CA in ~Lmoles - 
(amount of K 

% of K) 
X(100-- %of K) 

[2] 

[3] 

Measurement of radioactivity. Radioactivities were 
measured in 2,5-diphenyloxazole (PPO}/1,4-bis(5-phenyl- 
oxazol-2-yl)benzene (POPOP} solution with a liquid scin- 
tillation spectrometer (MR 300 Kontron, Montigny le 
bretonneux, France). 

Statistical analysis. Data are expressed as mean _+ 
SEM and differences between groups were tested by 
ANOVA (Statview 512, Abacus Concepts Inc., Calabasas, 
CA). 

R E S U L T S  

When rats and hamsters received increasing doses of BCD 
up to 10% of the diet, body and liver weights, dietary in- 
take and fecal excretion were no different from those of 
controls (Tables 1 and 2). With 20% BCD in the diet, liver 
weight was reduced by 22% and dietary intake increased 
by 15% in the hamster as compared to controls (Table 15. 
With this same diet, body weight was reduced by 12% in 
the rat as compared to controls (Table 25. 

Concentrations of cholesterol and triglycerides. In the 
hamster, increasing doses of BCD in the diet decreased 
plasma cholesterol and triglyceride concentrations in a 
linear fashion. Regression lines were obtained; if y -- 
plasma cholesterol concentration (mg/mL), or z = plasma 
triglyceride concentration (mg/mL), and x -- % BCD in 
the diet, then y = -0.028 x + 1.583 (r = -0.811, P < 
0.00D and z = -0.11 x + 3.144 (r = -0.762, P < 0.0015. 
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TABLE 1 

Data on Control Hamsters (C) and Hamsters Receiving Increasing Amounts  of ~Cyelodextrin (BCD) 
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Control a BCD 1% BCD 5% BCD 10% BCD 20% 

Body weight b (12 wk) (g) 75.0 _ 3.5 78.2 +_ 4.1 72.2 +__ 3.6 74.5 + 4.2 78.3 +__ 3.8 
Body weight (20 wk) (g) 88.6 +_ 4.1 84.5 + 2.2 83 +- 1.3 83.7 -+ 1.2 88 +_ 3.2 
Liver weight (20 wk) (g) 4.6 _+ 0.2 4.5 _+ 0.1 4.2 +_ 0.1 4.1 + 0.1 3.6 _+ 0.1 c 
Food intake (g/d) 5.2 + 0.10 5.2 +_ 0.08 5.4 + 0.10 5.2 + 0.10 6.0 + 0.05 c 
Fecal excretion (g/d) 0.26 +_ 0.06 0.26 + 0.04 0.24 _+ 0.06 0.36 + 0.01 d 0.33 _ 0.01 

aMean +_ SEM (n = 6). 
bValues with different superscript letters are significantly different from the control group. 
cp < 0.05. 
dp < 0.01. 

TABLE 2 

Data on Control Rats and Rats Receiving Increasing Amounts of/~Cyclodextrin (BED) 

Diet 

Control a BCD 10% BCD 20% 

Body weight b (12 wk) (g) 345 -- 15 350 _ 9 325 -4-_ 15 
Body weight (20 wk) (g) 461 +_ 24.4 452 +_ 9.4 406 _+ 13.2 c 
Liver weight (20 wk) (g) 17.8 +_ 0.9 19.4 +_ 0.8 16.5 +_ 0.7 
Food intake (g/d) 21.3 +- 0.8 21.7 _ 0.5 20.0 __ 0.5 

aMean _+ SEM (n = 5). 
bValues with different superscript letters are significantly different from the control group. 
cp < 0.001. 

TABLE 3 

Plasma Cholesterol and Triglyecride Concentrations (mg/mL) in Syrian Hamsters 
and Rico Rats Receiving Increasing Amounts  of f~Cyclodextrin (BCD) in the Diet 

Dietary Syrian hamsters Rico rats 

groups Cholesterol a Triglycerides Cholesterol a Triglycerides 

Control b 1.53 +_ 0.06 3.60 +_ 0.30 1.67 +_ 0.05 1.71 _ 0.32 
BCD 1% 1.60 -+ 0.04 2.70 +- 0.20 d N.D. c N.D- c 
BCD 5% 1.46 --- 0.09 2.70 - 0.30 d N.D. c N.D. c 
BCD 10% 1.30 _ 0.10 e 1.60 _ 0.10f 1.30 _ 0.03 e 1.00 +_ 0.15 d 
BCD 20% 1.02 +_- 0.06f 1.20 _ 0.20f 1.00 +- 0.04f 0.80 +_ 0.06f 

aMean _ SEM (n = 6 for hamsters, n = 5 for rats). 
bValues with different superscript letters are significantly different from the control group. 
CN.D., not determined. 
dR < 0.05. 
ep < 0.01. 
fP < 0.001. 

These  decreases were also observed in E x p e r i m e n t  2. 
I n  the  Rico rats ,  the  decrease in  p l a s m a  cholesterol  and  
triglycerides was similar  to t h a t  observed in the hamsters .  
P l a s m a  cholesterol  and  t r ig lycer ides  in  the  hams te r s  fed 
20% BCD were, respectively 33 and  66% lower t h a n  in  the  
cont ro l  group, and  40 and  55% lower in  the  t rea ted  Rico 
ra t s  t h a n  in  the control Rico ra ts  (Table 3). In  the hamsters  
rece iv ing  20% BCD in the  diet  as compared  to the  con- 
trol  group, p l a s m a  concen t r a t i ons  of cholesterol,  tri- 
glycerides,  phosphol ip ids  and  pro te ins  in  chylomicrons  
p lus  very  low dens i t y  l ipoprote ins  (VLDL) decreased by  

70, 59, 69 a nd  67%, respect ively  (Table 4). The  concentra-  
t ions  of these  c o m p o u n d s  were s l igh t ly  decreased in 
LDL2 (low dens i ty  lipoproteins).  In  high dens i ty  l ipopr~  
te ins  (HDL), the  concen t r a t i ons  of cholesterol  and  
phosphol ip ids  were also reduced by  26 a nd  20%, respec- 
tively, bu t  the protein and  triglyceride concentra t ions  were 
unchanged .  

Variations of fecal sterols in the hamsters receiving in- 
creasing levels of BCD. In  the  feces of control  hamsters ,  
the  level of microbial  metabol i tes  of cholesterol, i nc lud ing  
major  metaboli tes  (coprostanol and  cholestanol) and  minor  

LIPIDS, Vol. 28, no. 3 (1993) 
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TABLE 4 

Plasma Lipoprotein Components (~g/mL) in the Hamsters Receiving the Control Diet or a Diet Containing 20% f~-Cyclodextrin (BCD) 

Plasma Chylo + VLDLC LDL 1 LDL2 HDL 
lipoprotein d < 1.006 1.006 < d < 1.040 1.040 < d < 1.063 1.063 < d < 1.21 
components Groups ~g]mL ~g/mL ~g/mL ~g/mL 

Cholesterol a Control b 259 +_ 37 131 • 14 148 • 7 896 • 25 
BCD 20% 76 • 22 d 112 • 21 117 • 20 663 • 34d 

Triglycerides Control 2052 +_ 204 334 ... 114 79 • 13 143 • 15 
BCD 20% 846 +_ 150 d 366 • 5 54 • 14 113 • 3 

Phospholipids Control 612 • 91 149 ... 4 158 • 18 2224 • 77 
BCD 20% 194 • 35 e 166 • 42 135 ... 37 1790 • 15 d 

Proteins Control 336 • 50 111 +_ 22 167 • 39 2932 • 337 
BCD 20% 110 • 6 d 130 ___ 6 117 • 12 2970 • 302 

a Mean • SEM (n = 3, pools of 2 hamsters}. 
bValues with different superscript letters are significantly different from the control group. 
CChylo + VLDL, chylomicrons plus very low density lipoproteins; LDL 1 and LDL 2, low density lipoproteins; HDL, high density 

lipoproteins. 
dp < 0.01. 

ep  < 0.001. 

TABLE 5 

Percentages of Cholesterol and Its Microbial Metabolites in Feces and Daily Fecal Elimination of Neutral 
Sterols in Syrian Hamsters Receiving Increasing Amounts of/~-Cyclodextrin (BCD) 

Fecal elimination 
Cholesterol a Coprostanol Cholestanol Other sterols b of neutral sterols 

(%) (%) (%) (%) (rag/day per hamster) 

ControlC 8.8 + 1.3 72.0 __. 2.3 12.0 • 0.8 7.1 • 2.0 2.2 • 0.4 
BCD 1% 5.2 ___ 0.7 75.6 • 1.2 12.5 ---+ 1.1 6.6 ... 1.0 N.D. d 
BCD 5% 31.1 _+ 2.2 e 52.1 ... 2.0 e 12.6 +- 2.5 4.1 --- 0.9 N.D. 
BCD 10% 29.9 +_ 6.5f 50.6 • 6.2f 15.0 +- 0.7 e 4.3 • 1.1 2.7 • 0.7 
BCD 20% 39.7 + 4.2g 48.3 • 3.4g 9.6 • 0.5 e 2.3 • 0.7 e 7.0 + 0.gg 

aMean ,,, SEM (n = 6). 
bOther sterols, epicoprostanol, cholestanone, cholestenone and others. 
cValues with different superscript letters are significantly different from the control group. 
dN.D., not determined. 
ep  < 0.05. 

f P  < 0.01. 

gP < 0.001. 

TABLE 6 

Composition of Fecal Bile Acids in the Hamsters Receiving the Control Diet or a Diet ContAining Increasing Amounts of f~yclodextrin (BCD) 

Bile acids 

Cholic a Deoxycholic Chenodeoxycholic Ursodeoxycholic b Lithocholic Ketones 
Dietary groups (%) (%) (%) (%) (%) (%) 

Control c 1.9 _ 0.4 40.0 +_ 1.5 4.5 • 0.8 7.6 • 5.8 34.8 • 3.4 10.6 • 1.4 
BCD 1% 5.6 • 4.9 38.9 • 3.1 2.0 _ 0.5 4.8 • 2.2 40.7 • 3.5 5.4 • 1.1 
BCD 5% 3.0 ... 2.9 38.1 _ 8.8 1.6 • 0.1 6.0 • 1.7 45.8 • 10.3 5.5 ... 2.2 
BCD 10% 1.1 • 0.3 36.4 • 3.6 0.4 +_ 0.2 3.9 ... 0.8 53.8 + 2.6d 5.1 • 0.6 
BCD 20% 4.3 • 0.6 35.8 • 0.8 0.1 ... 0.1 d 2.5 • 1.4 54.4 ... 3.2 d 2.4 _+ 1.3 d 

aMean • SEM (n = 6). 

bldentified by gas-liqaid chromatography on OV 1701 and on CPSIL 5 CB capillary columns. 
cValues with different superscript letters are significantly different from the control group. 
dp < 0.05. 
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metabolites (epicoprostanol, cholestanone and choles- 
tenone, called "other sterols" in Table 5), was ninefold 
higher than that  of cholesterol itself. The addition of 1% 
BCD to the diet did not modify the sterol pattern, while 
5, 10 or 20% BCD in the diet induced a much higher pro- 
portion of cholesterol and lowered the percentages of 
microbial sterols. The daffy fecal elimination of neutral 
sterols was threefold higher in hamsters fed 20% BCD 
than in controls. Thus, BCD reduced microbial transfor- 
mation of cholesterol and increased its fecal output and 
that of its by-products (Table 5). 

The composition of bile acids in the feces was only 
slightly modified by increasing levels of BCD in the diet 
(Table 6). However, the percentages of lithocholic acid in- 
creased, while those of chenodeoxycholic acid decreased 
when the level of BCD in the diet was elevated. The ino 
creased proportion of lithocholic acid in the feces of 
hamsters receiving 10 or 20% BCD led us to compare the 
amount and nature of bile acids along the gastrointestinal 
tract and in the feces, in hamsters fed 10% BCD in the 
diet and in controls. 

Distribution of bile acids in the gastrointestinal tract 
and in the feces of control hamsters (C) and treated 
hamsters (T) receiving 10% of BCD. In the gallbladder, 
bile acid content was 4.7-fold higher in the T group than 
in the C group (Table 7). In both groups, primary bile acids 
accounted for almost 75% of the total bile acids. The 
percentage of CA was increased, whereas the percentages 
of chenodeoxycholic acid and lithocholic acid were de- 
creased in the T group as compared to the C group. In 
the small intestine, the bile acid content tended to be 
higher in the T than in the C group, but the bile acid com- 
position was similar to that observed in the gallbladder, 
except for lithocholic acid and ketones which were in- 
creased in the two groups. In the cecum, bile acid content 
also tended to be higher in the T than in the C group. In 
both groups, the primary bile acids disappeared and 
microbial bile acids or secondary bile acids accounted for 
95% of total bile acids. The compositions of these acids 
were similar and 7~)xolithocholic plus lithocholic acids ac- 
counted for 55-70% of total bile acids in the two hamster 
groups. In the colon, bile acid content was 2.7-fold higher 
in the T than in the C group, the bile acid composition 
being similar in these two groups. However, in comparison 
to what was observed in the cecum, 7-oxolithocholic acid 
had virtually disappeared, and the percentage of litho- 
cholic acid in the colon corresponded to the sum of the 
percentages of 7-oxolithocholic and lithocholic acids in the 
cecum. Daffy fecal elimination of bile acids was 3.3-fold 
higher in the T than in the C group. The fecal composi- 
tion in both groups was virtually the same; 7-oxolitho- 
cholic acid was only present in trace amounts, but the 
percentage and mass of lithocholic acid were 1.6- and 
5.3-fold higher, respectively, in the T than in the C group. 

Pool sizes, biosynthesis and turnover of bile acids in the 
control and BCD treated hamsters. Bile acid pool sizes 
were calculated as the sum of bile acids in each part of 
the gastrointestinal tract, and the daffy turnover of these 
acids was calculated as the ratio of bile acid pool size to 
daffy fecal elimination of bile acids. When the isotope equi- 
librium of [24-~4C]chenodeoxycholic acid was achieved, 
the specific activity of lithocholic acid remained constant. 
It  was determined in the extract of feces collected dur- 
ing two periods and corresponding to the 15-18th (a) 

A 

=_ 

O 

: |  

{= 

.= ,3 

== 

r 

..= 

N 
== 

..= 
O 

O 

..= 

.,3 

I= 

I~. ~  

[.., 

o 

O 

% 

03 

+1+1 +1+1 +1+1 +1+1 ~+1+1 

~ ~ , ~  N,-.; r ,-.;,~ 
+1+1 +1+1 +1+1 +1+1 +1+1 

+1+1 +1+1 +1+1 +1+1 +1+1 

oi,::5 r ~,.-; o5r o5o5 
+1+1 +1+1 +1+1 +1+1 +1+1 

,....,co oo,..~ oor oo~ ,,.~o6 

.• 0 3 r  O"~t "~- t'~-~O 00~ . -~  

= = +1 +, +l +, +1 

O 3 r  

~ 1+1 +1+1 +1+1 +1+1 +l+l 

r ,-.=l 

+'+' +'+' +'+' +'+' § 
,.-~r.D r  " ~ 0 0  t~r r ~ ~ .~.~ ~ . ~  . , .~  ~ �9 

+,+, +, +, +,+, +, +, +, +, 

r -.,5~ ,-;r r ...6,~ 

185 

C, 

"O 

ID 

~ d  N 

LIPIDS, Vol. 28, no. 3 (1993) 



186 

M. R I ~  ET AL. 

TABLE 8 

Pool Size (~moles), Biosynthesis Rate and Turnover Time of Chenodeoxycholic 
and Cholic Acids in Hamsters Receiving the Control Diet or a Diet 
Containing 10% ~Cyclodextrin (BCD) 

Biosynthetic pathway Control a BCD 10% 

Pool size b Chenodeoxycholic 5.90 - 0.40 11.00 • 0.70 c 
{pmoles) Cholic 3.80 +- 0.20 12.70 + 1.00 d 

Biosynthesis rate Chenodeoxycholic 1.50 • 0.07 5.70 • 0.30 d 
(~'noles/day) Cholic 1.04 • 0.06 2.50 • 0.30 

Turnover t i m e  Chenodeoxycholic 3.90 • 0.30 1.90 • 0.02 d 
(d) Cholic 3.70 • 0.40 4.90 • 0.80 

aMean _ SEM (n = 4). 
bValues with different superscript letters are significantly different from the control group. 
cp < 0.001. 
d p  < 0.01. 

and 19-22nd (b) days of the experiments. In the T group, 
this specific activity was (a) 17,290 +_ 1,620 dpm]~nol and 
(b) 16,630 + 900 dpm]/~mol. In the C group, this specific 
activity was (a) 45,460+_3,560 dpm/~anol and (b) 
38,709 +_ 1,200 dpm//~mol. Moreover, the input and out- 
put of radioactivity in the two groups were almost iden- 
tical Under these conditions, the biosynthesis of bile acids 
was determined by the daily fecal elimination of the acids. 
The chenodeoxycholic acid and CA pool sizes were, respec- 
tively, 1.8- and 3.3-fold higher in the T than in the C group 
(Table 8). The pool size of chenodeoxycholic acid was 
greater than that of CA in the C group, whereas this dif- 
ference disappeared in the T group. The biosynthesis of 
bile acids via the chenodeoxycholic pathway or the cholic 
pathway were, respectively, 3.8- and 2.6-fold higher in the 
T than in the C group. In the first group, the level of bile 
acids of the chenodeoxycholic acid synthesis pathway was 
twofold higher than that  of the CA synthesis pathway; 
in contrast, these two pathways were almost identical in 
the C group. Thus, the turnover of bile acids of the 
chenodeoxycholic acid pathway in the T group was half 
that observed in the C group, whereas the turnover of bile 
acids of the CA pathway was not significantly altered. 

DISCUSSION 

BCD did not modify the physiological status (i.e., growth, 
dietary intake, body and liver weights, eta) of the 
hamsters and rats when it represented less than 10% of 
the diet. Similar results have been obtained with rats 
which ingested 1.25-10% BCD in the diet for 13 wk (9). 
When the BCD level reached 20%, the dietary intake of 
the hamster increased, but body weight was not changed; 
with rats body weight decreased slightly. A similar de- 
crease in body weight in dogs and rats fed high levels of 
BCD in the diet has also been observed {23}. The weight 
loss could be explained by the poor digestibility of this 
carbohydrate, which is not absorbed in the small intestine 
and only partially fermented by the intestinal micro- 
flora (10}. 

BCD induced a marked decline in plasma triglyceride 
and cholesterol levels in the hamster and in the genetically 
hypercholesterolemic rat, which reflected the decline in the 
triglyceride-rich particles and HDL. This hypolipidemic 
effect was linearly related to increased dietary BCD 

intakes. Several patents have claimed that  the hypo- 
cholesterolemic effect of BCD and its chemical derivatives 
is "well-known" {24,25}. However, the hypocholesterolemic 
effect of dietary BCD was first reported in 1990 by Pitha 
{26}. The existence of an inclusion complex between choles- 
terol and BCD was indicated in 1982 {27}; yet, tangible 
proof for the inclusion of cholesterol in BCD has only been 
obtained recently (6). Taken together, this suggests that 
the hypolipidemic effects of BCD are still poorly under- 
stood. In the present experiments, the BCD effects ob- 
served may have resulted from at least two changes that  
occurred in the metabolism of cholesterol and trigiycer- 
ides, namely from a decrease in intestinal absorption of 
dietary cholesterol and triglycerides, and a stimulation 
of the catabolism of cholesterol into bile acids. 

The decrease in the intestinal absorption of cholesterol 
by dietary BCD in hamsters is supported by two obser- 
vations. Firstly, fecal elimination of cholesterol and its by- 
products was 3.2-fold higher in the hamsters receiving 
20% BCD in the diet than in the control group. Secondly, 
the dietary intake was only 15% higher in the first group 
than in the control; this small increase could not explain 
the stimulation of the fecal elimination of cholesterol. The 
decrease in cholesterol absorption was probably linked to 
the encapsulating capacity of BCD for cholesterol (6} 
and]or to disruption of intestinal bile salt mixed micelles 
following bile acid complexation. The complexation with 
BCD has been observed in vitro for various bile acids in 
aqueous medium {5,7}. Moreover, the microbial transfor- 
mation of cholesterol, which normally occurs in the cecum 
and colon, was markedly reduced by the diets containing 
10 and 20% BCD. This also suggests that  an intense 
cholesterol]BCD interaction occurs in these intestinal com- 
partments. Such an interaction could be induced either 
by cholesterol encapsulation, which would prevent its 
microbial degradation, or by a change in the composition 
of the BCD fermenting microflora, which may eliminate 
the bacteria responsible In the rats receiving poorly 
digestible carbohydrates (lactose, raw potato starch), a 
linear decrease of the transformation of cholesterol into 
coprostanol has also been observed {28}. 

In the hamsters, dietary BCD strongly stimulated bile 
acid synthesis, as determined by fecal excretion of the 
acids {+360%}. The encapsulation of bile acids by BCD 
in the intestine probably prevents their reabsorption and 
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consequently interrupts  their  enterohepatic circulation, 
promoting their fecal elimination. When the enterohepatic 
circulation of bile acids is interrupted either by biliary bile 
diversion or by binding to a resin within the intestinal 
lumen, t ransport  of bile acids to the hepatocyte is lowered 
and their synthesis via cholesterol 7a-hydroxylase is 
st imulated (29). These processes are altered due to the af- 
finity of bile acids for BCD. The stimulation of biosyn- 
thesis is greater for the chenodeoxycholic acid pathway, 
expressed by formation of microbial metabolites (mainly 
lithocholic acid) in feces, than for the CA pathway. The 
encapsulation process is related to the hydrophobicity in- 
dex (HI) of these bile acids. The HI  of sodium glycocheno- 
deoxycholate and glycolithocholate (+0.51 and 1.05, 
respectively) was higher than that  of sodium glycocholate 
(+0.07) (30). In  vitr~ the affinity of free bile acid or glycine 
conjugate of chenodeoxycholic acid for BCD is higher than 
tha t  of CA (5,7). The encapsulation of chenodeoxycholic 
acid in the small intestinal lumen probably increased its 
input into the cecum, where the bile acid can be degraded 
by the microflora to 7-oxolithocholic and lithocholic acids. 
The diet containing BCD, as compared to the control diet, 
did not modify the microbial pat tern  of bile acid degrada- 
tion in the cecum and colon, but  increased their intestinal 
contents. This microbial pat tern  was also observed in the 
hamster  receiving chenodeoxycholic acid in its diet (31}. 
The marked decrease of 7-oxolithocholic acid in the colon 
and its absence in the feces of the C and T hamsters  sug- 
gests either its microbial t ransformation into lithocholic 
acid or its colonic reabsorption, the latter being supported 
by the observation reported in the literature of the absorp- 
tion of 7-oxolithocholic acid through the rat  colon (32). 
Furthermore, BCD prevented the absorption of lithocholic 
acid in the colon, the percentage and the amount  of 
lithocholic acid in the feces as compared to those in the 
colon being significantly higher in the T than in the C 
group. This leads to the assumption that  the very strongly 
hydrophobic lithocholic acid is still encapsulated in the 
unfermented colonic BCD (10). Under these conditions, 
BCD could prevent the cytotoxic effect and colonic 
mucosal damage induced by lithocholic acid (33). 

BCD also increased the intestinal bile acid pool sizes. 
Previous work by Riot tot  and colleagues has shown tha t  
poorly digestible carbohydrates increase bile acid pool size 
in rats  (14), and tha t  this increase was correlated to a 
st imulation of bile acid absorption in the ileum (16). This 
process also could be modulated according to the bile acid 
affinity for BCD. Consequently, the turnover of cheno- 
deoxycholic acid in the gastrointestinal t ract  was mark- 
ediy decreased in the T group as compared to the C group 
of hamsters and the life-span of lithocholic acid in the col- 
on was significantly reduced. 

In the genetically hypercholesterolemic rats, the hypo- 
lipidemic action of BCD was also very pronounced and 
could have resulted from similar modifications as those 
observed in the BCD-treated hamsters.  In genetically 
hyperlipidemic humans, the reduction in plasma choles- 
terol and triglycerides by dietary manipulation is gener- 
ally moderate (34}. 

The effects of BCD were much more interesting than 
those induced by the classical bile acid binding resin 
cholestyramine. In contrast  to this resin, BCD decreased 
p lasma t r ig lycer ides ,  specif ical ly s t imu la t ed  the  
chenodeoxycholic acid pathway of biosynthesis, increased 

the bile acid pool (antilithiasic effect), eliminated a 
cytotoxic bile acid rapidly and specifically, eliminated 
dietary and endogenous cholesterol in feces, and was proI> 
ably digested (energy production) by the microflora (35,36). 
Other poorly digestible carbohydrates, such as amylo- 
maize starch, pectin or guar gum, also decreased plasma 
cholesterol (14,37,38), although their lipid lowering actions 
are poorly understood. 

In conclusion, the hypolipidemic effect of BCD was 
shown to be due to the st imulation of bile acid biosyn- 
thesis and to the decrease of cholesterol absorption, the 
former being one of the most  impor tant  mechanisms in 
the elimination of cholesterol from the plasma and, more 
generally from the body in the rat, hamster  and humans 
(18,39,40). Given the efficacy of BCD observed in the two 
different species which we examined in the present series 
of experiments, it may be possible, and of interest, to carry 
out fur ther  studies on the hypolipidemic effects of BCD 
in humans. 

ACKNOWLEDGMENT 
The authors would like to thank I. Nevo for help in the translation 
of this paper. 

REFERENCES 
1. Saenger, W. (1984) in Inclusion Compounds (Atwood, J.L, Davies, 

J.E., and MaeNicol, D.D., eds.), Vol. 2, p. 231, Academic Press, 
London. 

2. Bender, M.L., and Komiyama, M. (1978) in Cyciodextrin 
Chemistr3~ p. 29, Springer-Verlag, Berlin. 

3. Le Bas, G., and Rysanek, N. (1987) in Cyclodextrins and Their 
Industrial Uses (Duchfine, D., ed.) pp. 107-130, Ed. de Sant6, 
Paris. 

4. Ueakama, IC, and Otagiri, M. (1987) CRCCrit. Rev. Therm. Drug 
Carrier Syst. 3, 1-40. 

5. Miyajima, K., Yokoi, M., Komatsu, H., and Nakagaki, M. (1986) 
Chem. Pharm. Bull 34, 1395-1398. 

6. Fridrich, R., Mehnert, W., and Fr0ming, K.-H. (1990) in5th Sym- 
posium on Cyclodextrins (DuchSne, D., ed.) pp. 299-302, Ed. de 
Santa Paris. 

7. Tan, X., and Lindenbaum, S. (1991) Int. J. Pharm. 74, 127-135. 
8. Gergely, V., Sebestyen, G., and Virag, S. (1982) in Proceedings 

of the First International Symposium on Cyclodextrins, 
Budapest (Szejtli, J., ed.) pp. 101-108, D. Reidel, Dordrecht. 

9. Olivier, P., Verwaerde, E, and Hedges, A.R. (1991) J. Am. CoL 
ToxicoL 10, 407-419. 

10. Gerloczi, A., Fonagy, A., Keresztes, P., Perlaki, L., and Szejetli, 
J. (1985) Arzneim. Forsch. 35, 1042-1047. 

11. Marshall, J.J., and Miwa, I. (1981) Biochim. Biophys. Acta 661, 
142-147. 

12. Antenucci, R.N., and Palmer, J.K. (1984) J. Agric. Food Chem. 
32, 1316-1321. 

13. Sacquet~ E., Leprince, C., and Riottot, M. (1979) Anra BioL Anim. 
Biochim. Biophys. 19, 1677-1688. 

14. Sacquet, E., Leprinee, C., and Riottot, M. (1983) Reprod Nutr. 
Develop. 23, 783-792. 

15. Sacquet, E., Leprince, C., Riottot, M., and Raibaud, E (1985) 
ReprocL Nutr. Develop. 25, 93-100. 

16. Riottot, M., and Sacquet, E. (1985) Br. J. Nutr. 53, 307-310. 
17. Cardona-Sanclemente, L.E., Ferezou, J., and Lutton, C. (1988) 

Biochim. Biophys. Acta 960, 382-389. 
18. Khallou, J., Riottot, M., Parquet, M., Verneau, C., and Lutton, 

(2. (1991) Brit. J. Nutr. 66, 479-492. 
19. Serougne, C., Ferezou, J., and Rukaj, A. (1987) Biochim. Biophys. 

Acta 921, 522-530. 
20. Lo~r, O.H., Rosebrough, H.J., Farr, A.L., and Randall, R.J. (1951) 

J. BIOL Chem. 193, 265-275. 
21. Grundy, S.M., Ahrens, Jr., E.H., and Miettinen, T.A. (1965) J. 

Lipid Res. 6, 397-410. 

LIPIDS, Vol. 28, no. 3 (1993) 



188 

M. RIOTTOT ET AL. 

22. Sacquet, E., Leprince, C., Riottot, M., Mejean, C., and Raibaud, 
P. {1978) Steroids 32, 1-12. 

23. Suzuki, M. (1983) Fragrance J. 11, 63-67. 
24. Kurita, H., Kawasu, M., and Takashima, K. (1976) U.S. Patent 

No. 3974274. 
25. Butelman, E {1990) European Patent No. 0 387 681. 
26. Pitha, J. (1990) in 5th Symposium on Cyclodextrins (Duch~ne, 

D., ed.) pp. 501-506, Ed. de Santa Paris. 
27. Irie, T., Otagiri, M., Sunada, M., Uekama, K., Ohtani, Y., Yamada, 

Y., and Sugiyama, Y. (1982) J. Pharm. Dyn. 5, 163-171. 
28. Kellogg, T.F., and Wostmann, B.S. (1966) Biochim. Biophys. Ac- 

ta 125, 617-619. 
29. Shefer, S., Nguyeng, L.B., Salen, G., Ness, G.C., Tint, G.S., Bat- 

ta, A.K., Hauser, S.H., and Rard, I. (1991) J. BioL Chem. 266, 
2693-2696. 

30. Heuman, D.M., Hylemon, P.B., and Vlahcevir Z.R. (1989)J. Lipid 
Res. 30, 1161-1171. 

31. Tateyama, T., and Katayama, K. (1976) Lipids 11, 845-847. 
32. Walker, S., Stiehl, A., Raedsch, R., Kloters, P., and Kommerell, 

B. (1985) Z. Gastroenterologie 23, 681-683. 
33. Breuer, N.F., and Goebell, H. (1987) Dig. Dis. 5, 65-77. 

34. Grundy, S.M. (1987) in Hypercholesterolemia and 
Atherosclerosis. Pathogenesis and Prevention (Steinberg, D., and 
Olefsky, J.M., eds.) ptx 169-193, Churchill Livingston~ New YorL 

35. Grundy, S.M. (1986) in Pharmacological Control of 
Hyperlipidemia (Fears, R., ed.) pp. 3-19, J.R. Prous Science 
Publishers, Barcelona. 

36. Einarsson, K., Ericsson, ~, Ewerth, S., Reinher, E., Rudling, M., 
Stahlberg, D., and Angelin, B. {1991) Eur. J. Clin. Pharmacol. 
40, $53-$58. 

37. Kay, R.M., and Truswell, A.S. (1977) Am. J. Clin. Nutr. 30, 
171-175. 

38. Spiller, G.A., Farqhar, J.W., Gates, J.E., and Nichols, S.F. (1991) 
Arteriosclerosis and Thrombosis 11, 1204-1208. 

39. Chevallier, E (1960) Bull Soc Chim. BioL 42, 633-641. 
40. Fetezou, J., and Chevallier, E {1986) inAduances in Human Nutri- 

t/on (Kabara, J.J. and Scherr, G.H., eds.) VoL 3, pp. 57-85, Chem.- 
Orbital, Park Forest. 

[Received February 24, 1992, and in revised form July 31, 1992; 
Revision accepted December 31, 1992] 

LIPIDS, Vol. 28, no. 3 (1993) 



189 

The Effect of Culture Medium Composition on Ether Lipid 
Cytotoxic Activity 
Luisa Diomede a, Bianca Piovani a, Edward J. Modest b and Mario Salmona a,* 
alstituto di Ricerche Farmacologiche "Mario Negri," 20157 Milan, Italy and bDepartment of Biochemistry, Boston University School 
of Medicine, Boston, Massachusetts 02118 

The effect of a serum-free medium (TNB-100), compared 
to RPMI 1640 containing 10% fetal bovine serum (FBS), 
on the lipid composition of HL60 and K562 leukemic cells 
was investigated. The 10% FBS RPMI medium contain- 
ed approximately three times more phospholipids (PL), 
about three times more protein and eight times more 
cholesterol (CHOL) than did the TNB-100 medium. Cells 
cultured in TNB-100 medium, referred to as HL60-TNB 
and K562-TNB cells, were significantly lower in PL and 
CHOL than 10% FBS RPMI cells, with about a threefold 
higher PL-to-CHOL ratio; however, these cells were sig- 
nificantly higher in protein content. Cells grown in 
TNB-100 were also significantly more fluid than 10% FBS 
RPMI cells and were more sensitive to the fluidizing 
action of the ether lipid 1-O-octadecyl-2-O-methyl-rac- 
glycero-3-phosphocholine. The 50% inhibitory dose of the 
drug was about 50% lower in TNB-grown cells than in 
10% FBS RPMI cells. 
Lipids 28, 189-192 (1993). 

Synthetic alkylglycerophospholipids, also known as ether 
lipids (EL), are a new class of agents that are used for the 
experimental therapy of cancer and leukemia (1-3). They 
are known to interact with the plasma membrane of 
neoplastic cells and to modify membrane biochemical 
(4-8) and biophysical properties (9-11). EL have been 
shown to exert a direct and specific effect on neoplastic 
cells; they cause preferential growth inhibition of both 
mouse and human leukemic cells as compared to normal 
bone marrow progenitor cells. These observations have led 
to clinical trials of EL as selective bone marrow purging 
agents (12,13). In addition, EL are cytotoxir have antiin- 
vasive capacity and induce malignant cell differentiation 
(1,3). 

The molecular mechanisms leading to these direct ef- 
fects are still not clear. Malewicz and Baumann (14) have 
shown first that membrane cholesterol (CHOL) levels af- 
fect the selective toxic action of EL. Recent data from our 
group (15,16) indicate that CHOL content modulates EL 
membrane effects and toxicity in leukemic cells. In fact, 
cells resistant to the toxic action of EL, such as K562 
leukemic cells (17), are also richer in CHOL than sensitive 
HL60 cells (16). Moreover, by depriving K562 cells of their 
membrane CHOL content, it is possible to make them sen- 
sitive to originally nontoxic doses of EL (18). 

The CHOL concentration in the culture medium is 
related to the cytotoxic action of EL, suggesting that the 
CHOL from serum added to the medium may modulate 
the biological activities of these drugs (16). This may be 

*To whom correspondence should be addressed at Istituto di Richer- 
che Farmacologiche "Mario Negri," Via Eritrea 62, 20157 Milan, 
Italy. 

Abbreviations: CHOL, cholesterol; DPH, 1,6-diphenyl-l,3,5-hexa- 
triene; EL, ether lipids; FBS, fetal bovine serum; ET-18-OMe, 1-O- 
octadecyl-2-O-methyl-rac-glycero-3-phosphocholine; IDs0 , 50% in- 
hibitory dose; PBS, phosphate buffered saline; PL, phospholipid(s). 

due, in part, to different growth conditions which may 
modify membrane lipid composition, or to a direct interac- 
tion of CHOL in the medium with EL resulting in reduced 
drug availability to the cells. We have suggested (18) that 
membrane CHOL levels should be considered when ex- 
posing cancer cells to EL in vitro as for bone marrow 
purging, with the aim of optimizing the sensitivity of 
residual leukemic cells to EL. For this purpose we also 
investigated whether the use of a defined serum-free 
medium would affect CHOL levels in leukemic cells and 
consequently EL membrane effects and toxicity. 

MATERIALS AND METHODS 

Chemicals. The ether lipid 1-O-octadecyl-2-O-methyl-rac- 
glycero-3-phosphocholine (ET-18-OMe) was provided by 
Dr. R. Nordstrom, Medmark Pharma (Munich, Germany). 
1,6-Diphenyl-l,3,5-hexatriene (DPH) was purchased from 
Janssen (Beerse, Belgium). Erythrosin B (tetraiodofluores- 
cein) was purchased from BDH (Poole, England). TNB 
basal medium with L-glutamine (2 mM) and lipid]protein 
complex were obtained from Seromed-Biochrom KG 
(Berlin, Germany). TNB-100 medium, obtained from 
20 mL of lipid]protein complex and 980 mL of TNB basal 
medium, is defined as serum-free medium (19). The com- 
position of the lipid]protein complex has been described 
(19). All other reagents were of analytical grade. 

Cells. Human leukemia HL60 and K562 cells were ob- 
tained from Ist i tuto Zooprofilattico Sperimentale 
(Brescia, Italy) and were free of mycoplasma contamina- 
tion. Cells were cultured in RPMI 1640 medium contain- 
ing 10% fetal bovine serum (FBS), 100 units/mL penicillin, 
100 ~g/mL streptomycin and 2mM L-glutamine, or in 
TNB-100 serum-free medium at 37 ~ in a humidified at- 
mosphere containing 5% CO=. Cells cultured in TNB-100 
medium were defined as HL60-TNB and K562-TNB. 

Phospholipid and cholesterol determinations. Lipids 
were extracted from 5 mL of 10% FBS RPMI or TNB-100 
medium, or from the cell suspension (10 X 106 cells, 
total) according to Folch et al. (20). Phosphorus of total 
phospholipids (after acidic digestion) and cholesterol were 
determined according to Svanborg and Svennerholm (21). 

Membrane fluidity. Membrane fluidity was assessed in 
cell suspension according to Shinitzky and Barenholz (22) 
using DPH as fluorescent probe. In order to measure the 
fluidizing effect of ET-18-OMe, cells cultured in 10% FBS 
RPMI or in TNB-100 medium were incubated with 10 bdVl 
ET-18-OMe for 2 h; cell viability was 100% at the end of 
the incubation. Control cells were incubated in the same 
volume of vehicle Cells were then washed twice with 
Dulbecco's phosphate-buffered saline (PBS) and 
resuspended at 1-2 X 105/mL in PBS containing DPH 
(10 -~ M). The mixture was incubated at 37~ for 30 min, 
and the fluorescence polarization (P values) were measured 
at 25~ using an MV-1 microviscosimeter (Elscint, Haifa, 
Israel). P values are a direct assessment of membrane 
fluidity as previously described (16). Arrhenius plots were 
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obtained for the cells with microviscosity (/~) being 
measured from 17 to 41~ For each curve, the act ivat ion 
energy (hE) was determined according to Shinitzky and 
Barenholz (22) according to the equation: log ~ = log A + 
AE/RT, where A is the value of the intercept of the curve 
with the ordinate, R is a rotat ional  diffusion cons tant  
which was taken to be 0.362 (23) and T is the temperature  
expressed in degrees Kelvin. 

Prote in  determinat ion.  Protein concentrat ions in 10% 
FBS R P M I  and TNB-100 media  or in the cells (after 
freezing and thawing) were measured according to Lowry 
et  al. (24). 

C y t o t o x i c i t y .  E L  c y t o t o x i c i t y  a g a i n s t  HL60 ,  
HL60-TNB, K562 and K562-TNB cells was measured by 
erythrosin B dye exclusion. Different concentrat ions 
(0.5-40 ~M) of ET-18-OMe were incubated with 5 • 105 
cellslmL in 24-well culture dishes. After  2, 24 and 48 h at  
37 ~ in the presence of 5% C02 and 95% humidified air, 
viable cells, i.e. those tha t  retained a permeabil i ty  barrier 
against  erythrosin B, were counted. 

Sta t i s t ica l  analysis.  Duncan's  tes t  for multiple com- 
parisons was used. 

RESULTS 

Table i lists the phospholipid (PL), CHOL and protein con- 
tent  of the two media used for growing leukemic cells: 
R P M I  1640 containing 10% FBS and the serum-free 
TNB-100. The 10% Ft]S  R P M I  medium contained about  
three times more PL, three times more protein and 8 times 
more CHOL than  TNB-100. We define cells cultured in 
normal  10% FBS R P M I  medium as HL60 and K562 and 
cells grown in TNB-100 medium as HL60-TNB and 
K562-TNB. 

TABLE 1 

Phospholipids, Cholesterol and Protein Content of 10% Fetal Bovine 
Serum {FBS} RPMI 1640 and TNB-100 Media a 

Cholesterol Phospholipid Protein 
(~g/mL) (~g/mL) (mg/mL) 

10% FBS RPMI 8.31 • 0.1 0.99 +_ 0.1 7.77 +_ 0.3 
TNB-100 1.10 • 0.1 b 0.31 _ 0.1 b 2.62 + 0.2 b 

aEach value is the mean +_ SD of three different experimental values, 
obtained on three different samples. 

bp ~ 0.01 according to Duncan's test for multiple comparisons. 

Table 2 shows the protein content and the lipid composi- 
tion of cells grown in the two media. The protein content  
was higher in leukemic cells cultured in TNB-100 medium 
(HL60-TNB and K562-TNB) than  in HL60 and K562 cells 
cultured in 10% FBS RPMI.  The TNB cells had 
significantly lower PL and CHOL contents, PL being 37% 
and CHOL being 81% lower in HL60-TNB than  in HL60 
cells. The reductions in K562-TNB cells were 63 and 88% 
respectively, compared with K562 cells. In  both  cell lines 
cultured in TNB-100 medium, there was a signifi- 
cant  increase (about 3-fold) of the PL-to-CHOL ratio 
(PL/CHOL). As we have previously shown K562 cells are 
richer in CHOL than  HL60 cells (16,18). 

Figure 1 shows the relationship between the reciprocal 
tempera ture  and the logar i thm of microviscosity (~1) for 
HL60 and HL60-TNB cells (Panel A) and for K562 and 
K562-TNB cells (Panel B). The cell microviscosity was 
measured in the range from 17 to 41~ The equations 
describing each curve were: (i) for HL60 cells, log ~ = 
0.917 - log 2.834 and the correlation coefficient was r --- 
0.99; (if) for HL60-TNB cells, log ~ -- 0.795 - log 2.527 
and r = 0.99; (iii) for K562 cells, log ~ = 1.244 - log 3.863 
and r = 1.00; (iv) for K562-TNB cells, log ~ = 1.269 - 
log 4.044 and r -- 0.99. The tempera ture  profiles of the 
four curves did not show any gel-t~liquid crystalline phase 
transition. 

For each of these curves the activation energy (hE) was 
established a t  different tempera tures  (22). The hE values 
calculated at  25 and 37~ were: for HL60 cells, 2.73 and 
2.85 KcalJmol; for HL60-TNB cells, 2.37 and 2.46 KcalJmol; 
for K562 cells, 3.71 and 3.82 Kcal]mol; for K562-TNB cells, 
3.78 and 3.94 Kcal/mol. 

Changes in EL toxicity related to lipid composition were 
invest igated by incubat ing the cells with different doses 
of ET-18-OMe for 2, 24 and 48 h (Table 3). The 50% in- 
hibitory doses (IDs0) were about  50% lower in HL60-TNB 
cells than in HL60 cells (P < 0.01). A similar enhancement 
of inhibition was seen for K562-TNB cells compared with 
K562 cells. Table 4 lists the fluorescence polarization d a t a  
Cells cultured in TNB-100 medium were significantly more 
fluid than  cells cultured in 10% FBS RPMI.  HL60 cells 
are known to be sensitive to the fluidizing action of EL, 
with an increase in fluidity of about  7% occurring after  
exposure to 5 ~M EL for 2 h (16). In  HL60-TNB cells 
the same dose of ET-18-OMe lowered the bulk fluidity 
by 14%. K562 cells, originally insensitive to the fluidiz- 
ing action of EL  (18), became sensit ive when cul- 
tured in TNB-100 medium, showing a reduction in 

TABLE 2 

Lipid Composition of HL60 and K562 Leukemic Cells Cultured in 10% Fetal Bovine Serum 
RPMI 1640 or in Serum-Free TNB-100 Medium a 

Phosphollpids Cholesterol PLICHOL Protein 
Cell type (t~moYmg protein) (t~nol/mg protein) ratio (mg/106 cells) 

HL60 1.140 + 0.01 0.366 +- 0.05 3.11 0.034 _+ 2 
HL60-TNB 0.712 + 0.01 c 0.067 "4" 0.01 c 10.62 c 0.047 + 3 b 
K562 0.784 + 0.02 0.416 _+ 0.02 1.88 0.062 +- 3 
K562-TNB 0.284 + 0.01 c 0.046 +_ 0.01 c 6.17 c 0.172 +-- 6 c 

a Each value is the mean _ SD of at least five determinations. PL, phospholipids; CHOL, 
cholesterol. HL60-TNB and K562-TNB = cells cultured in serum free TNB-100 medium. 

bp <~ 0.05 and cp ~< 0.01 according to Duncan's test for multiple comparisons. 
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FIG. 1. Arrhenius plots for HL60 and HL60-TNB cells (Panel A) and 
for K562 and K562-TNB cells {Panel B). Each point is the mean of 
three experimental values. 

fluorescent polarization of about 6% after exposure to 
5 pM ET-18-OMe Cell viability was 100% at the end of 
incubation. 

DISCUSSION 

Our recent data  indicated tha t  a correlation exists be- 
tween the PL/CHOL ratio of the cell membrane and the 
cytotoxic effect of EL on leukemic cells (16). Modulation 
of the PL/CHOL ratio of leukemic cells, by extracting 
CHOL from the cell membrane, has been proposed as a 
method for enhancing the effectiveness of EL {18). 

The PL/CHOL ratio of the cell membrane may also be 
changed by changing growth conditions, for example, by 
using media containing different percentages of serum and 
consequently of CHOL (16). We have here investigated 
whether the PL/CHOL ratio of HL60 and K562 leukemic 
cells which are, respectively, sensitive and quite resistant 
to EL toxic action (16,18), can be modified by culturing 
the cells in TNB-100 medium, a defined serum-free me- 
dium which contains about three times less PL and 

TABLE 3 

Effect  of Culture Medium on ET-18-OMe 
50% Inhibitory Doses (IDs01 a 

IDs0 {t~M) 
Cell type 2 h 24 h 48 h 

HL60 60.0 • 4 4.1 • 0.5 2.5 • 0.5 
HL60-TNB b 23.0 • 5 2.4 • 0.5 1.2 • 0.5 
K562 108.8 _ 5 36.4 • 2 11.9 _ 0.7 
K562-TNB b 69.9 • 3 18.5 + 3 4.4 • 0.3 

aEach value is the mean • SD of at least four different experimen- 
tal values obtained on three different samples. HL60 and K562, 
cells cultured in RPMI 1640 10% fetal bovine serum (FBS) medium. 
HL60-TNB and K562-TNB, cells cultured in serum-free TNB-100 
medium. 

b p  ~ 0.01 vs. HL60 or K562 cells cultured in 10% FBS RPMI. 

TABLE 4 

Fluidi~ing Action of ET-18-OMe on HI2}0 and K562 Leukemic Cells 
Cultured in 10% FBS RPMI 1640 and Serum-Free TNI~100 Mediuma 

Cell type and additions P value {25~ • SD 

HL60 
HL60 + ET-18-OMe 
HL60-TNB 
HL60-TNB + ET-18-OMe 
K562 
K562 + ET-18-OMe 
K562-TNB 
K562-TNB + ET-18-OMe 

0.2100 • 0.001 
0.1950 • 0.001 c 
0.1725 _ 0.001 c 
0.1482 • 0.003c, d 
0.2045 • 0.001 
0.2050 • 0.001 
0.1960 • 0.004 b 
0.1847 • O.O01C, d 

aEach value is the mean • SD of at least six determinations. HL60 
and K562, cells cultured in RPMI 10% fetal bovine serum (FBS) 
medium. HL60-TNB and K562-TNB, cells cultured in serum-free 
TNB-100 medium. ET-18-OMe, 5 ~M ET-18-OMe for 2 h. Viabili- 
ty was 100% at the end of incubation. 

b p  <~ 0.05 and c p  <~ 0.01 vs. HL60 or K562 cells cultured in 10% 
FBS RPMI; and d p  <~ 0.01 vs. HL60-TNB or K562-TNB cells, ac- 
cording to Duncan's test for multiple comparisons. 

protein and 8 times less CHOL than 10% FBS RPMI. The 
growth of leukemic cells in this medium, leading to 
HL60-TNB and K562-TNB cells, significantly modified 
the plasma membrane PL/CHOL ratio, increasing it by 
about three times compared to cells cultured in 10% FBS 
RPMI  (Table 2). The cells grown in TNB-100 medium are 
also richer in protein relative to the cells cultured in 10% 
FBS RPMI (Table 2). Because the serum-free medium and 
the serum-containing medium have different composi- 
tions, the differences in sensitivity to the cytotoxic action 
of ET-18-OMe could not be at tr ibuted to the differences 
between PL/CHOL ratios alone TNB-100 medium also 
contains 2 g/L of albumin which may bind lipids and thus 
modify the uptake of ether lipids (25). We measured the 
uptake of [aH]ET-18-OMe in HL60 and K562 cells 
cultured in the two media (10% FBS RPMI and TNB-100) 
after 2 h of drug exposure, but  no differences were ob- 
served (data not shown). One can exclude the possibility 
tha t  the differences in sensitivity observed between the 
cell lines cultured in serum-free or serum-containing media 
can be at tr ibuted to differences in drug uptake, but  it is 
not  possible to exclude a possible effect of differences in 
cell protein content. 
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The tempera ture  curves i l lustrate the subs tant ia l  dif- 
ferences tha t  exist between the overall lipid profile in 10% 
FBS R P M I  and in TNB-100 cells. Also considered was 
the  act ivat ion energy (hE), which represents  the energy 
required to dissociate a molecule from the bulk p h a s e  
Under  our experimental  conditions, the cells cultured in 
TNB400  medium were significantly more fluid than those 
cultured in 10% FBS RPMI;  however the hE values were 
the sam~ The opposite pa t t e rn  between fluorescence 
polarizat ion and hE values in TNB-100 cells could be 
related to the higher protein concentration. Moreover, the 
increase in to ta l  PL and the decrease in CHOL content,  
with a consequent increase of the PL/CHOL ratio, is only 
one but  a major  factor  responsible for the fluidization of 
cell membranes  whereas the increase in protein concen- 
t ra t ions  may  involve a reduction of the fluid phase  of the 
lipids i25). 

Ext rac t ion  of CHOL from the cell membrane  by the 
AL721 lipid mixture  (26,27) has been proposed as a mean 
of enhancing the toxic action of EL. Under  this condition, 
the culture medium composi t ion s tays constant ,  bu t  the 
CHOL content  is reduced {26,27). This approach modified 
the  effect of the drug  a t  5 ~M only a t  a very early s tage 
of exposure (16,18). The TNB-100 medium may  modulate  
the cytotoxic effects of E L  at  longer exposure t imes as 
well. In  fact, the changes produced with the TNB-100 
medium reduced the IDs0 for ET-18-OMe by about  50% 
in HL60-TNB and K562-TNB cells compared with  HL60 
and K562 cells at  2, 24 and 48 h exposure times. 

We conclude tha t  the composition of the culture medium 
can modify  the cell membrane  PL/CHOL ratio and the 
protein content,  thus  modula t ing  the biophysical and 
biochemical effects of EL. The possibil i ty exis ts  t ha t  a 
direct interaction between EL and CHOL or EL  and 
albumin may  reduce the availabili ty of the drug. Never- 
theless, for the purpose  of ex vivo bone marrow purging, 
E L  t rea tment ,  accompanied by the use of a serum-free 
TNB-100 medium combined with AL721 t reatment ,  may 
offer a be t te r  therapeut ic  approach for a more effective 
elimination of residual myeloid leukemic cells. 
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Human Platelets Release a Paf-Acether: Acetylhydrolase 
Similar to That in Plasma 1 
Ruth Korth, Jocelyne Bidault, Remi Palmantier, Jacques Benveniste* and Ewa Ninio 
INSERM U200, Universit~ Paris Sud, 92140 Clamart, France 

Intact washed human platelets aggregated in response to 
paf-acether (pal) and did not  metabolize [~H]paf at con- 
centrations up to 10 nM. However, when platelets were lys- 
ed by exposure to pH 9.5, resulting in 37.5 ___ 2.5% (mean 
_ SD, n = 3) lactic dehydrogenase (LDH) release, 20.5 ___ 
5.7% of the radioactivity was detected as labeled lyso paf 
and 5.7 +--- 3.1% as labeled alkylacylglycerophosphocholine. 
When platelets were aggregated with 0.5 IU/mL thrombin 
or high concentrations of pal  (100 nM), they released a part 
of their acetylhydrolase without releasing LDH. In supe~ 
natants obtained from aggregated platelets, 21 +__ 2% or 
10 ----_ 2% (n = 3), respectively, of the total platelet acetyl- 
hydrolase activity was detected va none in supernatants 
of resting cells. The release of acetylhydrolase was con- 
centration- and time-dependent and paralleled the release 
of PF 4, a marker for a-granules. The acetylhydrolase af- 
finity for pal (K m) measured in sonicates of resting and 
thrombin-activated platelets was 8.3 ___ 1.5 ~M va 10.6 +_ 
1.5 pM, n = 5, n.s. in a "Mann Whitney" test. The latter 
Km was slightly but significantly different (P < 0.05, n -- 
5) from that of the thrombin-released acetylhydrolase (7.9 
___ 1.5 pM) and that of the latter was itself different from 
plasma acetylhydrolase (5.3 +_ 0.5, P < 0.05, n = 5). Addi- 
tion of plasma (acid-treated to inactivate acetylhydrolase) 
decreased the K m value of supernatant acetylhydrolase to 
6.1 __ 1.4/zM. All preparations of acetylhydrolase exhibited 
similar pH requirements and sensitivity to various in- 
hibitors. Thus pal and thrombin cause release of acetyl- 
hydrolase from platelets in parallel with release of the a- 
granule marker PF4. This phenomenon might represent 
a protective mechanism against paf-mediated effects in 
thrombotic and cardiovascular diseases. 
Lipids 28, 193-199 (1993). 

Paf-acether, first described as platelet-activating factor (paf) 
(2), with the structure of a 1-O-hexadecyl/octadecyl-2-acetyl- 
sn-glycer~3-phosphocholine (hexadecyYoctadecyl-acetyl- 
GPC; 3,4), is a biologically active ether phospholipid which 
is released from stimulated cells (for reviews, see Refs. 5,6). 
Paf is hydrolyzed into lyso pal by an acetylhydrolase (6-9), 
and in platelets an intraceUular CoA-independent trans- 
acylase reacylate.s lyso pal to 1-O-alkyl-2-acyl-sn-glycero- 
3-phosphocholine (alkylacyl-GPC, 9,10}. Both acetylhydro- 
lase and transacylase metabolize pal in the absence of Ca 2+ 
(7,9). The acetylhydrolase is active in a broad pH range (from 

iThis study has been presented in part as a preliminary report at the 
72nd Annual Meeting of the Federation of American Societies for 
Experimental Biology, Las Vegas, NV, May 1988 (1). 

*To whom correspondence should be addressed at INSERM U200, 
32, rue des Carnets, 92140 Clamart, France. 

Abbreviations: Alkylacyl-GPC, 1-O-alkyl-2-acyl-sn-glycero-3-phos- 
phocholine; BSA, fatty acid-free bovine serum albumin; ECs0, 50% 
maximal aggregation; LDH, lactic dehydrogenase; [3H~zcety/]paf, 
1-O-octadecyl-2-[3H]acetyl-GPC; [aH]paI, 1-O-[ZH]octadeeyl-2-acetyl - 
GPC; lyso pal, ]-~hexadecyl/octadecyl-GPC; paf, paf-acether, platelet- 
activating factor, 1-C~hexadecyl]octadecyl-2-acetyl-GPC; PF 4, platelet 
factor 4; PRP, platelet-rich plasma 

6.4 to 8.4) (7) and in plasma it is bound to lipoproteins 
(11,12). 

When incubated under the same conditions as those of 
paf-induced aggregatior~ washed intact rabbit platelets 
metabolize pal (13) but washed intact human platelets do 
not (14). Many other cell types such as intact neutrophfls, 
activated eosinophils, hepatocytes, macrophages and en- 
dothelial cells metabolize exogenous pal (6). Bovine platelets 
release acetylhydrolase in parallel with serotonin during 
platelet aggregation in response to paf, adenosine diphos- 
phate and thrombin (15). Murine macrophages when main- 
tained in culture (16) and human monocytes differentiated 
into macrophages by adherence (17) or incubated with low 
density lipoprotein (18) acquire the faculty to synthesize 
and/or to release acetylhydrolas~ 

In this study, we investigated the release of acetylhy- 
drolase from human platelet~ Our results led us to propose 
that activated platelets might be at least one of the sources 
of plasma acetylhydrolase 

MATERIALS AND METHODS 
Reagents. Aspirin was used as lysine salt Aspegic R and 
was obtained from Egic Laboratory (Amilly, France). Fat- 
ty acid-free bovine serum albumin (BSA), 5-hydroxy- 
tryptamine (serotonin) and f3-glucuronidase were pur- 
chased from Sigma Chemical Co. (St. Louis, MO). Radio- 
labeled [3H-octadecyl]paf (1-O-[3H]octadecyl-2-acetyl - 
GPC, 80-120 Ci/mmol) and lyso paf (1-O-[3H]octadecyl - 
GPC, 80-120 Ci]mmol) and the scintillation liquids Biode ~ 
gradable Counting Scintillant (BCS) and Organic Count- 
ing Scintillant (OCS} were purchased from Amersham 
(Bucks, United Kingdom). [3H-acetyl]Paf (1-O-octadecyl- 
2-[3H]-acetyl-GPC, 10 Ci/mmol) was obtained from New 
England Nuclear (Boston, MA). Pal (1-O-octadecyl-2- 
acetyl-GPC), lyso pal (1-O-hexadecyl/octadecyl-GPC) and 
1-O-hexadecyl-2-palmitoyl-GPC were purchased from 
Bachem (Bubendorf, Switzerland). GF/C filters were ob- 
tained from Whatman (Ferri6re, France}. Human fibrino- 
gen (AB Kabi, Stockholm, Sweden, grade L, pretreated 
with diisopropyl-fluorophosphate and partially purified 
was a gift from B.B. Vargaftig, Institute Pasteur, Paris, 
France). Lactic dehydrogenase (LDH) was purchased from 
Boehringer (Mannheim, Germany) and platelet factor 4 
(PF 4) was obtained from Abbott (Rungis, France). Throm- 
bin was obtained from Hoffman-la-Roche (Basel, 
Switzerland). Zwittergent R detergent 3.16 was pur- 
chased from Calbiochem (Frankfurt, Germany). Dextrose 
and citric acid were obtained from Merck (Darmstadt, 
Germany). 

Aggregation of platelets. Washed platelets were pre- 
pared according to a method of Korth et al. (19). Briefly, 
human blood was collected in acid citrate dextrose (citric 
acid, 0.8%, trisodic citrat~ 2.2% and 2.5% glucose, 2.45%) 
in a ratio 1:7 (vol/vol) and platelet rich plasma (PRP) was 
obtained after centrifugation at 100 X g for 15 min. PRP 
was centrifuged at 900 X g for 10 min. The superuatant 
plasma was centrifuged again to discard remaining plate- 
lets and was kept on ice for the acetylhydrolase assay. 
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Platelets were washed twice in Tyrode's buffer containing 
(in mM) NaC1, 137; KC1, 2.68; NaHCO3, 11.9; MgC12, 1.0; 
NaH2PO4, 0.41; dextrose, 0.5; HEPES, 5.0. After 30-rain 
incubation with 0.1 mM aspirin (18), platelets were re- 
suspended at the concentration of 2 • 109 cells per mL 
and were diluted to a final count of 3 • l0 s cells per 300 
~L Tyrode's buffer (pH 7.4) in the presence of 1.3 mM 
CaC12 and 0.16 mg/mL fibrinogen. Platelets were ag- 
gregated with either unlabeled paf (0.1 to 5 nM) or [3H- 
octadecyl]paf (0.65 nM, 15 nCi) for 3 rain under stirring 
at 20 or 37~ Incubations were also performed in the 
presence of 0.25% BSA. The extent of platelet aggrega- 
tion was calculated as percent of maximal light trans- 
mission. 

Metabolism of [3-H-octadecyllpaf in the presence of in- 
tact or damaged platelets. Platelets (5 X 107 cells/500 ~L) 
were incubated with [3H-octadecyl]paf (0.65 nM, 15 nCi) 
without stirring at pH 7.4 for 30 min, 1 h and 2 h either 
at 20 or 37~ Incubations were also performed in the 
presence of BSA. In some experiments, platelets were in- 
cubated at pH 9.5 for 30 min at 37~ either in the pre- 
sence of BSA or in the absence of BSA. Platelet lysis was 
assessed by the amount of LDH in supernatants {20). 

Extraction method and liquid chromatography. After 
incubation with labeled pal, platelet suspensions or cor- 
responding supernatants were extracted as described (21). 
Dichloromethane/methanol (1:2, vol/vol) was added to 
platelet suspensions (0.5 mL) for 24 h at 4~ and then 
dichloromethane/water (1:1, vol/vol) containing 2% acetic 
acid was added. Organic phases were collected and water 
phases were washed three times with 1 vol of dichloro- 
methane. The combined organic phases were brought to 
dryness under an air stream at 40~ Dry residues were 
dissolved in small volumes of mobile phase (dichloro- 
methane/methanol/water, 50:50:5, by vol) and then applied 
to a Microporasil column 3.9 mm i.d. • 300 mm length 
(Waters Associates, Milford, MA), which was eluted at a 
flow rate of 1 mL/min as described (22). Void volume was 
defined as 3-7 min, 11-13 rain as alkylacyl-GPC, 18-21 
min as paf and 28-31 min as lyso pal based on appropriate 
authentic standards. Radioactivity in the fractions was 
counted using OCS scintillation liquid and was ex- 
pressed, after subtraction of background values, as per- 
centage of the sum of radioactivity in all fractions. All 
water phases were also counted to monitor total radio- 
activity. 

Release of acetylhydrolase and granular markers dur- 
ing platelet activation. Platelets were aggregated with 
thrombin (0.1 to 5 IU per mL) or pal (10 to 500 nM) for 
15 s to 5 rain. Platelets were centrifuged at 900 X g for 
10 min at 4~ and supernatants (5 ~g protein) were tested 
for acetylhydrolase activity as described below. The 
acetylhydrolase activity in supernatants was expressed 
as percentage of the total acetylhydrolase activity of 
sonicated platelets. LDH and PF 4 were measured using 
commercial kits, and serotonin was measured by an elec- 
trochemical method (23) in supernatants and in corres- 
ponding pellets. 

Acetylhydrolase assay. Acetylhydrolase activity was 
measured in lysates from resting or thrombin-aggregated 
platelets, in supernatants of stimulated platelets and in 
autologous plasma. Platelets were suspended in Tyrod's 
buffer (pH 6.4) without BSA at a concentration of 109 
platelets per mL, platelet-free plasma (diluted 1:200, 

vol/vol in 2yrod's buffer) were added with Zwittergent 
detergent 3.16 {0.0015% wt/vol, final concentration) and 
were sonicated (6 pulses of 10 s, at 4~ Bronson Sonic 
Power Co., Danbury, CT). Protein content was deter- 
mined in cell lysates or plasma as described by Lowry et 
al. (24). Lysates from 5 • 107 platelets (50 ~L containing 
80 ~g protein), supernatants from thrombin-activated 
platelets (50 ~L, 5 ~g protein) or diluted plasma (1/200, 
50 ~L, 20 ~g protein) were added to 400 ~L of a buffer (pH 
8.0) containing HEPES 4.2 mM, NaCI 137 mM, KC1 2.6 
mM, and EDTA 2 mM. After 5-min preincubation at 37~ 
the reaction was initiated by addition of 10 ~L [3H- 
acetyl]paf (0.01 ~Ci, 0.5 to 35 ~M final concentration). In 
some experiments hexadecylpalmitoyl-GPC (20 ~M) was 
added to the assay mixture together with [3H-acetyl]paf 
(10 ~M) to determine the specifcity of acetylhydrolase 
toward pal. Preparations containing acetylhydrolase were 
also treated for 30 rain at 37~ with NaF (20 mM) or 
bromophenacylbromide (0.5 mM) as described by Staf- 
forini et al. (25) prior to addition of [3H-acetyl]paf for 10 
rain. In selected experiments, acid-treated plasma that  
was inactive in our acetylhydrolase assay was added 
together with platelets' lysate or supernatant obtained 
from thrombin-activated platelets. Assay mixtures were 
incubated for 10 rain at 37 ~ unless stated otherwise and 
stopped by cooling in an ice bath. Two methods were 
used to separate [3H]acetate from unreacted [3H-acetyl]- 
pal. The first one, described by Palmantier et al. {16), was 
based on the extraction of [3H-acetyl]paf in the organic 
phase by adding 2 mL methanol/dichloromethane ll:l, 
vol/vol) and 0.4 mL acetate (5%) solution containing 
[14C]acetate (6000 dpm) as an internal standard. Mix- 
tures were centrifuged at 5000 • g for 10 rain to facilitate 
phase separation. The amount of [3H]acetate in the 
aqueous phase resulting from the acetylhydrolase assay 
was determined by liquid scintillation counting using BCS 
as solvent. The second method used to separate [3H]- 
acetate from unreacted [3H-acetyl]paf described by Miwa 
et al. (26), that gave similar results as the former method 
(data not shown), was based on addition of an excess of 
BSA (16.7 mg/mL, final concentration) and subsequent 
precipitation of paf bound to added BSA by trichloro- 
acetic acid (TCA) (7%, vol/vol, final concentration). De ~ 
natured proteins were centrifuged at 5000 • g for 15 min 
and the released [3H]acetate was measured by liquid 
scintillation counting in BCS. Blanks performed using 
either heat-denatured (100~ for 10 min) or acid-treated 
(pH 2.0) enzyme were less than 20% of counts. Blanks were 
subtracted prior to calculations of enzyme activities. 
Results are expressed in pmol/min/mg protein after cor- 
rection for extraction losses estimated using [14C]acetate 
internal standard. The thermolability of acetylhydrolase 
of enzyme preparations was checked by heating for 30 min 
at 65~ before addition of [3H-acetyl]paf as described 
(27). The optimal pH of acetylhydrolase using appropriate 
buffers (from pH 2 to pH 10) was also established. 

Statistical analysis. Results are expressed as mean + 
SD or SE as indicated. Statistical analysis was per- 
formed using the "Mann Whitney" test. 

RESULTS 

Lack of paf metabolism during platelet aggregation at low 
concentrations of pal. Paf was not metabolized during 
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FIG. 1. Concentration-dependent platelet aggregation with paf- 
acether, platelet-activating factor (paf). Platelets  {3 X 103 X mL -1) 
were incubated with defined concentrations of pal  in the absence 
(A) or in the presence of 0.25% bovine serum albumin (B) at 20~ 
( e )  or 37~ (O} under stirring for 3 rain. Values are calculated as 
percent of maximal fight transmission. One experiment is represen- 
tative of three {statistical analysis is given in the Results section). 
Insets: Lack of pal metabolism under conditions of platelet aggrega- 
tion. Platelets  were incubated with 15 nCi of 0.65 nM [~H- 
octadecyl]paf at 2O~ ( e )  or 37~ {O) under stirring for 3 min. Phos- 
pholipids were analyzed using liquid chromatography as described 
in Materials and Methods. [3H-octadecyl]paf recovered corres- 
ponded to 21,279 +__ 1369 dpm (mean ___ SD, n = 4). 

platelet  aggregat ion in response to low concentrat ions of 
pa l  (0.1 to 5 nM) in the absence or presence of BSA and 
either a t  20~ or at  37~ (Figs. 1A and and 1B). The pa l  
concentrat ion inducing 50% of the maximal  aggregat ion 

(ECs0) in the absence of BSA was 0.07 • 0.02 and 0.1 + 
0.02 nM at  20 and 37~ respectively (mean • SD, n = 
3). Maximal  aggregat ion was reached after  3 min at  0.2 
• 0.02 and 0.5 • 0.02 nM pa l  at  20 and 37~ respective- 
ly (Fig. 1A). BSA (0.25%} inhibited pal-mediated platelet  
aggregation; ECs0 values increased to 0.4 • 0.4 and 0.9 
• 0.2 nM pal  after  3-min aggregat ion with a maximal  ag- 
gregat ion at  2.6 • 0.5 and 5.0 • 0.5 nM pal  a t  20 and 
27~ respectively (Fig. 1B). 

Stability of [3H-octadecyl]paf in the presence of intact 
platelets and its catabolism in the presence of damaged 
platelets. When intact  platelets were incubated with [3H- 
octadecyl]paf (0.65 nM) wi thout  s t i r r ing either at  20~ 
(data not  shown) or 37~ and either in the presence or in 
the absence of 0.25% BSA for 30 min, 1 h and 2 h, pa l  
was not  degraded (Table 1). Only 4.5% of the label was 
recovered as [3H]alkylacyl-GPC and 3.5% as [~H]lyso pa l  
at  37~ in the absence of BSA (pH 7.4). Platelets  were 
essentially undamaged  since L D H  release was less than  
9% vs. 4.6 • 0.7% in superna tan t s  of control cells. 
However, when platelets  were par t ia l ly  damaged  by in- 
cubat ion a t  pH 9.5 in the absence of BSA (30 min, 37~ 
5.7 • 6.2% of the [3H-octadecyl]paf was recovered as 
[3H]alkylacyl-GPC and 20.5 - 11.4 as [3H]lyso pa l  (mean 
• SD, n -- 3 or 4). Under  these exper imental  conditions 
14.7 • 4.9%, 10.5 • 3.0 and 37.5 • 2.5% (n --- 3) of acetyl- 
hydrolase, PF  4 and L D H  were released, respectively. 

Release of acetylhydrolase during platelet aggregation 
with thrombin or high concentrations of paf Platelets  
released a fraction of their  acetylhydrolase content  dur- 
ing aggregat ion in response to thrombin  or high concen- 
t ra t ions  of paf  (Table 2). No increase in L D H  release was 
observed after thrombin activation (Table 1) or in response 
to 100 nM pal  (1.5%, n = 2). Uns t imula ted  platelets  did 
not  release acetylhydrolase (Tables 2 and 3). The question 
arose whether  acetylhydrolase was released from platelet  
granules together  with one of markers  tha t  could help to 
locate this enzyme within the cell. Activation of platelets 
by thrombin promoted  the release of all types  of granule 
markers:  ~glucuronidase  (lysosome), serotonin (dense 
granules) and PF 4 (a-granules), in cont ras t  to paf  which 
only triggered PF 4 release (Table 2). The release of acetyl- 
hydrolase and PF 4 in response to thrombin or paI  was 
t ime-dependent  (Table 3). Whereas thrombin (0.5 IU/mL) 

TABLE 1 

PeLf Metabolism by Resting, Damaged or Activated Platelets  a 

LDH Lyso pal Alkylacyl-GPC 
Treatment of platelets (% release) (%) (%) 

(1) 37~ BSA 4.6 +- 0.7 [3] 0.7 +- 1.2 1.5 • 1.4 [3] 
(2) 37~ 9.0 [2] 3.5 --- 1.2 4.5 +, 3.6 [4] 
(3) 30 min, 37~ BSA, pH 9.5 13.0 [2] 10 0 [1] 
(4) 30 rain, 37~ pH 9.5 37.5 +" 4.2 [3] 20.5 +- 11.4 5.7 +, 6.2 [4] 
(5) Supernatant of (4) 20.1 +-- 1.7 2.7 +-- 2.2 [3] 
(6) Supernatants of thrombin- 

activated platelets 6.5 + 2.6 [3] 29.0 2.2 [2] 
aTreated or untreated platelets [for (1) to {4) pooled results of 30, 60 and 120 min experi- 

ments were used] or their supernatants were incubated with [3H~ctadecyl]paf (15 nCi, 
0.65 nM) for 30 rain at 37~ Labelled phospholipids were extracted, and analyzed 
as described in Materials and Methods. Results in percentages of the total counts (22,648 
_ 1800 dpm) are means +_ SD of In] independent experiments. LDH, lactic dehydro- 
genase; lyso pal, 1-O-hexadecyl/octadecyl-G PC; alkylacyl-GPC, l-O-alkyl-2-acyl-sn-gly- 
cero-3-phosphocholine; pal, paf-acether, platelet-activating factor; BSA, bovine serum 
albumin. Parentheses in Tables 1, 4 and 5 refer to in-table information, not References. 
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TABLE 2 

Acetylhydrolase and Granular Content Release from Stimulated Human Platelets a 

Stimulation Acetylhydrolase ~-Glucuronidase Serotonin PF 4 

Control 0 0 7 • 3 2 
Thrombin 0.2 15 • 5 3 +-- 2 43 +_ 28 100 
[IU/mL] 0.5 21 _+ 3 10 + 2 71 100 

5 19 • 5 16 • 7 80 • 32 100 
Pal 10 0 0 4 • 2 20 
[nM] 100 10 • 1 0 3 • 2 22 

500 8 • 6 0 7 • 2 27 
aplatelets (108/mL) were incubated for 5 rain at 37~ with given agonist and were centri- 
fuged at 900 • g for 10 min at 4~ Supernatants and pellets were tested for enzyme 
activities, serotonin content and PF 4 content. Results are in percentages of the total 
(mean • SD, n -- 3 to 5, when SD is omitted n -- 2). 100% for acetylhydrolase was 
182 pmol/min per mL, for/3-glucuronidase 3.8 ~g/mL, for serotonin 131 ng/mL, and for 
PF 4 4.8 pg/mL. Pal, paf-acether, platelet-activating factor; PF 4, platelet factor 4. 

TABLE 3 

Time-Course of Acetylhydrolase and PF 4 Release from Stimulated Platelets a 

Pal (500 nM) Thrombin (0.5 IU/mL) 

Stimulation (s) Acetylhydrolase PF 4 Acetylhydrolase PF 4 

0 1.0 + 1.7 0.8 2.2 + 1.6 0.5 _ 0.1 
15 8.2 10.2 8.5 + 1.3 22.0 • 1.6 
30 7.8 • 4.5 11.8 13.1 + 6.8 36.1 • 2.2 
60 9.5 + 6.7 28.5 12.8 • 8.8 49.2 • 6.7 

120 10.0 + 2.5 33.6 10.9 • 5.3 67.9 • 7.7 
180 12.6 + 6.5 27.5 17.9 • 4.5 74.9 • 4.6 
300 10.3 + 2.7 36.1 17.2 • 5.3 87.7 +_ 18.8 

aResults are expressed as percentages of the total content of acetylhydrolase (mean + 
SD, n = 3, when SD is omitted n = 2). For details see footnote to Table 2. 

and pa l  (500 nM) tr iggered the release of 17.2 • 5.3% and 
10.3 • 2.7% of the total  acetylhydrolase, respectively, PF 
4 increased to 87.7 • 10.8% and 36.1 • 14.8%, respec- 
t ively (mean • SD, n = 3). These da ta  indicate t ha t  the 
releasable pool of the enzyme is limited. 

Kinetic studies of acetylhydrolasa The acetylhydrolase 
act ivi ty  was measured in p lasma  (Fig. 2A), in cell lysates  
(cells and supernatants)  from nonactivated and thrombin- 
act ivated platelets  (Fig. 2B) and in superna tan t s  f rom 
thrombin-act ivated platelets  (Fig. 2C). The acetylhydro- 
lase activity in all preparations was linear with the incuba- 
t ion t ime up at  least  10 min and with the protein concen- 
t ra t ion up to 100 ~g/mL (data not  shown). Under  these 
conditions [3H]acetate release f rom [3H-acetyl]paf near- 
ly reached a pla teau a t  20-40 ~M (Fig. 2). The acetyl- 
hydrolase act ivi ty  was independent  of the presence of 
Ca 2+ in the assay (data not  shown) and was not inhibited 
by excess hexadecylpalmitoyl-GPC (Table 4), suggest ing 
t ha t  the act ivi ty  tha t  we measured was not  the classical 
phospholipase A2. In  addition t r ea tmen t  wi th  bromo- 
phenacylbromide and NaF  similarly affected acetylhydr~ 
lase in lysates  from thrombin-act iva ted  platelets,  in cor- 
responding superna tan t s  and in p lasma  (Table 4). All 
preparat ions  exhibited similar p H  op t imum (data not  
shown). 

The K~ values calculated from the Lineweaver-Burk 
plots  are given in Table 5. The s tat is t ical  analysis of the 
da ta  showed a small  bu t  significant difference of the K= 
values when measured in the superna tan t s  as compared 
to lysates from thrombin-act ivated platelets  and also 

when compared to autologous p lasma  enzyme (n = 5, 
P < 0.05). The addit ion of acid-treated p l a sma  to super- 
na t an t s  decreased the K= toward the p lasma  value al- 
though the change was not  s ta t is t ical ly  significant. 
Thrombin  s t imulat ion of platelets  did not  change the af- 
finity of the acetylhydrolase for paf  as compared to un- 
s t imulated platelets.  The V=~ calculated for acetylhy- 
drolase f rom Figure 2 are shown in Table 5. These values 
were calculated in relation to the  total  protein content  of 
the assay and not  to the pure acetylhydrolase protein. 
Thus they reflect the relative enr ichment  in acetylhydro- 
lase of the superna tan t s  obtained from the thrombin-  
s t imulated platelets  in compar ison to the cell lysate. 

DISCUSSION 

Our data  demonstra te  the release of acetylhydrolase with- 
out release of L D H  during platelet  aggregat ion with 
thrombin  or relatively high concentrat ions of pal. Our 
results  are in good agreement  with previous work show- 
ing the lack of pa l  metabol i sm by human  platelets  dur- 
ing pa l  binding (14,19) and]or aggregat ion (1). Kloprogge 
and Akkerman (28) found tha t  gel-filtered human platelets 
may  be slightly damaged  or act ivated because they me- 
tabolized some of the added paf. In  our exper iments  the 
presence of BSA either protected platelets against damage 
during incubation at  pH 9.5 or indirectly inhibited acetyl- 
hydrolase by  binding to the subs ta te  (29). 

The amount  of PF 4, a marker  for a-granules, increas- 
ed in parallel with the acetylhydrolase in superna tan ts  
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FIG. 2. Acetylhydrolase kinetic constants. The kinetic properties of 
acetylhydrolase were studied at 37~ for 10 min using 5 to 35 ~M 
of a~Lether, platelet-activating factor (pal) and 0.1 ~Ci/500 pCi/500 ~L 
of [ H-acetyl]paf. The Lineweave~Burk plots of the data (using 
manual best fit analysis) are given in insets of each figure A, plasma 
(20 ~g protein/mL); B, lysates (80 ~g protein/mL) from resting ( �9 ) or 
thrombin (0.5 IU/mL)-activated (O) platelets; C, supernatants from 
thrombin-activated platelets (5/~g protein/mL). 

of thrombin- and paf-activated platelets whereas it was 
not released from resting cells. In contrast to stimulation 
with thrombin, markers for dense granules (serotonin) and 
lysosomes (f~-glucuronidase) were not released when plate- 
lets were stimulated with paf. The limited release of 
acetylhydrolase may either indicate tha t  the major part  
of this enzyme is present in the cytosolic fraction of 
platelets or tha t  its releasable pool is limited. I t  is in- 
teresting to note tha t  murine phospholipase A2 is simi- 
larily released from a-granules during platelet activation 
{30). The release of both hydrolytic enzymes may con- 
tribute to the control of the inflammatory process. 

The Km value for paf of acetylhydrolase released from 

TABLE 4 

Treatment of Preparations Containing Acetylhydrolnse 
with Various Inhibitors a 

Alkylacyl-GPC NaF BPB 
Source of acetylhydrolase (i0 ~M) (20 mM) (0.5 raM) 

(1) Thrombin-activated 
platelets 105 • 8 84 • 9 64 • 10 

(2) Supernatant from (I) 115 • 5 84 • 8 50 • 8 
{3) Native plasma 115 • 7 75 • 3 82 • 7 

aAcetylhydrolase activity was measured in lysates of thrombin 
(0.5 IU/mL, 1 rain, 37~ platelets, in supernatants of 
the latter, and in native plasma. Samples were preincubated 30 
min at 37~ with given inhibitors and incubated further for 10 
rain at 37~ in the presence of 0.1 ~Ci [3H-acetyl]paf (10 ~M). Re 
sults in percentages of control (vehicle) are means • SE of six 
experiments, except for experiments with alkylacyl-GPC that are 
means of 4. Values (1 vs. 2 vs. 3) showed no significant difference 
in a "Mann Whitney" test. Alkylacyl-GPC, hexadecylpalmitoyl- 
glycerophosphecholine; BPB, bromophenacylbromide. 

thrombin-activated platelets was slightly but significantly 
different as compared to the enzyme contained in lyzates 
from the same cells and in autologous plasma. After ad- 
dition of acid-treated plasma (inactivation of acetyl- 
hydrolaseL the K m of acetylhydrolase in supernatant  
moved toward tha t  in plasma. Thus the differences in the 
Km values for p a l  observed for the released enzyme in 
comparison to that  in platelet sonicates and plasma seem 
to be related to the enzyme protein environment. The 
treatment of enzyme preparations with various inhibitors 
indicated that  all preparations were only slightly inhibited 
by NaF, in contrast  they were affected up to 50% by 
bromophenacylbromid~ The similarities of pH require- 
ments and the lack of inhibition in the presence of an ex- 
cess of alkylacyl-GPC let us postulate tha t  platelets 
among other cells are one of the potential sources of 
plasmatic acetylhydrolase 2. Our results are in agreement 
with those of earlier studies showing similar enzyme 
kinetics in the plasma (5.7/~M, in ref. 13) and in m o n a  
cyte]macrophage-like cells (Kin 9.4 +- ~M, in ref. 18). 
Similar results were also obtained using peripheral blood 
monocytes (17). In addition, after a 24-h culture period, 
murine peritoneal macrophages rapidly metabolized pal 
v/a induction of an acetylhydrolase indistinguishable from 
tha t  in plasma (16). 

What  might  be the biological relevance of the release 
of acetylhydrolase by platelets in response to pal and 
thrombin? This release (from platelets as well as, with 
other agonists, from other cells) may contribute to con- 
trol the putative pal-mediated effects in (i) hypertensive 
rats (33), (ii) human Tangier disease (34), (iii) ischemic 
cerebrovascular diseases and platelet hypersensitivity (35) 
and (iv) may also be relevant to atherogenesis (36). Acetyl- 
hydrolase activity was decreased in rabbit plasma during 
the late phase of pregnancy in agreement with the impor- 
tant  role of pal in enhancing myometrial contractions (27). 
A familial deficiency of the plasma acetylhydrolase was 
correlated with respiratory symptoms in asthmatic  
children (26). In the latter case, the acetlyhydrolase level 

2While this manuscript was in the reviewing process Satoh et  aL (31) 
and Tarbet  e t  aL (32) reported that Hep G2 secrete acetylhydrolas~ 
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TABLE 5 

Kinetic Constants of Acetylhydrolase a 

K m Vmax 
Source of acetylhydrolase (~M) (nmol]mirdmg protein) 

(1) Platelets 
(2) Thrombin-activated platelets 
(3) Supernatant from (2) 
(4) Supernatant from (2) added 

with acid-treated plasma 
(5) Native plasma 

8.3 • 1.5 0.3 
10.6 + 1.5 0.3 
7.9 • 1.5 1.4 
6.1 +_ 1.4 1.3 

5.3 + 0.5 1.4 

aAcetylhydrolase activity was measured in lysates of resting platelets or platelets stimu- 
lated with thrombin (0.5 IU/mL, 1 rain, 37~ in supernatants of thrombin-stimulated 
platelets with or without acid-treated (inactivated acetylhydrolase) plasma, and in na- 
tive plasma. Samples were incubated for 10 rain at 37~ in the presence of 0.1 ~Ci [3H- 
acetyl]paf and concentrations of unlabeled pal varying from 5 to 35 ~ I .  Results are 
means - SD of five separate experiments. Values showed significant differences in 
"Mann Whitney" test (3 vs. 2 and 3 vs. 5: P < 0.05; 5 vs. 1 and 2: P < 0.003; n.s.: 2 vs. 
1, 3 vs. 4 and 4 vs. 5). 

in pla te le ts  remained  no rma l  a l t h o u g h  it was deficient  in 
the  p l a sma  and  the  ques t ion  arose whe the r  the  release of 
ace ty lhydrolase  f rom pla te le ts  of a s t h m a t i c  children was  
impaired. Finally, the  accumula t ion  of  lyso pa f  was  ob- 
served in rat  alveoli following hypoxia  and was a t t r ibu ted  
to  the  ace ty lhydrolase  a l ready present  in alveolar  fluid 
(37). 

In  this  s t u d y  we found  t h a t  washed  h u m a n  pla te le ts  
do no t  metabol ize  added  pal. However, when  pla te le ts  
agg rega te  in response  to  t h r o m b i n  or  relat ively h igh  con- 
cen t ra t ions  of paf, they  release ( independent ly  of L D H )  
an acety lhydrolase  which  is similar to  t h a t  de tec ted  in 
plasma.  Acetylhydrolase  m a y  be released from a-granules, 
a platelet  subs t ruc tu re  con ta in ing  o ther  hydroly t ic  en- 
zymes  including phosphol ipase A2. These results  sugges t  
t h a t  ac t ivated  platelets  m a y  par t ic ipa te  in the  protec t ion 
aga ins t  paf -media ted  effects in t h rombo t i c  and  ca rd i~  
vascular  diseases. 
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a-Tocopherol was reacted with alkyl and alkylperoxyl 
radicals at 37~ in bulk phase. The lipid-free radicals were 
generated by the reaction of methyl linoleate with the free 
radical initiator, 2,2'-azob/s(2,4-dimethylvaleronitrile) 
(AMVN) under air-insufficient conditions. The products 
were isolated by high-performance liquid chromatog- 
raphy. Their structures were identified as 2~a-tocopher- 
oxy~2,4-dimethylvaleronitrile (1), a mixture of methyl 
9-(8a-peroxy-a-tocopherone)-10(E),12(Z)-octadecadienoate 
and methyl 13-(8a-peroxy-a-tocopherone~9(Z),11(E~octa- 
decadienoate (2), methyl ~(a-tocopheroxy)-10(E),12~a- 
decadienoate (3a), methyl 13-(a-tocopheroxy)-9(Z),11(E)- 
octadecadienoate (3b), o~tocopherol spirodiene dimer (4) 
and a-tocopherol trimer (5). When methyl linoleate con- 
taining a-tocopherol was oxidized with AMVN under air- 
sufficient conditions, the main products were 8a-alkyl- 
peroxy-a-tocopherones (2). In addition to these com- 
pounds, 6-(~alkyl-a-tocopherols (I, 3a and 3b) were formed 
when the reaction was carried out under air-insufficient 
conditions. The results indicate that a-tocopherol can 
react with both alkyl and alkylperoxyl radicals during the 
autoxidatlon of polyunsaturated lipids. 
Lipids 28, 201-206 (1993). 

orTocopherol, an antioxidant in foods and living cells, in- 
hibits autoxidation of lipids by trapping lipid-peroxyl 
radicals in two ways (1,2): (i) lipid-peroxyl radicals can be 
trapped by hydrogen-atom transfer, giving hydroperoxides 
and a-tocopheroxy radicals; (ii) the resulting a-tocopher- 
oxyl radicals can react with other lipid-peroxyl radicals, 
or each other, to form nonradical products. The products 
of the reaction of a-tocopherol with peroxyl radicals have 
previously been investigated to elucidate the mechanism 
of autoxidation inhibition by a-tocopherol (3-9). 

Alkylperoxyl radicals generated in organic solvents 
from free radical initiators, such as 2,2"-azobis(2,4-di- 
methylvaleronitrile) (AMVN), oxidize a-tocopherol to 8a- 
alkylperoxy-a-tocopherones and other products (3-8). In 
our previous study (9), we isolated and characterized the 
primary products of the reaction of a-tocopherol with 
peroxyl radicals of methyl linoleate formed in the presence 
of molecular oxygen and initiated with AMVN. The prod- 
ucts were isomeric 8a-(lipid-peroxy)-a-tocopherones. 
Tocopherol also traps alkyl and alkoxyl radicals to give 
alkylated products (10-13). If lipid peroxidation occurs 
under oxygen-insufficient conditions, lipid-alkyl radicals 
can be formed in addition to peroxyl radicals. 

In the present study, the reaction products of a- 
tocopherol during the AMVN-induced oxidation of methyl 
linoleate under air-insufficient conditions have been iso- 
lated and characterized. The possible reaction mechanism 

*To whom correspondence should be addressed at Department of 
Food Science, Faculty of Agriculture, Gifu University, 1-1 
Yanagido, Gifu City, Gifu 501-11, Japan. 

Abbreviations: AMVN, 2,2'-azobis(2,4-dimethylvaleronitrile); HPLC, 
high-performance liquid chromatography; IR, LrLfrared; NMR, nuclear 
magnetic resonance; MS, mass spectra; UV, ultraviolet. 

of a-tocopherol with free radicals is discussed based on 
the reaction products observed. 

MATERIALS AND METHODS 
Materials. RRR-a-Tocopherol (Type V) was purchased from 
Sigma Chemical Co. (St. Louis, MO), and RRR-y-tocoph- 
erol was prepared from mixed isomers of tocopherol 
(Hohnen Oil Ca, Toky~ Japan). Tocopherols were purified 
by Shephadex LH-20 (Pharmacia LKB, Uppsala, Sweden) 
column chromatography (14). Methyl linoleate (99%, 
Sigma) was purified and made peroxide-free by silica gel 
column chromatography (15). The free radical initiator, 
AMVN, was purchased from Wako Pure Chemical In- 
dustries (Osaka, Japan) and used without further purifica- 
tion. All solvents were distilled in an all-glass still before 
us~  

High-performance liquid chromatography (HPLC). 
HPLC was performed using a Jasco Trirotar pump (Japan 
Spectroscopic Co., Toky~ Japan) equipped with a Model 
GP-A40 gradient programmer. A Jasco Model 875-UV 
detector or a Model 820-FP spectrofluorometer was used 
as detector. Rev%rs~-phase HPLC was done on a ~tBonda- 
sphere 5~C8 100A column (3.9 • 150 mm, Nihon Waters, 
Ltd., Toky~ Japan). Preparative reversed-phase HPLC 
was done using a Wakosil 5C18 column (10 • 300 mm, 
Wako). Normal-phase HPLC was done on a Wakosil 5Sil 
column (10 • 300 ram). 

Reaction procedure A mixture of methyl linoleate (10 g, 
34 mmol), o-tocopherol (0.20 g, 0.46 mmol) and AMVN 
(2.0 g, 8.1 mmol) was placed in a beaker (4.5 cm in di- 
ameter, specific surface area of 1.3 cm2/g) and allowed to 
stand at 37~ for 30 h in the dark. The reaction mixture 
was concentrated by partitioning between hexane (150 
mL) and methanol]water (97.5:2.5, voYvol; 200 mL) (9). The 
concentrated products were isolated by preparative re- 
versed-phase HPLC using methanol/ethanol (1:1, vol/vol) 
at a flow rate of 5.0 mL/min. The trimer in the column 
was eluted using 2-propanol as the solvent. The products 
were further purified by normal-phase HPLC using hex- 
aned2-propanol (1000:3, vol]vol) at a flow rate of 4.0 
mL/min. The eluent was monitored by measuring absorb- 
ance at 260 nm. The compounds isolated were dissolved 
in ethanol or hexane and stored at - 20~  until analysis. 

Methyl linoleate (0.20 g or 1.0 g) containing 0.1 or 
1 tool% of a-tocopherol and 10 tool% of AMVN was placed 
in a glass vial (1.4 cm in diameter, specific surface areas 
of the 0.20-g and 1.0-g samples were 7.7 and 1.5 cm2/g, 
respectively) to observe the course of the reaction. At 
regular intervals, aliquots of the sample were withdrawn, 
dissolved in ethanol and injected into the HPLC. The 
reversed-phase column was developed with a 15-rain linear 
gradient of acetonitrile/methanol/water {60:35:5, by vol) 
to acetonitrile/2-propanol/hexane (35:50:15, by vol) at a 
flow rate of 1.0 mL/min. The amounts oi a-tocopherol were 
calculated from the peak area by monitoring the fluores- 
cence (ex. 295 nm, em. 340 nm). The amounts of reac- 
tion products were calculated from the peak areas by 
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monitoring elution at 240 nm. )*Tocopherol was used as 
the internal standard. 

Spectroscopy. 1H (270.17 MHz) and 1~C {67.9 MHz) 
nuclear magnetic resonance INMR) spectra were recorded 
at 25~ on a Jeol JNM-GX-270 FT NMR spectrometer 
using CDC13 as solvent and tetramethylsilane as internal 
standard. Mass spectra (MS) were obtained on a Shimadzu 
GCMS 9020DF instrument (Shimadzu Ca, Kyot~ Japan) 
operated in the electron impact mode (70 eVS. Samples 
were introduced via the direct inlet. Infrared (IR) spectra 
of samples in liquid film were measured on a Jasco A-302 
IR spectrometer. Ultraviolet (UV5 spectra were measured 
with a Jasco Ubest-30 spectrophotometer. 

Derivatizatio~ The positions of the double bonds in the 
reaction products were determined by the oxidative 
method described by CapeUa and Zorzut (165. The prod- 
ucts were oxidized with osmium tetroxide and the osmates 
subsequently reduced with sodium sulfite. The hydroxy- 
lated products were converted to their corresponding 
trimethylsilyl ethers with N,O-bis(trimethylsilyl)trifluor~ 
acetamide and then analyzed by mass spectrometry. 

RESULTS 

Characterization of reaction products. AMVN decomposes 
at 37~ to form alkyl radicals which, in turn, react with 
molecular oxygen to form alkylperoxyl radicals. The 
alkylperoxyl radicals attack methyl linoleate to generate 
the pentadienyl radicals, which react with oxygen to give 
the methyl linoleate-peroxyl radicals (2). If the supply of 
oxygen is insufficient, wtocopherol may react with both 
the alkyl and the alkylperoxyl radicals. 

The reaction products of a-tocopherol with the free 
radicals were analyzed by reversed-phase HPLC (Fig. 15. 
Five major peaks, 1, 2, 3, 4 and 5, that  appeared to be the 
reaction products of a-tocopherol were detected on the 
chromatogram. When the reaction was carried out under 
a nitrogen atmosphere, only peaks 1 and 3 in addition to 
peaks corresponding to methyl linoleate dimer were 
detected {data not shown}. Therefore, peaks 1 and 3 were 
assumed to be the reaction products of a-tocopherol with 

Ib 

o 

"~ 2 4 

FIG. 1. Reversed-phase high-performance liquid chromatography 
(HPLC) of the products of the 2,2'-azob/s(2,4-dimethylvaleronitrile)- 
induced reaction of methyl linoleate and o~tocopherol for 30 h. HPLC 
was done on a ttBondasphere 5~C s column which was developed with 
a 15-min linear gradient of acetonitrile/methanol/water (60:35:15, by 
vol) to acetonitrile/2-propanol/hexane (35:50:15, by vol) at a flow rate 
of 1.0 ~ .  The eluate was monitored by its absorbance at 240 urn. 

alkyl radicals. Peaks corresponding to methyl linoleate 
dimer were collected by preparative reversed-phase HPLC 
and obtained as a colorless oil {10.1 mg yield). The struc- 
ture was identified based on the MS spectrum; m/z 555 
([M - 31] +, 1%), 293. (63), 261 (10), 243 (6), 137 (17), 123 
(18}, 109 {22), 95 (54}, 81 {745, and 67 {1005. The isomeric 
structures of the dimer were not investigated. Peaks 1, 2, 
3, 4 and 5, that appeared to be the reaction products of 
a-tocopherol, were collected by preparative reversed-phase 
HPLC. Peak 3 was further resolved into two peaks (3a and 
3b) by normal-phase HPLC. The structures of 1, 2, 3a, 3b, 
4 and 5 were identified as follows (Fig. 25. 

Compound 1 was obtained as a colorless oil {27.4 mg 
yield). Compound 1 was identified as 2-(a-tocopheroxy)-2,4- 

I 

R 

2 
0 

IR 

~ CH 3 

0 R 

0 0 

4 R R : C~H33 

FIG. 2. Structures of compounds I, 2, 3a, 3b, 4 and 5. 
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dimethylvaleronitrile: MS m/z 513 ([M - CN] +, 6%), 430 
(90), 205 (10), and 165 (100); UV (ethanol) h 228 (e 11000), 
282 (shoulder), and 289 nm (E 2070); IR (film) v 2950, 1580, 
1460, 1415, 1380, 1250, 1160, 1080, 940, and 920 cm-1; 
1H NMR (CDCI 3) d 0.83-0.87 (m, 12H), 1.05-2.23 (m, 
24H), 1.13 (d,J = 6.8 Hz, 6H), 1.23 (s, 3H), 1.46 (s, 3H), 
1.80 (m, 2H), 2.08 (s, 3H), 2.19 (s, 3H), 2.20 (s, 3H), and 
2.56 ppm (dt, J = 6.4 Hz, 2H); 13C NMR (CDC1 a) d 12.0, 
14.7, 15.6, 19.7, 19.8, 20.8, 21.0, 22.7 (2 atoms), 24.0, 24.1, 
24.5, 24.8 (2 atoms), 25.1, 25.6, 28.0, 31.4, 32.7, 32.8, 37.3, 
37.5 (3 atoms), 39.4, 40.0, 50.3, 75.0, 76.8, 117.8, 121.5, 
123.2, 128.1, 129.8, 143.7, and 148.5 ppm. 

Compound 2 was obtained as a mixture (12.6 mg yield) 
tha t  gave a positive peroxide test (17). The structures were 
identified by comparison of the HPLC behavior with that  
of authentic samples as reported previously (9). Compound 
2 contained methyl  (gR,8aR)-, (9R,8aS); (9S,8aR)- and 
(9S,8aS)-9-(8a-peroxy-a-tocopherone)-10(E),12(Z)-octadeca- 
dienoates and methyl  (13R,8aR)-, (13R,8aS)-, (13S,8aR)- 
and (13S,8aS-13)-(8a-peroxy-a-tocopherone)-9(Z),11(E)-octa- 
decadienoates. 

Compounds 3a and 3b were obtained as colorless oils 
(3a, 9.3 mg yield; 3b, 8.9 mg yield). UV spectra of these 
compounds were identical with absorption maxima at 228 
nm (3a, e 30700; 3b, e 30500), 282 (shoulder) and 289 nm 
(3a, e 2500; 3b, ~ 2480) in ethanol. IR spectra of the com- 
pounds showed two absorption bands at 950 and 985 
cm -~ suggesting the presence of cis-trans double bonds. 

The LH NMR spectra of the compounds 3a and 3b were 
consistent with those expected for methyl  9-{a-tocopher- 
oxy)-10(E),12(Z)-octadecadienoate and methyl  13-(a-to- 
copheroxy)-9(Z), 1 l(E)-octadeeadienoate (Table 1 ). The geo- 
metrical configuration of the conjugated diene system in 
each compound could be established (18). The cis-trans 
diene systems were present in both compounds, and both 
cis (J  = 10.3-11.1 Hz) and trans (J  = 14.5-15.4 Hz) cou- 
pling constants  were observed. 

Compounds 3a and 3b were oxidized with osmium 
tetroxide and the osmates were subsequently reduced with 
sodium sulfite (16). The resulting hydroxylated com- 
pounds were silylated and directly analyzed by MS 

(Fig. 3). The position of the a-tocopheroxy group attached 
to the fa t ty  acid moiety could be determined from the 
fragment  ion due to a-cleavage of the tr imethylsi lyloxy 
group of each derivative (m/z 173 for 3a and m/z 259 for 
3b, respectively). 

From these results and other spectral data, the struc- 
tures of 3a and 3b were identified as follows. Compound 
3a, methyl 9-(a-tocopheroxy)-10(E),12(Z)-octadecadienoate: 
MS rn/z 430 (64%), 293 (3), and 165 (100); IR (film) v 2950, 
1745, 1460, 1435, 1250, 985, and 950 cm-~; ~3C NMR 
(CDC13) 6 11.9 (2 atoms), 13.1, 14.0, 19.7, 19.8, 20.8, 21.1, 
22.5, 22.7 (2 atoms), 23.7, 24.5, 24.8, 25.0, 25.4, 27.7, 28.0, 
29.1, 29.2 (2 atoms), 29.6, 31.4, 31.6, 32.8 (2 atoms), 34.1, 
35.2, 37.3, 37.5 (2 atoms), 37.6, 39.4, 40.2, 51.4, 74.6, 83.9, 
117.3, 122.6, 126.3, 127.9 (2 atoms), 128.4, 132.7, 132.9, 
147.0, 147.4, and 174.3 ppm. Compound 3b, methyl  
13-(a-tocopheroxy)-9(Z),l l (E)-octadecadienoate: MS m/z 
430 (90%), 293 (3), and 165 (100); IR (film) v 2950, 1745, 
1460, 1435, 1250, 985, and 950 cm-1; 13C NMR (CDC13) 
d 11.9 (2 atoms), 13.2, 14.1, 19.7, 19.8, 20.8, 21.1, 22.7 (3 
atoms), 23.8, 24.5, 24.8, 25.0, 25.2, 27.7, 28.0, 29.0, 29.1 
(2 atoms), 29.5, 31.6, 32.0, 32.8, 32.9, 34.1, 35.2, 37.3 (2 
atoms), 37.5 (2 atoms), 39.4, 40.1, 51.4, 74.7, 84.0, 117.4, 
122.6, 126.4, 127.8, 128.0, 128.4, 132.5, 133.1,147.1, 147.4, 
and 174.3 ppm. Compounds 3a and 3b proved to be op- 
tically inactive each consisting of enantiomeric mixtures. 

Compound 4 was obtained as a yellow oil (10.9 mg yield), 
and compound 5 was obtained as a pale yellow oil (8.4 mg 
yield). The structures were identified by comparison of the 
HPLC behavior with those of authentic samples as 
reported previously (19). Compound 4 was the spirodiene 
dimer of a-tocopherol and 5 was a-tocopherol trimer. 

Reaction products of a-tocopherol in AMVN-induced ox- 
idation of  methyl  linoleate. Methyl  linoleate containing 
two different concentrations of a-tocopherol was oxidized 
with AMVN in bulk phase. The reaction was run on two 
different sample sizes (0.20 and 1.0 g). The exchange of 
oxygen between air and oil in the 0.20-g sample may be 
faster than tha t  in the 1.0-g sample because of their dif- 
ferent surface areas (the specific surface areas of the 0.20-g 
and 1.0-g samples were 7.7 and 1.5 cm2/g, respectively). 

TABLE 1 

1H NMR Chemical Shifts of 3a and 3b a 

3a 3b 

0.83-0.88 (m, 15H) 
1.08-2.02 (rm 43H) 
1.21 (s, 3H) 

0.83-0.88 (m, 15H) 
1.07-2.08 (rn, 43H) 
1.21 (s, 3H) 

2.05 (s, 6H) 2.06 (s, 6H) 
2.11 (s, 3H) 2.12 (s, 3H) 
2.29 (t, J = 7.7 Hz, 2H) 2.29 (t, J = 7.7 Hz, 2H) 
2.53 (t, J ---- 6.4 Hz, 2H) 2.54 (t, J = 6.4 Hz, 2H) 
3.65 (s, 3H) 3.65 (s, 3H) 
4.05 (dr, J -- 7.7, 12.8 Hz, 1H) 4.06 (dr, J -- 7.7, 12.8 Hz, 1H) 
5.37 (dr, J -- 7.7, 10.3 Hz, 1H) 5.36 (d~ J -- 7.7, 10.3 Hz, 1H) 
5.64 (dd, J = 8.6, 15.4 Hz, 1H) 5.66 (dd, J = 7.7, 14.5 Hz, 1H) 
5.90 (dd, J = 10.3, 11.1 Hz, 1H) 5.91 (t, J = 11.1 Hz, 1H) 
6.14 (dd, J = 11.1, 15.3 Hz, 1H) 6.15 (dd, J = 11.1, 14.5 Hz, 1H) 

aShifts in parts per million downfield relative to tetramethylsilane. Multiplicities are 
designated by s, singlet; d, doublet; t, triplet; m, multiplet. NMR, nuclear magnetic 
resonance. 
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FIG. 3. Mass spectra of trimethyisilyl derivatives of compounds 3a (A) and 3b (B) after hydroxylation of 
the olefinie bonds by oxidation with OsO 4 and subsequent reduction of the osmates with NazSO 3. 
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FIG. 4. Reaction of a-tocopherol during the 2,2'-azob/s(2,4-di- 
methylvaleronitrile) (AMVN~induced oxidation of methyl linoleate 
containing 0.1 mol% a-tocopherol. Methyl linoleate containing 0.1 
t o o l %  a-tocopherol and 10 tool% AMVN was oxidized in two sam- 
ple sizes in a glass vial; 0.20 g (A) and 1.0 g (B). Residual amounts 
of a-tocopherol ( �9 ) and the reaction products, compound I (b), com- 
pound 2 (m), compound 3 (O) and compound 4 (A), in the reaction 
mixture are shown. 
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FIG. 5. Reaction of a-tocopherol during the 2,2'-azob/s(2,4-dimethyl- 
valeronitrile) (AMVN}-induced oxidation of methyl linoleate contain- 
ing 1 tool% a-tocopherol. Methyl linoleate containing 1 mol% a- 
toeopherol and 10 mol% AMVN was oxidized in two sample sizes, 
0.20 g (A) and 1.0 g (B). Residual amounts of a-tocopherol ( �9 ) and 
the reaction products, compound 1 (&), compound 2 (m), compound 
3 (O), compound 4 (A) and compound 5 (D), in the reaction mixture 
are shown. 

Figure 4 shows the results of a-tocopherol decay and the 
formation of the reaction products during the oxidation 
of methyl linoleate containing 0.1 mol% a-tocopherol. In 
both sample sizes of 0.20 and 1.0 g, the main reaction 
products were 8a-alkylperoxy-a-tocopherones (2). Besides 
a large amount of these compounds, a small amount of 
6-O-alkyl-a-tocopherols (1, 3a and 3b) was formed in the 
1.0-g sample (Fig. 4B). 

Figure 5 shows the results of the oxidation of methyl 
lJnoleate containing 1 tool% o~tocopherol. The loss of a- 
tocopherol was affected by sample size In the 0.20-g sam- 
ple, a-tocopherol had disappeared by 20 h, and the main 
products were 8a-alkylperoxy-a-tocopherones (2) in addi- 
tion to small amounts of 6-O-alkyl-a-tocopherols (1, 3a and 
3b}, dimer {4) and trimer {5) (Fig. 5A}. On the other hand, 
the loss of a-tocopherol was slower in the 1.0-g sample, 
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and the main products were 8a-alkylperoxy-a-tocoph- 
erones (2) and 6-O-alkyl-a-tocopherols (1, 3a and 3b) 
(Fig. 5B). The 1.0-g sample also showed a larger propor ~ 
tion of methyl linoleate dimer; the concentration of methyl 
linoleate dimer in the reaction mixture after 23-h incuba- 
tion was 0.84 mM for the 0.20-g sample and 1.71 mM for 
the 1.0-g sample, respectively. 

DISCUSSION 

a-Tocopherol is very reactive toward a variety of free 
radicals and active oxygen species. For example, 
tocopherol traps free radicals generated from certain free 
radical initiators such as 2,2'-azobis{isobutylnitrfle) (20), 
benzoyl peroxide (21), AMVN {3,6-8) and ter t -butyl  
hydroperoxide (4,5,22-24), and it reacts with alkyl and 
alkoxyl radicals to give alkylated derivatives (10-13). In 
the present study, ~tocopherol trapped alkyl and alkyl- 
peroxyl radicals generated from the AMVN-induced ox- 
idation of methyl linoleate to give 6-O--alkyl-a-tocopherols 
{1, 3a and 3b) and 8a-alkylperoxy-a-tocopherones (2), 
respectively. The 6-O-alkyl-a-tocopherols have been re- 
ported to be the reaction products of a-tocopherol with 
alkyl radicals (10,11,20). We have already reported the 
isolation and characterization of 8a-alkylpemxy-a-tocoph- 
erones as the primary products of a-tocopheroxyl radical 
with methyl linoleate-peroxyl radicals during autoxida- 
tion in bulk phase in the presence of AMVN (9). The dimer 
(4) and trimer {5) of a-tocopherol were also observed in this 
study. The dimers and trimers have previously been 
detected in the autoxidation of methyl linoleate (19). 

The oxidation of methyl  linoleate (LH) initiated with 
AMVN (A-N=N-A) and inhibited by a-tocopherol (TOH) 
in homogeneous solution at  sufficient oxygen pressure 
proceeds by the following reaction sequence (1,2): 
Initiation 

A-N=N-A...-,-2A �9 [1] 

A" + O2-~AOO ~ [2] 

AO0" + LH-~AOOH + L" [3] 

Propagation 

L" + O2-*LOO" 

LO0" + LH~LOOH + L" 

Termination 

2LOO'~stable products 

LO0" + TOH-~LOOH + TO" 

LOO" + TO'-~stable products 

2TO.-~dimer 

In the presence of a-tocopherol, Reaction 7 results in the 
format ion  of hydroperoxide (LOOH) and the  a- 
tocopheroxyl radical {TO'); the latter reacts rapidly and 
irreversibly with a second peroxy radical {LOO') to form 
stable products {Reaction 8) (25). Our results indicate that  

the reaction of peroxyl radicals with a low concentration 
of a-tocopherol under aiPsufficient conditions proceeds by 
Reaction 8 to give the stable products (Fig. 4A). Alter- 
natively, there may be other routes by which some of the 
tocopheroxyl radicals react, e.g., a bimolecular self-re- 
action (Reaction 9). Although Reaction 9 is very slow 
(26,27), dimer and trimer could be formed in the reaction 
mixture containing a large amount  of a-tocopherol 
(Fig. 5A). 

All of the alkyl radicals produced are expected to react 
very rapidly with oxygen (Reactions 2 and 4); the rate con- 
s tant  of the pentadienyl radical with oxygen is 3.2 • l0 s 
M-is -1 (28). When the oxygen pressure is lowered, the 
produced alkyl radicals (A" and L') can react with each 
other or with a-tocopherol as follows: 

2A'(2L')~dimer [10] 

A'(L') + TOH-*AH(LH) + TO" [11] 

A'(L') + TO'-~stable products [12] 

The alkyl radicals produced from AMVN and methyl 
linoleate can at tack the a-tocopheroxyl radical by Reac- 
tion 12 to form 6-O.alkyl-a-tocopherols under nitrogen at- 
mospher~ The formation of 6-O-alkyl-a-tocopherols was 
also observed in the larger sample size reaction mixture 
(Figs. 4B and 5B). Therefore, the supply of oxygen may 
be dependent on the sample size in the reaction vessel. 
Reactions 10 and 11 are competing reactions. If Reaction 
10 is faster, the a-tocopherol should take longer to be con- 
sumed. Our results indicate that  the decay of a~tocopberol 
was lowered and more methyl linoleate dimer was formed 
under ai~insufficient conditions (Fig. 5B). Thus, reactions 
of alkyl radicals with a-tocopherol may be slower than the 
reactions of the peroxyl radicals. 
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A tandem mass spectrometric method is described for the 
rapid analysis of fatty acid combinations in mixtures of 
triacylglycerols. Triacylglycerois were introduced into a tri- 
ple quadrupole mass spectrometer v/a a direct exposure 
probe and deprotonated using ammonia negative ion chem- 
ical ionization. Collisionally activated spectra were ob- 
tained and the resulting fragments used to identify the fat- 
ty acid constituents, and the fatty acids preferentially 
located at the sn-2 position of the triacylglycerols. Fou~ 
teen major molecular weight species of purified triacyl- 
glycerols of a supercritieal fluid extract of low erucic acid 
turnip rapeseed oil (Brassica campestris) were analyzed. 
The five major combinations of fatty acids comprised two 
thirds of the total triacylglycerois and contained oleic, 
linoleic and a-Unolenic adds with linoleic acid favoring the 
sn-2 position. 
Lipids 28, 207-215 (1993). 

Mass spectrometry has been widely used to analyze the 
number of carbon atoms and double bonds of constituent 
fatty acids in natural mixtures of triacylglycerols (TAG). 
Electron impact-mass spectrometry (EI-MS) produces M +. 
and [M--18] +. ions, as well as many other characteristic 
fragment ions, eg., [RCO] +-, [RCO + 74] +., [RCO + 128] +-, 
[M - RCO~H] +., [M - RCO~] +. (1,2) and [RCO + 128 + 
14n] +. (3). This latter ion series has been used with deu- 
terium labelling of unsaturated linkages (4) in order to dete~ 
mine the position of double bonds in TAG (3). EI-MS has 
been used to determine the molecular weight distribution 
of TAG isolated from several edible fats and oils (5). 

Murata and Takahashi (6) used positive ion chemical 
ionization-mass spectrometry (PICI-MS) to analyze several 
oils, including rapeseecL The intensity of the quasimolecular 
ion [M + NH4] + was shown to be typically 20 times higher 
than that of the molecular ion in EI-MS. Schulte et aL (7) 
developed improvements for the analysis of solid fats by 
summing a number of mass spectra during the evaporation 
of the sample into mass spectrometer. This method corrected 
for the varying volatilities of the TAG. Field desorption (8) 
and fast atom bombardment (9) have also been applied to 
the analysis of TAG, but quantitative information was dif- 
ficult to obtain and required rigorous calibration. 

*To whom correspondence should be addressed. 
1Present address: CA Institute of Technology, Division of 
Biology, Pasadena, California 91125. 

Abbreviations: ACN, acyl carbon number; CA, coUisional activation; 
DB, number of double bonds; El-MS, electron impact-mass spec- 
trometry; FA, fatty acid; GC, gas chromatography; GC/MS, gas 
chromatography/mass spectrometry; HPLC, high-performance liquid 
chromatography; LC/MS, liquid chromatography/mass spectrometry; 
LEAR, low erucic acid rape; MSfMS, tandem mass spectrometry; MW, 
molecular weight; NICI, negative ion chemical ionization; PICI, 
positive ion chemical ionization; SFC, supercritical fluid 
chromatography; TAG, triacylglycerols. 

Various chromatographic interfaces have been used with 
mass spectrometers in the analysis of TAG mixtures, ag., 
gas chromatography (GC)/MS (10-13), reversed-phase liquid 
chromatography (LC)/CI-MS (14-19) and supercritical fluid 
chromatography (SFC)/MS (20-22). 

In natural fats and oils all three positions in TAG may 
be unique, which is of physiological importance Therefore" 
in the analysis of TAG it is important to know the locations 
as well as the combinations of the fatty acids (FA). Ryhage 
and Stenhagen (1) showed that differentiation between the 
FA at positions sn-2 and sn-1/3 was possible in EI-MS by 
measuring the ions [ M -  RCO2CH2] +'. This method has 
been used in conjunction with on-line capillary SFC/MS (22). 

The most common methods used for stereos pecific ana- 
lyses of triacyl-sn-glycerols (23) are still based on the prin- 
ciples developed by Brockerhoff (24,25). The methods allow 
the direct analysis of the fatty acids at positions sn-1 and 
sn-2. The fatty acid at position sn-3 is then calculated. 
Several useful modifications of this method have been 
developed, such as that of Lands et aL (26), who replaced 
the chemical phosphorylation step by specific enzymatic 
phosphorylation of the 1,2-diacyl-sn-glycerols. The methods 
and their applications have been extensively reviewed by 
several authors (25-28). There are, however, some difficulties 
in the stereospecific analyses using enzymes. For example, 
enzymatic hydrolysis is not always independent of the chain 
length and number of double bonds (28), and the possibili- 
ty of acyl migration during the numerous analytical steps 
must also be taken into account. However, these limitations 
usually have to be accepted when the goal is to perform a 
stereospecific analysis of natural fats and oils. Nearly all 
the analyses over the last quarter of the century have been 
carried out either by analyzing the original TAG mixtures 
or simplified mixtures obtained by silver ion chromatog- 
raphy or other fractionation procedures. Only rarely have 
stereospecific analyses (28,29) been performed on pure 
"natural" TAG isolated by chromatographic methock In the 
stereospecific analyses of TAG mixtures, enantiomer calcula- 
tions are typically based on various random distribution 
assumption~ In oil seeds, a "l,3-random-2-random" distribu- 
tion model has been commonly accepted since the studies 
of vander Wal (30) and Coleman (31). This distribution model 
assumes the positions sn-1 and sn-3 to be identical However, 
such distribution models can only be considered as approxi- 
mations. 

Tandem mass spectrometry (MS/MS) is a useful tech- 
nique for the characterization of individual components in 
mixtures of analyte~ The combination of ammonia negative 
ion chemical ionization (NICI) and collisional activation (CA) 
of selected molecular ions is an effective MS/MS method 
for the analysis of TAG mixtures (32-33}. Recently, the 
research group of Henion (34) has introduced an MS/MS 
method based on electrospray and [M + NH4] + quasimo- 
lecular ions. This MS/MS method allowed the fatty acid 
combinations within a TAG to be identified. 
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In this paper we describe details and applications of a sen- 
sitive ammonia NICI-MS/MS method to analyze TAG. This 
method allows the combinations of FA within a TAG to be 
determined and to distinguish between the fatty acids at 
positions sn-2 and sn-1/3. The method is applied to the cha~ 
acterization of TAG derived from low erucic acid turnip 
rapeseed oil (LEAR). 

MATERIAL A N D  M E T H O D S  

Turnip rapeseed oil LEAR (Brassica campestris, double 
zero-variety "Kova") was cultivated in Southwest Finlan& 
Ripe seeds were dried to 5% moisture level and ground 
on a spice mill with cutting blades. Extraction of the seed 
oil was performed with chromatography-grade super- 
critical carbon dioxide at 60~ and 45 MPa (Suprex 
SFE/50, Suprex Corp., Pittsburgh, PA} (35). The extract 
was purified by silicic acid chromatography and the lipid 
fraction dissolved in chloroform (5 mg/mL) and sealed 
under nitrogen. 

Triacylglycerol standards. Reference compounds pur- 
chased from Sigma (St. Louis, MO) included: tri-(all- 
cis-5,8,11,14-eicosatetraenoyl)glycerol (20:4-20:4-20:4), 
1,2-dioctadecanoyl-3-hexadecanoyl-rac.glycerol 
(18:0-18:0-16:0), 1-hexadecanoyl-2-(cis-9-octadecenoyl)-3- 
octadecanoyl-rac-glycerol (16:0-18:1-18:0), 1,2-dioctade- 
canoyl-3-(cis-9-octadecenoyl)-rac-glycerol (18:0-18:0-18:1), 
1,3-dioctadecanoyl- 2-(cis-9.octadecenoyl)glycerol 
(18:0-18:1-18:0), 1,2-di-(cis-9-octadecenoyl)-3.hexadecanoyl- 
rac-glyceroI (18:1-18:1-16:0), 1,3-di-(cis-9-octadecenoyl)- 2- 
hexadecanoylglycerol (18:1-16:0-18:1), 1,2-di-(cis-9.octade ~ 
cenoyl)-3-octadecanoyl-rac-glycerol (18:1-18:1-18:0) and 
1,3-di-{cis-9-octadecenoyl)-2-octadecanoylglycerol 
(18:1-18:0-18:1). Pure TAG fractions (95-100%) from even- 
ing primrose oil had combinations 18:3-18:2-18:2, 
18:3-18:3-18:2 and 16:0-18:3-18:2. These fractions were 
analyzed by MS/MS to determine correction factors for 
18:2 and 18:3 FA. Correspondingly, the saturated human 
milk TAG fraction of molecular weight 806.7 consisted 
mainly of TAG 14:0/16:0/18:0 and 16:0/16:0/16:0, and was 
used to obtain the correction factor for the 14:0 fatty acid. 

Fatty acid analysis. The fatty acid methyl esters were 
prepared by transesterification in BFs/CH3OH (36,37) 
and stored in dried hexane at -18~ under nitrogen. The 
methyl esters were analyzed by capillary gas chromatog- 
raphy/mass spectrometry (35). 

Mass spectrometric analysis. Negative ion spectra and 
tandem mass spectra were obtained on a Finnigan MAT 
(San Jose, CA) TSQ-70 equipped with a combined EI/CI 
ion source with removable ion volumes. Negative ions were 
produced with ammonia CI. Ammonia was introduced in- 
to the ion source at an ion source pressure of approximate- 
ly 8200 millitorr. The ion source temperature was 215 ~ 
electron energy was 70 eV; emission current was 300 ~A. 
Xenon was used as the collision gas in the collision quad- 
rupole, at a pressure of approximately 1.5 millitorr. The 
offset for the collision quadrupole was 14 eV relative to 
the ion source. In a typical experiment, the TAG (1 ~g) 
dissolved in dichloromethane (1 ~L) was placed at the end 
of the standard direct exposure probe, the solvent was 
evaporated and the probe was introduced directly into the 
ion source. The analysis was started and the temperature 
of the probe was increased to 310~ at a rate of 300~ 
(the maximum heating rate of the probe). Daughter ion 

spectra were obtained by selecting the [ M -  H]- 
molecular ions with the first quadrupole mass spec- 
trometer, collisionally activating these ions in the second 
quadrupole and scanning the third quadrupole from 50 
amu to just above the [M - H]- ion. Spectra were ac- 
quired over a period of three minutes with a scan time of 
eight seconds. The first and last spectra were ignored and 
the remaining spectra were averaged and displayed. When 
the relative proportions of the [M - H]- ions were used 
for quantitative comparisons, corrections were made for 
the 13C isotope content of the ions. 

Combinations of FA in TAG. The type and ratio of FA 
within each molecular weight fraction of TAG were deter- 
mined by obtaining daughter ion spectra of the correspon- 
ding [ M -  H]- ions. However, in order to analyze the 
proportions of the fatty acids within each molecular 
weight group, molar correction factors based on the abun- 
dances of the RCO~- ions were required. The correction 
factors for fatty acids were determined from the inten- 
sities of RCO2- ions of TAG standards. The factor 1.0 
was given to octadecanoic acid and the other correction 
factors determined were: 14:0 = 1.3, 16:0 --- 1.1, 16:1 = 1.5, 
18:1 = 1.3, 18:2 = 1.6 and 18:3 = 1.9. 

RESULTS A N D  D ISCUSSION 

MS analysis of reference compounds. Ammonia under 
chemical ionization conditions produces the reagent ion 
H2N- which is a powerful gas phase base {38,39) capable 
of deprotonating most organic substrates, including 
ketones and esters. TAG are deprotonated on the carbon 
a to the carbonyl group. Figure 1 and Table 1 list the par- 
tial, CA daughter spectra of [M - HI- ions derived from 
standard TAG. The most obvious feature of these spec- 
tra are their simplicity, with only four distinct groups of 
ions dominating the spectra, i.e., [ M -  H-RCO~H]- 
(very low intensity), [M - H-RCO2H-74]-,  [M - H -  
RCO2H-100]- and RCO2-. An exception was the spec- 
trum of the dodeca-unsaturated tri-(all-cis-5,8,11,14-eico- 
satetraenoyl)-glycerol (triarachidonoylglycerol), which 
showed a number of additional fragmentations (Fig. lc). 
This increase in fragmentations of triarachidonoylglycerol 
may be explained by the formation of a competing 
[M - H]- molecular ion. The competing ion is formed by 
deprotonation a to one of the double bonds on a fatty acid 
substituent, such as a. 

0 
R'CO2 ~ O  - -  - - -  R" 
R'"CO2 I 

H 

CA of this ion results in additional fragmentations and 
increased complexity in the spectra of highly unsaturated 
TAG. Fortunately, in many edible fats and oils, most of 
these additional fragmentation processes are minor and 
do not seriously interfere with the sensitivity or the 
specificity of the technique 

Examination of the data presented in Table 1 reveals 
that  the production of [ M -  H--RCO2H]-, [ M -  H1-  
RCO2H-74]- and [M - H-RCO2-100]- occurs primari- 
ly with the loss of the fatty acids from position sn-1/3. 
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FIG. l.  Collisionally activated daughter spectra of the [M ~ HI-  
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1,2-distearoyl-3-oleoyl-rac-glycerol (18:0-18:0-18:D; and C, 
triarachidonoylglycerol (20:4-20:4-20:4). 

Again, as an exception, the [M - H-RCO2H-74] -  ion, 
which is a minor fragmentation in most spectra, is a ma- 
jor fragmentation in the spectrum of triarachidonoylgly- 
cerol. 

The intensities of the RCO2- fragment ions also de- 
pend strongly on the composition of the TAG. Altogether, 
there are three compositional factors that affect the for- 
mation of RCO2-, namely (i) the number of double bonds 
on the FA substituent, (ii) the FA chain length and (iii) 
the regiospecific position of the fatty acid substituent. The 
formation of RCO~- seems to occur through a number of 
fragmentation mechanisms occurring at different rates. 
Some of these fragmentation processes are specific to the 
sn-1/3 carbons. This can be seen when the abundance of 
the RCO2- ions from the MS/MS spectrum of 1-palmi- [-. 
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FIG. 2. Plot of RCO 2- abundances from negative ion chemical 
ionizat ion  co l l i s ional ly  ac t iva ted  daughter  spectra  of 
1-palmitoyl-2~leoyl-3-stearoyl-rac-glycerol, showing variation in abun- 
dances with different collision energies. 
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FIG. 3. Ratio of the ions [M -- H -- B -- 100]-I[M -- H -- A -- 100J- 
in daughter spectra of binary mixtures of triacylglycerols of type 
A-A-B and A-B-A. A and B represent different fatty acids at regio- 
specific locations, Le., sn-ll3 and sn-2. Measurements were based on 
the intensities of the [M -- H -- RCO2H -- 100]- fragment ions. The 
squares represent the empirical correlation determined using mix- 
tures of known ratios of reference compounds listed in Table 1. The 
triangles show the theoretical curve if no [ M -  H -  R C O z H -  
100]- ions concerning the fatty acid at position sn-2 were formed. 

toyl-2~leoyl-3-stearoyl-rac-glyceml are plotted at different 
collision energy (Fig. 2). The results in Figure 2 indicate 
that  the formation of RC02- from position sn-2 has dif- 
ferent energy requirements than the formation of RCO2- 
from position sn-1/3. Therefore, some or all of the RCO2- 
ions from the sn-2 position must be formed by a different 
fragmentation mechanism. In order to minimize this ef- 
fect, it is essential to hold the collision energy at a fixed 
value that  preferably does not discriminate against the 
sn-2 fragment. The other factor affecting the formation 
of RC02- is the number of double bonds and the chain 
length. MS/MS results from racemic reference TAG com- 
pounds, and other TAG mixtures show that RCO2- ions 
with double bonds are consistently underestimated. The 
discrimination between unsaturated FA and FA of dif- 
ferent chain lengths may be corrected by obtaining cor- 
rection factors from reference TAG. It  is also important 
to obtain the correction factors at the same collision 
energy with which the oil samples will be analyzed. 

Information about regiospecific positions of fatty acids. 
The data in Table 1 and Figures la and lb  show that 
the formation of the ions [M - H-RCO2H]-,  [M - H- 
RCO2H-74]- ,  and [ M -  H - R C O ~ H - 1 0 0 ] -  in the 
MS/MS spectra of TAG occurs in from little to none of 
the sn-2 fatty acid. These ions can therefore be used to 
determine the fatty acid located at sn-2 position. It is con- 
venient to use the [M - H-RCO2H-100]-  ion for this 
purpose, as it is the most abundant fragment, thus in- 
creasing the sensitivity of the technique 

In a simple, two FA system, the mixture of TAG may 
be considered to consist of TAG rac-A-A-B and A-B-A. A 
and B in these systems represent FA at different regio- 
specific locations; e.g., in the system A-B-A, fatty acid B 
is at the sn-2 position. In order to determine the possibili- 
ty of accurately calculating the regiospecificity in a TAG 
system of this type, the ratio of the MS/MS fragment ions 
[ M -  H - B - 1 0 0 ] - / [ M -  H - A - 1 0 0 / -  from mixtures of 
TAG of the type A-A-B and A-B-A were compared. It  was 
found in pure TAG systems of A-A-B and A-B-A that  the 
ratio of the intensities [M - H-B-100] - / [M - H - A -  
100/- were (A-A-B) 0.784 +_ 0.015 and (A-B-A) 0.145 _+ 
0.016, respectively. These ratios were obtained regardless 
of the fatty acid combinations (Table 1). The different 
combinations of the binary mixture A-A-B and A-B-A 
showed an increase in the ratio of [ M - H - B -  
100]-/[M -- H - A - 1 0 0 ] -  in going from 100% A-B-A to 
100% A-A-B, as seen in Figure 3. This result indicates that 
in simple mixtures it is possible to determine not only 
whether the mixture consists of different regioisomeric 
TAG, but also the ratio of the isomers. There are a number 
of possibilities why some of the [M - H-RCO~H-100]-  
is formed from the fatty acid at sn-2 position. These are: 
(i) rearrangement of the samples via acyl migration oc- 
curred during volatilization into the MS; (if) the reference 
compounds were not pure isomers or; (iii) a small amount 
of [M -- H--RCO2-100]- is produced from the sn-2 fat- 
ty  acid. Although we were unable to discount any one of 
these possibilities, experiments with different probe heat- 
ing rates suggested that  some acyl migration occurs dur- 
ing volatilization. 

Analysis of turnip rapeseed oil. The fifteen major FA 
from the purified turnip rapeseed oil TAG analyzed as 
methyl esters by GC/MS are listed in Table 2. Only seven 
of the fatty acids exceeded 1% of the total fat ty acids in 
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TABLE 2 

Proportions of the Major Fatty Acids of Triacylglycerols (TAG) 
in the Turnip Rapeseed Oil, Variety "Kova" 

Relative abundance, 
mol% 

Peak number (GC) Fatty acid G C / M S  MS/MS a 
1 14:0 0.1 trace 
2 16:0 3.4 5.0 
3 16:1n-7 0.2 0.6 

16:2 -- trace 
4 18:0 1.5 3.5 
5 18:1n-9 54.9 

50.0 
6 18:1n-7 2.7 
7 18:2n-6 22.1 27.8 
8 18:3n-3 12.7 12.2 
9 20:0 0.4 0.1 

10 20:1n-9 1.0 0.4 
11 20:2n-6 0.1 trace 
12 20:3n-3 0.2 -- 
13 22:0 0.2 trace 
14 22:1n-9 0.3 trace 
15 24:0 0.2 -- 
aRepresents TAG of the fourteen molecular weight species analyzed. 

Corrected due to 13C species in NICI-MS and due to varying chain 
lengths and number of double bonds of the fatty acids in the col- 
lisionally activated daughter spectra. Abbreviations: GC, gas chro- 
matography; NICI-MS, negative ion chemical ionization-mass 
spectrometry. 

the TAG mixture. The most  abundant  were cis-9-octade ~ 
cenoic (oleic, 18:1n-9), cis, cis-9,12-octadecadienoic (linoleic, 
18:2n-6) and all-cis-9,12,15-octadecatrienoic (a-linolenic, 
18:3n-3) acids. I t  is noteworthy tha t  the content  of cis- 
13-docosenoic (erucic, 22:1n-9) acid was below 1%. The ma- 
jor saturated fa t ty  acids were palmitic (16:0), stearic (18:0) 
and eicosanoic (20:0) acids. Characterization of turnip 

rapeseed oil fa t ty  acids, the acyl carbon number  profile 
and the molecular weight distr ibution of TAG from the 
var ie ty  "Kova" during the growing period and matura- 
tion have been reported elsewhere (35). The major f a t ty  
acids in "Kova" have been shown to be practically iden- 
tical with the L E A R  cultivars "Janpol"  (40) and "Can- 
dle" (41). The cultivar "Tower" contains more oleic (64%) 
and less erucic acid (0.08%) than  the other  varieties (41). 
Details of the minor fa t ty  acids in the low erucic varieties 
"Span" and "Tower" have been extensively studied by 
Sebedio and Ackman (42). 

An NICI  mass spectrum of the TAG from turnip rape- 
seed oil ("Kova") is shown in Figure 4. The five clusters 
in the spectrum correspond to [M -- HI-  ions of ACN 50, 
52, 54, 56 and 58. The major clusters were ACN 54 and 
ACN 52 and comprised 76 and 18% of the total ion count, 
respectively. Daughter  spectra were obtained from the 
fourteen [M - H] -  ions numbered in Figure 4. Results of 
the mass spectrometry analyses of turnip rapeseed oil are 
listed in Table 3. 

The proportions of the MW fractions (878.7-884.7 Da) 
of ACN 54 were consistent with earlier results derived 
from ammonia PICI-MS (35). The deviations between the 
PICI  results and the NICI results may occur as a result 
of the PICI  data  being corrected for 13C isotope content, 
fa t ty  acid chain lengths and the number of double bonds. 
In contrast,  the NICI  data  were only corrected for the 
13C isotope content. The ratios of FA within an MW frac- 
tion were calculated directly from the abundances of the 
RCO2- ions in the daughter spect ra  Quantitative correc- 
tion factors were then applied to the RCO=- ion abun- 
dances to correct for the discrimination in the detection 
of the different FA (TAble 3). The total FA profile of the 
TAG analyzed by both GCEMS as methyl esters and direct- 
ly by MS/MS is shown in Table 2. Only the most  abun- 
dant  MW species of the minor ACN clusters were aria- 
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FIG. 4. Ammonia negative ion chemical ionization mass spectrum of purified triacylglyceroi fraction from 
a supercritical fluid extract of turnip rapeseed oil, variety "Kova". 

LIPIDS, Vol. 28, no. 3 (1993) 



2 1 2  

H. KALLIO A N D  G. CURRIE 

0 

0 ,-.~ 0 

r 

OO ~ OO L~ L-'3 

OO O0 OO O0 OO 

r L.'3 ~ 03 r 

r ~; -,6 oo 
03 L~ L-~ LO 
OO OO O0 OO OO 

r 

~ oo 

oO oO 

o6 r 
r oO 
oo o~ oo 

L-'3 

LIPIDS,  VoI. 28, no. 3 (1993) 



TURNIP RAPESEED OIL ANALYSIS BY MS/MS 

2 1 3  

~- o~ r ~ r  

r o', 

.,~ o3 

u3 

t ~- ~ ~-  

O0 O0 O0 
O0 O0 O0 

r r 

O0 O0 O0 
O0 O0 O0 

O0 

CO 
r 

< 

0 

0 ~,..., 

8~ 
~ , . - ,  

,.~ r 

.,=~ 

[.-, r..) 

t..; 

0 

(.9 
.<  

o 

eq 

o 

~ 

C. 

Q) 

o 
,'0 

== 

" 0  

r 

0 

"F> 

LIPIDS, Vol. 28, no. 3 (1993) 



214 

H. KALLIO AND G. CURRIE 

lyzed by MS/MS, whereas the GC/MS analysis represents 
the total oil. All the major fatty acids identified by GC/MS 
as their methyl esters (Table 2) are represented in the TAG 
combinations identified by MS/MS (Table 3). Discrepan- 
cies between the two methods of analysis are found for 
eicosatrienoic (20:3n-3) and tetracosanoic {24:0) acids, 
which are not detected in the MS/MS analysis. I t  is like- 
ly that these two fatty acids were present in the minor 
TAG of clusters ACN 56-60, which were not analyzed by 
MS/MS. Hexadecadienoic acid (16:2), which comprised 
less than 0.01% of the total FA, was found by MS/MS in 
the MW fraction 852.7 Da. Each of the 14 MW species 
of TAG fraction analyzed were composed of 3-10 FA of 
various MW and number of double bonds. The MS/MS 
method was not able to distinguish between the positional 
isomers of double bonds of unsaturated fatty acids. The 
GC/MS results from the rapeseed FA methyl esters in- 
dicate that the only two FA in which this would cause a 
practical problem were 18:1n-9 and 18:1n-7. 

The MS/MS spectra showed that  most MW fractions 
consisted of mixtures of TAG. This restricted the ability 
to evaluate the regiospecific positions of fatty acids in the 
triacylglycerols. Nevertheless, it was possible to determine 
that in many TAG certain FA were preferentially (:>67%) 
located at the sn-2 position, and these are labelled with 
superscript e in Table 3. 

The major ion in the cluster ACN 50 {Fig. 4) correspond- 
ed to TAG of molecular weight 830.7 Da and was a mix- 
ture of 16:0/16:0/18:2 (62%), 16:1/16:0118:1 (24%) and 
14:0/18:1/18:1 (14%). Linoleic acid occupied more than 75% 
of the sn-2 position of the major TAG 16:0/16:0/18:2. The 
second biggest [M - H]- cluster in the NICI spectrum 
was ACN 52, which accounted for 18% of the total ion 
current. Four MW fractions from this cluster were anal- 
yzed further by MS/MS. These MW fractions contained 
TAG with two to five double bonds and from four to six 
different fatty acids. Two abundant TAG, 16:0-18:3-18:2 
and 16:0-18:2-18:1, had linoleic acid preferentially at posi- 
tion sn-2. The major TAG of MW 858.7 Da was 
16:0-18:1-18:1 (91%) and had 18:1 preferentially at the sn-2 
position. The most abundant TAG cluster was ACN 54 
(Table 3 and Fig. 4), which comprised close to 80% of tur- 
nip rapeseed oil TAG. TAG 18:3/18:2/18:1 and 
18:2/18:2/18:1 represented over 20% of all the TAG in the 
seed oil, and the regioisomers 18:3-18:2-18:1 and 
18:2-18:2-18:1 containing linoleic acid at sn-2 position, 
clearly dominated. The TAG of molecular weight 886.7 Da 
(ACN 54, 2 DB) consisted predominantly of FA combina- 
tions 18:1-18:1-18:0 (94%) and 18:2-18:0-18:0 {6%). There al> 
peared to be a preference for 18:0 at the sn-2 position in 
the combination 18:1-18:1-18:0, i.e., TAG sn-18:1-18:0- 
18:1 dominated. This is an interesting detail from a nutri- 
tional point of view, as the saturated sn-2-monoacylgly- 
cerols derived from these TAG have special melting and 
solubility properties {43,44). The MW species of 910.8 Da 
(ACN 56, 4 DB) contained six fatty acids. The major TAG 
of this MW was 18:2-18:1-20:1, which mainly occurred as 
the regioisomer 18:1-18:2-20:1. The ACN cluster 58 was 
extremely small due to the low erucic acid 122:1n-9) con- 
tent of the "Kova" seeds. The major TAG fraction of ACN 
58 had MW 940.8 Da and three double bonds. The com- 
plexity of this fraction prevented any regiospecificity from 
being determined. 

Altogether, 44 different FA combinations of TAG were 

identified in the "Kova" variety, of which more than half 
existed in trace amounts (<1%). Results of the LEAR 
variety "Janpor' (40) based on GC analysis of FA, silver 
ion thin-layer chromatographic analysis of TAG and pan- 
creatic lipase hydrolysis of the FA at positions sn-1 and 
sn-3 showed that linoleic acid preferentially occupies posi- 
tion sn-2 in several major TAG species. The same trend 
was reported earlier by Sergiel (45), although his results 
lacked information on specific triacylglycerols. The cur- 
rent status of LEAR varieties is summarized in detail by 
Ackman 129). The results obtained by NICI MS/MS are 
consistent with those of Zadernowski and Sosulski {40) 
with a few minor exceptions; namely, the major TAG 
source of stearic acid in "Kova" was 18:1/18:1/18:0 in 
which the saturated stearic acid preferentially occupied 
the sn-2 position. The MS/MS method also identified the 
TAG 18:2/18:2/18:2 to be present as 2-3% of the total TAG 
in "Kova off" 

CONCLUSIONS 
The MS/MS method applied in this paper gives the op- 
portunity to separate triacylglycerels with one dalton (m/z) 
resolution at the first quadrupole mass analyzer. The 
[ M -  H]- molecular ions may then be structurally 
characterized by a second mass analyzer. The advantages 
of the method developed include: (1) the sensitivity of the 
method (typically at subnanogram range of an individual 
TAG molecule); (ii) the method is extremely fast, e.g., the 
time to characterize one MW fraction takes 10-15 min; 
(iii) the different MW species of TAG may be separated 
without any chromatographic steps; and (iv) the fatty acid 
combinations of each TAG and their regiospecific loca- 
tions can be identified. The method does not replace the 
commonly accepted stereospecific analyses based on en- 
zymatic hydrolysis, nor does it make the current chro- 
matographic methods less valuable than they are today. 
However, the method may supplement the common 
methods of analysis and may be used as the first step in 
the characterization of TAG mixtures. At its present stage 
of development there are some limitations in its use. in- 
cluding:, li} the isomers of fatty acids {positions of double 
bonds, branching) cannot be distinguished; (ii) discrimina- 
tion between the FA at positions sn-1 and sn-3 is not possi- 
ble; and (iii) in complex TAG mixtures extraction of the 
sn-2 information is difficult or perhaps even impossible. 

In the future, some of these limitations, including the 
difficulty of the MS/MS method in determining the sn-2 
fatty acid in complex MW fractions, may be overcome by 
interfacing chromatographic procedures to the MS/MS 
system, e.g., argentation high-performance liquid chro- 
matography (46,47) or SFC (22,48). Other areas in which 
the method may prove useful are in on-line process con- 
trol in the edible oil, dairy and pharmaceutical industries 
(32,33). The method is also applicable in enzyme method- 
ology, when studying the regiospecificity of enzymes or 
in research on human nutrition and clinical applications. 
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Human milk triacylglycerois (TAG) were analyzed by am- 
monia negative ion chemical ionization tandem mass spec ~ 
trometry. The deprotonated molecular ions of triacylgly- 
cerols were fractionated at the first mass spectrometry 
(MS) stage. Twenty-nine of the deprotonated TAG ions were 
further analyzed based on their collisionally activated (CA) 
spectra. The tandem MS analysis covered eleven major 
acyl carbon number fractions, two of which contained odd 
carbon number fatty adds. Fatty acids of 28 different 
molecular weights were recorded from the daughter spec ~ 
tra. Hexadecanoic acid was present in all CA spectra, o~ 
tadecenoie acid in the CA spectra of all mono- and higher 
unsaturated TAG, and octadecadienoic acid in the CA spec- 
tra of all di- and higher unsaturated TAG. The major fat- 
ty acid combinations in triacylglycerols were: with 0 dou- 
ble bonds (DB), 12.~/12.@/16.~, with 1 DB, 12~/16.@/18:1; with 
2 DB, 16:0/18:1/18:1; with 3 DB, 16:0/18:2/18:1; with 4 DB, 
18:2/18:1/18:1; and with 5 DB, 18:2/18:2/18:1; hexadecanoic 
acid typically occupied the sn-2 position. The most abun- 
dant TAG was shown to be sn-18:1-16:(~18:1, comprising 
about 10% of all triacylglycerois. 
Lipids 28, 217-222 (1993). 

Triacylglycemls (TAG) comprise 98% of the total lipids in 
both human and cow milk (1). A thorough investigation of 
the molecular structtLres in the highly complex pool of trio 
acylglycerols of human milk requires stepwise application 
of analytical procedures: (i) for the separation according to 
molecular weights and acyl carbon numbers; (ii) for the frac- 
tionation of each molecular weight cluster according to dif- 
ferent fatty acid combinations; and (iii) for the analysis of 
the fatty acids in individual stereospecific positions. Mass 
spectrometry {MS) to complement chromatographic and en- 
zymatic methods has been applied successfully (2-5). Free- 
man et aL (2) and later Kuksis and colleagues (6-8), as well 
as Weber et at (9), have used chromatographic and mass 
spectrometric techniques to determine in detail the composi- 
tional and structural characteristics of human milk triacyl- 
glycerols. 
Studies on human milk lipids have been exhaustively 

reviewed by Lammi-Keefe and Jensen (10), Davies et cd (11) 
and Jensen (12). In 1965, Freeman et aL (2) showed that in 
the triacylglycerols of human milk, n-hexadecanoic acid is 
typically located at the sn-2 positiom According to Brecken- 
ridge et at (7) the major acyl carbon number (ACN) species 
of human milk are, in descending order of abundance~ ACN 
52, 50, 54, 48, 46, 44, 56 and 42, although abundances 

1Current Address: Division of Biology, 139-74, California Institute 
of Technology, Pasadena, CA 91106. 

*To whom correspondence should be addressed. 
Abbreviations: ACN, acyl carbon number, CA, coUisional activation; 
DB, double bonds; FA, fatty acid; GC, gas chromatography; HPLC, 
high-performance liquid chromatography; MS, mass spectrometry; 
MS/MS, tandem mass spectrometry; MW, molecular weight; NICI 
MS, negative ion chemical ionization mass spectrometry; TAG, 
triacylglycerols. 

may vary slightly depending on the days postpartum 
(9,13-15). Close to 100 TAG species have been identified in 
human milk so far (9). 

The aim of this work was to apply a rapid tandem mass 
spectrometric method using ammonia negative ion chemical 
iormzat~on (16,17) to human milk triacylglycero]s in order to 
identify the most abundant fatty acid combinations in TAG. 
Information concerning the fatty acy] groups located pre- 
ferentially at the sn-2 position also was obtained using the 
tandem mass spectrometry (MS/MS) metho<L 

MATERIALS AND METHODS 

H u m a n  milk  triacylglycerols. A sample of milk was ob- 
tained from a young Australian mother 1 day postpartum. 
Lipids were extracted according to the method of Bligh 
and Dyer (18) using CHC13/MeOH. 

Tandem mass spectrometric analysis. The lipid fraction 
of human milk was dissolved in dichioromethane (ca. 1 
mg/mL), and 1 ~L of this mixture was placed in an alumi- 
num crucible located at the end of the standard direct in- 
sertion probe of a Finnigan MAT (San Jose  CA} TSQ-70 
triple quadrupole mass spectrometer. The negative ion 
chemical ionization mass spectra of TAG were acquired 
using ammonia as the reagent gas, and the collisionally 
activated (CA} daughter spectra of the deprotonated TAG 
were obtained using argon as the collision gas {17). The 
method, its mass spectral basis and its applicability have 
been described in more detail previously {17,19}. 

The CA daughter spectra of the [M - H]-  ions con- 
sisted of two main fragment ion clusters, namely RCO2- 
and [ M -  H -  RCO2H-100]- {17,19}. These fragment 
ions were used to deduce the structure of the [M - H)- 
ion and thus of the TAG molecule{s). The proportions of 
fatty acids within the deprotonated TAG of each parent 
ion were calculated according to the intensities of the 
RCO2- ions corrected by empirical molar correction fac- 
tors. The loss of the (RCO2H + 100) fragments from the 
[M - H I -  ion in a CA daughter spectrum was used to 
obtain information regarding the fatty acyl groups at the 
sn-2 position, as shown previously {17,19). 

RESULTS AND DISCUSSION 

The triacylglycerols of human milk were deprotonated in 
the gas phase using ammonia negative ion chemical 
ionization (NICI). The individual deprotonated molecular 
weight fractions, [M - H]-, were selected one by one us- 
ing the first quadrupole mass spectrometer of the TSQ-70 
instrument. This method allowed the separation of TAG 
species of human milk by mass with a practical resolu- 
tion of 1 amu. The aim and goal of this NICI MS stage 
was analogous to currently available chromatographic 
techniques common])" used prior to single stage MS anal- 
ysis. Mass spectral separation of the [M - H]- ions is, 
however, more efficient than is currently practical by 
chromatographic techniques. The [M - H]-  ions chosen 
were then collisionally activated in the second quadrupole 
with argon, and the mass spectrum of the fraction was 
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obtained by scanning with the third quadrupol~ No selec- 
tivity according to chemical or physical properties other 
than molecular weight was noted by MS. 

Any signal corresponding to an [M - H]- ion would 
also contain some ions which originate from TAG having 
two ~3C atoms randomly distributed in their carbon skel- 
eton but containing one additional double bond in their 
fatty acyl residues. The proportions of these isotopic con- 
tributions were subtracted from the [ M -  H]- parent 
ion. The corrected values for the even ACN TAG are sum- 
marized in Figure 1. 

The major [M - H]- cluster in the NICI mass spec- 
trum (Fig. 1) was ACN 52 (isotope-corrected proportion, 
23%) followed by ACN 46-50 {ca. 16% eachj, ACN 44 
{11%), ACN 42 (7%), ACN 40 {5%}, ACN 54 (5%) and ACN 
38 {3%}. The corrected proportions of the saturated, mono- 
enoic, dienoic, trienoic, tetraenoic and pentaenoic TAG 
were 14, 38, 30, 14, 4 and 1%, respectively (Fig. 1). 

The specific responses of [M - H]- ions which varied 
according to their molecular weights were not taken into 
account in Figure 1 due to lack of proper correction fac- 
tors. It was recognized that  the lowest molecular weight 
areas were always overestimated in ammonia NICI MS 
when compared with the high mass range. The differing 
volatilities of triacylglycerols, which differ according to 
molecular weight, were therefore taken into account by ac- 
quiring the NICI spectra over a wide range and by averag- 
ing the spectra (17). Both the proportions of ACN species 
and of TAG with different degrees of unsaturation were 
close to earlier reports (12,15). Due to the effect of the 
mother's diet, especially in regard to the linoleic acid con- 
tent of the milk, average values can only be indicative (20). 

Examination of Figure ] shows that  the degree of un- 
saturation in TAG increases as the molecular weight of 
the TAG increases. This is in agreement with the earlier 
observations by Breckenridge etal. (7), who used a com- 
bination of chromatographic techniques in their studies. 
The majority of the TAG were mono- and diunsaturated, 
and the saturated TAG were not observed in notable quan- 
tities in ACN larger than 48. All ACN species with 48 or 
more acyl carbons contained tetraenoic TAG species. Pen- 
taenoic TAG were found in all ACN groups with at least 
52 acyl carbons. Those MW species with at least 0.5% 
relative abundance of total TAG (Fig. 1) were further 
analyzed by CA MS/MS. Although small traces of ACN 
species beyond 38-54 were observed, they were not ana- 
lyzed. Several minor TAG with odd ACN could be observ- 
ed between the major even-numbered TAG by NICI MS. 
However, only two of these odd-numbered species, 762.7 
and 790.7, were further analyzed by tandem MS. 

Table 1 lists the 28 fatty acid species identified based 
on both the RCOz- and [M - H - RCO2H - 100]- ions 
in the CA daughter spectra of the {M - HI- ions. It is 
important to note that in these experiments no informa- 
tion other than the molecular weights of the fatty acids 
could be obtained, i.e., information such as the positions 
and configurations of double bonds or possible branching 
could not be deduced. Thus, the minor TAG species con- 
taining trans-acids, such as 14:1, 16:1, 17:t or 18:1, can- 
not be distinguished from the corresponding major cis- 
acids, nor can 18:3n-6 (y-linolenic acid} and 18:3n-3 (a- 
linolenic acid} be separated without silver ion high-per- 
formance liquid chromatography (HPLC) (2]) or an equi- 
valent fractionation method. The fatty acid composition 

% 14 

12 

z l o  

38  40  42 44 46  4B 5 0  52  5,4 56  

ACYL C A R B O N  N U M B E R  

~ O B 0  ~ D I B 1  ~ ]  DB 2 ~ 0 S 3  ~ , ,  DB 4 _ OS5  

FIG. 1, Distribution of triucylglycerois in human milk according to 
the acyl carbon numbers and number of double bonds (DB). Calcula- 
tions are based on the intensities of the 13C isotope corrected 
[M - H ] -  ions of ammonia negative ion chemical ionization mass 
spectra. 

of human milk is, however, well known (~g., 6,7,12,22, 
23). 

The daughter spectra of the [M - HI- ions revealed 
that  hexadecanoic acid (16:0) was present in each molec- 
uiar weight species of the TAG analyzed, octadecenoic 
acid (18:1) in each unsaturated species, and octadeca- 
dienoic acid (18:2) in each di- and higher unsaturated ones. 
Because of the lack of some response correction factors, 
the relative abundances of the fatty acids are not listed 
in Table 1. 

Dodecanoic (12:0) and tetradecanoic I14:0) acids are 
typical constituents of human milk, and they were pres- 
ent in all TAG species up to MW 832.7 (ACN 50, 1 DB) 
and MW 860.7 (ACN 52, 1 DB), respectively. Octanoic acid 
(8:0) is not listed in Table I because the ion corresponding 
to the deprotonated fatty acid was not observed in the 
CA spectra, although the presence of this acid was indi- 
cated by the loss of {RCO2H + I00) of the ~M - H]- ions. 
The absence of RCO 2- ions derived from octanoic acid 
may be due to the larger potential energy loss in the frag- 
mentation process; this could result in poor transmission 
through the third quadrupole and, hence, in a weak ion 
signal or no signal at all. Hexanoic (6:0) and butanoic (4:0) 
acids, which are known to be present in extremely small 
quantities in TAG evidently smaller than ACN 38, were 
not observed in the parent ions analyzed. 

Long-chain fatty acids, such as 20:5, 22:4, 22:5, 22:6, 
24:0 and 24:1, are typically present in TAG of ACN 56 and 
higher (6,22). However, the fatty acids were not found in 
the MW species analyzed by collisional activation. Yet, 
traces of the clusters ACN 56 and ACN 58 could be seen 
in the NICI mass spectrum of human milk TAG. The 29 
MW species analyzed by MS/MS indicated that these MW 
fractions comprised 277 different TAG, even when the 
positional isomers and different fatty acid isomers are ex- 
cluded. The two most abundant TAG of each MW frac- 
tion are listed in Table 2. Information concerning the num- 
ber of various fatty acids and TAG within each MW spe- 
cies is also given. The fatty acids marked with a c were 
estimated, based on the relative abundances of the 
[M - H - RCO2H - 100]- ions in the CA daughter spec- 
tra, to be preferentially located at position sn-2 (17). The 
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T A B L E  1 

Distribution of Fatty Acids in Human Milk Triacylglycerols Analyzed by Collisional Activation of the [M--H]- Ions 
F a t t y  ac ids  d 

ACN a M W  b DB c 10:0 12:0 14:0 16:0 18:0 20:0 11:0 13:0 15:0 17:0 10:1 12:1 14:1 16:1 

38 666.7 0 x x x x x 
40 692.7 1 x x x x x 
40 694.7 0 x x x x x 
42 718.7 2 x x x x x 
42 720.7 1 x x x x x 
42 722.7 0 x x x x x 
44 746.7 2 x x x x x 
44 748.7 1 x x x x x 
44 750.7 0 x x x x x 
45 762.7 1 x x x x x 
46 774.7 2 x x x x x 
46 776.7 1 x x x x x 
46 778.7 0 x x x x 
47 790.7 1 x x x x x 
48 800.7 3 x x x x 
48 802.7 2 x x x x 
48 804.7 1 x x x x 
48 806.7 0 x x x x 
50 828.7 3 x x x x 
50 830.7 2 x x x x 
50 832.7 1 x x x x 
52 854.7 4 x x x 
52 856.7 3 x x x 
52 858.7 2 x x x 
52 860.7 1 x x x 
54 880.7 5 x x 
54 882.7 4 x 
54 884.7 3 x x 
54 886.7 2 x x 

18:1 20:1 22:1 13:1 15:1 

X 

X 

17:1 19:1 

X X X X 

X X X 

X X 

X X 

X X 

X X 

X X 

X X X X 

X X 

X X 

X X 

X X 

X 

16:2 18:2 20:2 22:2 18:3 20:3 

X X 

X X 

X X 

X X 

X 

20:4 

38 666.7 0 
40 692.7 1 x 
40 694.7 0 
42 718.7 2 x ~x 
42 720.7 1 x 
42 722.7 0 
44 746.7 2 x x 
44 748.7 1 x x 
44 750.7 0 
45 762.7 1 x 
46 774.7 2 x x 
46 776.7 1 x x 
46 778.7 0 
47 790.7 1 x x 
48 800.7 3 x 
48 802.7 2 x 
48 804.7 1 x x 
48 806.7 0 
50 828.7 3 x x 
50 830.7 2 x x 
50 832.7 1 x x 
52 854.7 4 x 
52 856.7 3 x 
52 858.7 2 x x 
52 860.7 1 x 
54 880.7 5 x 
54 882.7 4 x x 
54 884.7 3 x x 
54 886.7 2 x x 

X X X 

X 

X X X 

X 

X 

X 

X 

X 

X X X 

X X 

X X 

X X 

X X 

X 

X X 

X X X X 

X X X X 

X X 

X X X 

X X 

X X X 

X X 

a E v e n  acyl  carbon n u m b e r  (ACN) species  exceed ing  0.5% r e l a t i v e  a b u n d a n c e s  in  F i g u r e  1, and  two  of the  ma jo r  odd acyl  ca rbon  n u m b e r  
bspecies  (ACN 45 and  A C N  47) are  inc luded  only.  

Molecu la r  w e i g h t  of t r i acy lg lycero l .  
u m b e r  of double  bonds  in t r i acy lg lycero l .  
o lecu la r  w e i g h t s  of the  f a t t y  ac ids  are  k n o w n  only. I den t i f i c a t i ons  are  b a s e d  on b o t h  RCO 2-  and  [ M - H - R C O 2 H - 1 0 0 ]  - ions of 

co i l i s iona l ly  a c t i v a t e d  d a u g h t e r  s p e c t r a  of de p r o tona tod  molecu la r  ions. 
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TABLE 2 

Major Triaeylglyeerols (TAG) in each of the Molecular Weight Species Analyzed 
by Collisional Activation of the Deprotonated Molecular Ions 

Second most Number Number 
ACN a MW b DB c Major TAG abundant TAG of FA a of TAG e 

38 666.7 0 12:0/12:0/14:0 10:0/12:0/16:0 5 4 
40 692.7 1 10:0/12:0/18:1f 10:0/14:0/16:1 10 9 
40 694.7 0 12:0/12:0/16:0 12:0/14:0/14:0 5 4 
42 718.7 2 12:0/12:0/18:2 10:0/14:0/t18:2 13 17 
42 720.7 1 12:0/12:0/18:1 10:0!14:01/18:1 8 7 
42 722.7 0 12:0/14:0~6:0f 12:0/12:0/tl 8:0 5 5 
44 746.7 2 12:0/14:0~/18:2 II 10:0/16:01J18:2 14 18 
44 748.7 1 12:0/14:0/18:1 10:0/16:0;/18:1 9 9 
44 750.7 0 12:0/16:0~1/6:0 12:0/14:0/t18:0 5 4 
45 762.7 1 12:0/15:0/J18:1 12:0/16:01/17:1 16 28 
46 774.7 2 12:0/16:0JJ18:2 12:0/16:1/18:1 14 20 
46 776.7 1 12:0/16:01J18:1 14:0/14:0/t18:1 9 9 
46 778.7 0 12:0/16:01/18:0 14:0116:01/16:0 4 2 
47 790.7 1 14:0~5:0/18:1 12:0/17:0/)8:1 14 23 
48 800.7 3 12:0/18:2/18:1 14:0/16:0//18:3 13 14 
48 802.7 2 12:0/18:1~8:1 14:0/16:0118:2 10 11 
48 804.7 1 14:0/16:0/J18:1 12:0/) 8:1/18:0 10 10 
48 806.7 0 14:0~/6:0q18:0 16:0J/16:0J16:0 5 5 
50 828.7 3 14:0/]18:2/18:1 16:1~6:01/18:2 13 15 
50 830.7 2 14:0~18:1/18:1 16:01J16:0/18:2 10 12 
50 832.7 1 16:0JJ16:0/18:1 14:0/J18:1/18:0 9 7 
52 854.7 4 16:0/J18:2/18:2 16:01/18:3/18:1 10 9 

16:0a]!/18:2/18:1 52 856.7 3 16:1~8:2/18:0 9 8 
52 858.7 2 16:0f]18:1/18:1 16:0;/18:2/18:0 8 7 
52 860.7 1 16:01/18:1/18:0 14:0~8:1/20:0 5 2 
54 880.7 5 18:2/18:2/18:1 16:01/18:1/20:4 7 5 
54 882.7 4 18:2/18:1/18:1 16:0/18:3/20:1 5 2 
54 884.7 3 18:1/18:1/18:1 18:2/18:1/18:0 8 7 
54 886.7 2 18:1/18:1/18:0 16:0/18:1/20:1 7 4 
aAcyl carbon number. 
bMolecular weight. 
CNumber of double bonds in triacylglycerols. 
UIdentifications are based on both RCO2-and [M- H -  RCO2I-I- 100]- ions of colli- 

sionally activated daughter spectra of the deprotonated triacylglycerols. FA, fatty acid. 
eThe number of FA combinations in TAG. 
fPreferentially at sn-2 position. 

MS/MS results are consistent with the currently accepted 
concept  tha t  in human  milk TAG hexadecanoic acid is 
typically located a t  posit ion sn-2 (2,7,24,25). I t  could be 
seen from our da ta  t ha t  in several instances where 16:0 
acid was not  present,  14:0, 15:0 and even 12:0 preferen- 
tially took the place of 16:0 and occupied the sn-2 posi- 
tion (Table 2). Al though Freeman et  aL (2) and Brecken- 
ridge et al. (7) observed the preference of 16:0 for sn-2 more 
than  twenty  years ago, they were not  able to do this at  
the level of individual TAG species. The advantage  of the 
MS/MS method is t ha t  direct information can be ob- 
tained on the regiospecific s t ructure  of individual TAG 
species (or small groups) instead of having to rely on 
averaged results of enzymatic analyses carried out on com- 
plex mixtures.  In addition, the MS/MS method is more 
rapid. 

A recent analysis of human  milk by H P L C  and gas 
chromatography  (GC) reported by Weber et  al. (9) iden- 
tiffed and quantified 94 triacylglycerols in human  milk, 
a l though no information regarding the stereospecific 
distr ibution of the f a t ty  acids was given. All the TAG 
listed in Table 2, except  for the two odd-numbered fa t ty  
acid TAG species and 12:0/12:0/18:2, also were reported 
by Weber et  al. (9). For example, the typical  CA daughter  

spectra  of the two major  MW species 858.7 (ACN 52, 2 
DB) and MW 776.7 (ACN 46, 1 DB) are shown in Figures 
2a and 2b, respectively. Examina t ion  of Figure 2a shows 
tha t  the [M - H] -  ion with the recorded rn/z 857.4 in the 
N I C I  spec t rum consisted of eight f a t ty  acids (eight dif- 
ferent MW species of fa t ty  acids). The number  of f a t ty  
acid combinat ions of the TAG was seven, based on the 
known number  of carbons (ACN 52) and the degree of un- 
sa tura t ion (2 DB) in each TAG species (17). 

According to the proport ions of the RCO 2- ions in 
Figure 2a, the order of abundances of the TAG in this MW 
fraction axe 16:0/18:1/18:1, 16:0/18:2/18:0, 16:1/18:1/18:0, 
16:1/16:0/20:1, 14:0/18:1/20:1, 16:0/16:0/20:2 and  
14:0/18:0/20:2. The order of the fa t ty  acids (separated by 
slashes) does not imply tha t  the stereospecific posit ions 
of the fa t ty  acyl groups are known. The two major  TAG 
combinat ions  of the MW fraction m/z 857.4 comprised 
more than  95% of the seven TAG species present, based  
on the relative counts of the RCO2- ions. From the abun- 
dances of the [M - H - RCO2H - 100]- f ragment  ions, 
it is clear (17,19) tha t  hexadecanoic and tetradecanoic 
acids were preferentially located at  the sn-2 position. 
Wi th in  the  [M - H - RCO2H - 100]-  cluster,  the  
relative abundance of the signal originating from the 16:0 
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FIG. 2. Collisionally activated daughter spectra of the deprotonated 
molecular ions of triacylglycerols of molecular weights 858.7 (a) and 
776.7 (b) from human milk. 

f a t t y  acid (recorded m/z 501.2) was only 14.2%, whereas 
within the RCO2- cluster the corresponding abundance 
of 16:0 {recorded m/z 254.9) was 32.3%. 

To accurately calculate the proport ions of f a t t y  acids 
and their  p r imary  vs. secondary posit ions in the TAG 
species {e.g., Fig. 2a), precise calibration for all the 
RCO2- ions is required. I f  jus t  the three major  TAG s p ~  
cies--16:0/18:l/18:l, 16:0/18:2/18:0 and 16:l/18:l/18:0-- 
were taken into account and the earlier defined correction 
factors (17) were applied (k18:o = 1.0, k18:l = 1.3, kls:2 = 
1.6, kls:0 = 1.1 and k~6:l = 1.5), the relative proport ions 
of the three TAG were 86, 12 and 2%, respectively. I t  could 
then  be determined tha t  85% of 16:0 acid in the major  
TAG of human  milk, 16:0/18:1/18:1, was located a t  posi- 
t ion sn-2 (17). Thus the mos t  abundan t  TAG in human  
milk, compris ing 9% of all TAG species, was shown to be 
sn-18:1/16:0/18:1. The absolute error may not  be very high, 
as the f a t ty  acids excluded from the calculations above, 
14:0, 20:1 and 20:2, comprised only 1-2% of the total  fat- 
t y  acid pool of the molecular weight 858.7 TAG. 

The CA daughter  spec t rum of the MW fraction 776.7 
(Fig. 2b, measured rn/z [M - H ] -  = 775.2) showed tha t  
this fraction consisted of nine different f a t ty  acids, which 
again originated from nine different TAG species. The two 
mos t  abundant  TAG based on a relative ion count  of the 

RCO2- ions were 12:0/16:0/18:1 and 14:0/14:0/18:1. The 
other  TAG were 10:0/16:0/20:1, 10:0/18:1/18:0, 12:0/14:0/ 
20:1, 12:0/16:1/18:0, 14:1/14:0/18:0, 14:0/16:1/16:0 and 
14:1/16:0/16:0. 

The list of the mos t  abundant  TAG species in each M W  
fraction (Table 2) and the dis tr ibut ion of TAG in Figure 
1 are quite consis tent  with the results  of Wat t s  and Dils 
(14), as well as those of the Kuksis  group {6-8). Their  
results, however, showed a sl ightly different order of 
relative abundances of the  major  TAG when compared  
with our data; ag. ,  the total  proport ion of ACN 52 TAG, 
23~ was lower than  tha t  reported by other authors. This 
discrepancy may  suggest  an underes t imat ion of the 
abundances of the higher MW TAG by the Rmmonia N I C I  
method.  I t  is, however, quite possible t ha t  a number  of 
natural  factors may  account  for this difference, ag. ,  ran- 
domizat ion in human  milk, which is known to occur as 
lactat ion proceeds {14}, and the susceptibi l i ty of human  
mille TAG to dietary habi ts  (7,26). 
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Hypolipidemic Activity of 6-Alkoxycarbonyl-3-aryl-l,3,5- 
triazabicyclo[3.1.0] hexane-2,4.diones and 2-Alkoxycarbonyl- 
5.aryl.l,3,5.triazine.4,6(1 H,5H)-diones in Rodents 
Robert A. Izydore a, O.T. Wong b and Ir is H. Hallb, * 
aDepartment of Chemistry, North Carolina Central University, Durham, North Carolina 27707 and bDivision of Medicinal Chemistry 
and Natural Products, School of Pharmacy, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599 

Significant hypolipidemic activity was demonstrated by 
6-ethoxycarbonyl-3-phenyl-l,3,5-triazabicyclo[3.1.0]hex. 
ane-2,4-dione, 2-ethoxycarbonyl-5-phenyl-l,3,5-triazine- 
4,6{1H,5HFdione and 2-ethoxycarbonyl-5-(4-chlorophenylF 
1,3,5-trizine-4,6{1H,5H)-dione in rodents at 20 mg/kg/day. 
These agents lowered serum cholesterol and triglyceride 
levels by approximately 40% in mice after 16 d. Tissue 
lipids in rat liver, small intestinal mucosa, aortic wall and 
feces were reduced by treatment with the agents. Very low 
density lipoprotein {VLDL) and low density lipoprotein 
(LDL) cholesterol levels were reduced in the rat; high den- 
sity lipoprotein IHDL) cholesterol levels were elevated 
after 14 d of treatment. The activities of regulatory en- 
zymes, e.g., acetyl-CoA synthetase, acyl-CoA:cholesterol 
acyltransferase, cholesterol 7a-hydroxylase, snlglycerol-3- 
phosphate acyltransferase, phosphatidylate  phospho- 
hydrolase and heparin-induced lipoprotein lipase, involved 
in de n o v o  synthesis  of hepatic lipids were affected by 
the agents.  The new compounds may represent another 
class of potentially useful hypolipidemic agents for the 
treatment of atherosclerosis since HDL cholesterol levels 
were increased and VLDL and LDL cholesterol levels were 
lowered by some of the agents.  
Lipids 28, 223-229 {1993L 

We have previously reported that a number of low molecu- 
lar weight compounds having different ring structures, 
eg., succinimides (1), dilantin (2), phenobarbital (3), ter- 
ephthalic acid (4), 2-pyrrolidinones {5,6), 4-pyrimidine- 
carboxylic acids (7), 2-furoic acid (8) and 3,4-diphenyl- 
piperidine~2,6-diones (9), have potent hypolipidemic activ- 
ity in rodents. These agents were effective in lowering both 
serum cholesterol and triglyceride levels by 30-40% in 
rodents. Substitutions on the nitrogen atom of the ring, 
eg., cyclic imides with a bulky group [N-(4-methylphenylF 
diphenimide and o-{N-phthMimldo)acetophenone], led to 
compounds which significantly lowered very low density 
lipoprotein {VLDL) and low density lipoprotein {LDL) 
cholesterol and elevated high density lipoprotein (HDL) 
cholesterol levels in rats at 10-20 mg/kg/d when ad- 
ministered orally. Subsequently, series of 1-acylated and 
1,2-diacylated 4-substituted 1,2,4-triazolidine-3,5-dione 
and 2-benzoyl-4,4-dialkyl-3,5-isoxazolidinediones have 
demonstrated potent hypolipidemic activities in rodents 
{10,11}. Since the earlier compounds have some structural 
similarities with 6-alkoxycarbonyl-3-aryl-l,3,5-triazabi- 
cyclo[3.1.0]hexane~2,4-diones and 2-alkoxycarbonyl-5-aryl- 
1,3,5-triazine~4,6(1H,5H)-diones, we tested the new deriva- 
tives for hypolipidemic activity in rodents. Results of 
these studies are reported hem 
*To whom correspondence should be addressed. 
Abbreviations: EDTA, ethylenediaminetetraacetic acid; HDL, high 
density lipoprotein; LDL, low density lipoprotein; SAR, structure 
activity relationship; VLDL, very low density lipoprotein. 

MATERIALS AND METHODS 

The synthesis and the physical, chemical and spectral 
properties of 6-ethoxycarbonyl-3-phenyl-l,3,5-triazabi- 
cyclo[3.1.0]hexane-2,4-dione {3a), 6-methoxycarbonyl-3- 
phenyl-l,3,5-triazabicyclo[3.1.0]hexane-2,4-dione 13b), 
6-ethoxycarbonyl-3-I4-chlorophenyl)-l,3,5-triazabicyclo- 
[3.1.0]hexane-2,4-dione (3cL 2-ethoxycarbonyl-5-phenyl- 
1,3,5-triazine-4,6(1H,5H)-dione (4a) and 2-ethoxycarbonyl- 
5-{4~hlorophenylF1,3,5-triazine-4,611H,5H)-dione 14h) have 
been described previously (Scheme 1) { 10,11). Compounds 
5, 6 and 7 were purchased from Aldrich Chemical Co. 
{Milwaukee, WI) IScheme 2). All radioactive compounds 
were purchased from New England Nuclear (DuPont, 
Boston, MAL Substrates and cofactors for the enzyme 
assays were obtained from Sigma Chemical Ca {St. Louis, 
MO). 
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SCHEME 2 

Hypolipidemic screens in normal rodents. Test com- 
pounds 3a-c, 4a-b, 5, 6 and 7 were suspended in an 
aqueous 1% carboxymethylcellulose solution, homoge- 
nized and administered to CF1 male mice (~25 g} at 20 
mg/kg/d intraperitoneaffy for 16 d. Structure~activity rela- 
tionship {SAR) studies were performed at 20 mg/kg/d for 
16 d because this dose was optimal in activity for the suc- 
cinimide, 2-furoic acid, dilantin, glutamide and phenobar- 
bital studies in rodents {1-9). On days 9 and 16, blood was 
obtained from the tail vein, and serum was separated by 
centrifugation at 3500 • g for 3 min. Serum cholesterol 
levels were determined by a modification of the Lieber- 
mann-Burchard reaction (12). Serum was also analyzed for 
triglyceride content as determined by a commercial kit 
(BioDynamics/bmc single vial, triglycerides colorimetric 
method 348201, Boehringer Mannheim Diagnostics, In- 
dianapolis, IN). Food and water were available ad libitum. 
The animals were maintained at 22~ on Rat, Mouse, 
Hamster 3000, Agway ProLab Animal Diets {Syracuse, 
NY) under a 12-h light/dark cycle. 

Hyperlipidemic induced CF 1 mice. CF1 male mice 
{~30 g) were fed a 1:1 mixture of basal atherogenic diet 
(U.S. Biochemical Corp., Cleveland, OH) with ground ro- 
dent chow (ProLab Animal Diet} for 14 d. In the diet- 
induced hyperlipidemic mice, serum cholesterol was ele- 
vated from normal levels of 121 mg% to 361 mg% whereas 
the serum triglyceride levels were elevated from normal 
levels of 137 mg% to 357 mg% over a two-week period. 
Drug administration was commenced at 20 mg/kg/d i.p. 
and continued for the next 14 d. Hyperlipidemic mice were 
bled and serum cholesterol and triglycerides were mea- 
sured as previously described {3). 

Sprague-Dawley rats. Selected compounds 3a, 4a, 4b 
and 7 were tested in Sprague-Dawley male rats {~280 g) 
by oral administration at 20 mg/kg/d for 14 d maintained 
on ProLab Animal diet ad libitum. Serum cholesterol and 
triglyceride levels were measured as previously described. 

Animal weights and food intake Food consumption was 
determined daffy as gram food/rat/d for control rats which 
were maintained on ProLab Animal diet and rats treated 
orally with compounds 3a, 4a, 4b and 7 at 2 mg/kg/d. Body 
weights were obtained on days 7 and 14; they were ex- 
pressed as percentage of the animal's weight on day 0. 
After dosing for 14 d with compounds, selected organs 
were excised, trimmed of fat and weighed {3). 

Liver, small intestin~ aorta and fecal lipid extraction. 
In Sprague~Dawley male rats on ProLab Animal diet 
receiving the test compounds 3a, 4a, 4b and 7 at 20 
mg/kg/d, orally for 14 d, the liver, small intestinal mucosa 
from duodenum to ileum, aorta and fecal materials 124-h 
collection) were removed and weighe~ Homogenates (10%) 

(wt/vol) were prepared, extracted (13,14) and analyzed for 
cholesterol {12), triglyceride, neutral lipid {15) and phos- 
pholipid (16) contents. Protein content of the whole 
homogenate was also determined (17). 

Enzymatic studies. Enzymatic assays were carried out 
using 10% homogenates of CF1 male mouse liver 
prepared in 0.25M sucrose and 0.001M ethylenediamine- 
tetraacetic acid (EDTA) (pH 7.2) with 25-100 ~M concen- 
trations of compounds 3a, 4a, 4b and 7 in vitra Activities 
of the following enzymes were determined by using estab- 
lished procedures: acetyl-coenzyme A synthetase (18); 
adenosine triphosphate dependent citrate lyase (19); mito- 
chondrial citrate exchange {20,21); cholesterol 7a- 
hydroxylase (22); 3-hydroxy-3-methylglutaryl~oenzyme A 
reductase {23,24); acetyl-coenzyme A carboxylase (25); 
neutral cholesterol ester hydrolase (26); sn-glycerol-3- 
phosphate acyltransferase {27); phosphatidylate phospho- 
hydrolase activity {28); acyl-CoA cholesterol acyltrans- 
ferase (29) and heparin-activated hepatic lipoprotein lipase 
(30). Protein in the whole homogenates and in the mit~ 
chondrial and microsomal fractions was assayed according 
to Lowry et aL (17). 

Serum lipoprotein fractionatio~ Sprague-Dawley male 
rats maintained on ProLab Animal diet (~340 g) were ad- 
ministered compounds 3a, 4a and 4b or 7 at 20 mg/kg/d 
orally. Blood was collected from the abdominal vein, and 
lipoprotein fractions were obtained by the methods of 
Hatch and Lees (31), and Havel et aL (32) as modified for 
the rat (33). Each fraction was analyzed for cholesterol 
(12), triglyceride, neutral lipids (15), phospholipids (16) and 
protein (17). LDL and HDL lipoprotein fractions were 
dialyzed, delipidated, and the apoproteins were separated 
by SDS-PAGE (5-15%) electrophoresis on 3% acrylamide 
gel which was stained with 0.5% coomassie blue (34). 

RESULTS 

We have recently described the synthesis of 6-alkoxy- 
carbonyl-3-aryl-l,3,5-triazabicyclo[3.1.0]hexane-2,4-diones 
(3) and 2-alkoxycarbonyl-5-aryl-l,3,5-triazine-4,6(1H,5H)- 
diones {4) by the reaction sequence shown in Scheme 1 
(10,11). This method was used to prepare compounds 3a-c 
and 4a-b. Compounds 3 were obtained by reaction of 
4-substituted 1,2,4-triazole-3,5{4H)-diones (1) with alkyl 
diazoacetates (2) in dichloromethane at 0~ These com- 
pounds are white amorphous solids composed of mono- 
mers which associate in solution. The extent of associa- 
tion increases as the temperature is lowered and as the 
(3) ~ (3)n (n >t 2} concentration of the solutions is in- 
creased. Heating compounds 3 in chlorobenzene under 
reflux for two weeks resulted in ring-opening to give com- 
pound 4. 

Pharmacology. Compounds 3a, 3c, 4a and 4b tested in 
CF1 mice at 20 mg/kg/d showed similar hypocholester- 
olemic activity, i,e., a 43-46% reduction (Table 1). Com- 
pounds 3a, 4a and 4b demonstrated a 41-69% reduction 
of serum triglyceride levels. Compound 3b caused only a 
28% reduction of serum cholesterol and a 31% reduction 
of triglyceride levels. Compound 3c was not as active 
showing only a 34% reduction of serum triglyceride levels. 
Compounds 5, 6 and 7 were not as effective as hypo- 
lipidemic agents in mice. Compounds 3a, 4a and 4b in 
hyperlipidemic diet induced mice successfully reduced 
elevated serum cholesterol levels by 51-56% {Table 2). 
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HYPOLIPIDEMIC 1,3,5-TRIAZINEDIONES 

TABLE 1 

The  Ef f ec t s  of 6-Alkoxycarbonyl-&aryl-l,3,5-triazabicyclo[3.1.0]hexane~2,4-diones 
and 2-Alkoxycarbonyl-~aryl - l ,3 ,5- tr iaz ine-4 ,6(IH,5H)-dionee  on CF  l Male  M o u s e  
Serum Lipid Leve l s  Af ter  S ix teen  Days Administration of Drugs (i.p.) 

Control (%) 

N = 6 Serum cholesterol Serum triglyceride 

Compounds Day 9 Day 16 Day 16 

3a 62 +_ 6 57 -!"-- 5 a 59 + 4 a 
36 76+_ 7 72_+ 5 6 9 +  6 
3c 74 + 7 56 + 4 a 66 + 5 a 
4a 64 +__ 7 54__. 4 a 31 + 4 
4b 63 + 5 57___ 6 a 55 + 4 a 
5 81 +_ 6 79 + 4 a 73 + 6 a 
6 70 + 5 63 + 5 a 75 + 5 a 
7 74__. 6 66 +-- 6 a 75 + 4 a 

Control 1% carboxy- 
methyl cellulose 100 + 7 b 100 -!-- 6 c 100 +- 7 d 

Clofibrate 88 _ 7 86 +-- 6 75 + 5 a 

a p  < 0.001. b125 mg%. c128 mg%. d137 rag%. 

225 

T A B L E  2 

The  Ef f ec t s  of C o m p o u n d s  3a, 3c, 4a, 4b and 7 [20 mg/kg /d  fi.p.)] 
on Serum Lipids  of Hyper l lp idemic  Induced  CF  1 Mice  

N --- 6 Control (%) 

Compounds Serum cholesterol Serum triglyceride 

3a 46 ___ 4 a 54 + 5 a 
3c  62 + 6 a 59 + 5 a 
4a 44 +_ 4 a 47 ___ 4 a 
4b 49 +_ 5 a 46 + 6 
7 51 +_ 6 a 50 _ 7 a 

Control 1% carboxy- 
methyl cellulose 100 +__ 6 b 100 ___ 7 c 

a p  <~ 0.001. b362 mg%. c357 mg%. 

E leva ted  se rum t r ig lycer ides  levels in  these  mice were 
reduced by  54-56% by  these  three  compounds .  

I n  Sprague-Dawley rats,  3a a t  20 mg/kg/d showed good 
act ivi ty,  lowering s e r u m  cholesterol  and  s e rum triglyc- 
erides by  64 and  46%, respectively, by  days  7 and  14 
{Table 3). C o m p o u n d  4a {10 mg/kg/d) reduced s e r u m  cho- 
lesterol levels by  40%, b u t  reduced s e rum t r ig lycer ide  
levels by  only  23% by  day  14. C o m p o u n d  4b (20 mg/kg/d) 

reduced s e r um cholesterol  levels by  33% a nd  se rum tri- 
glyceride levels by  47% by  day  14. C o m p o u n d  7 caused  
a 24% reduc t ion  of s e r um cholesterol  and  a 32% reduc- 
t ion  of s e r um t r ig lycer ide  on  day  14. I n  rats ,  none  Of the  
c o m p o u n d s  suppressed  food in t ake  on a dai ly  basis.  The  
body  weights  did no t  differ from the  control  weights  over 
14 d. Organ  weights  of t r ea ted  ra t s  were no t  affected by  
the  14-d d r u g  t r e a t m e n t .  

E x a m i n a t i o n  of t i s sue  l ipids  showed t h a t  4h and  7 
lowered liver a nd  aor ta  wall cholesterol  and  ne u t r a l  l ipid 
levels. C o m p o u n d  3a lowered smal l  i n t e s t i na l  mucosa  
cholesterol,  t r ig lycer ide  a nd  pro te in  c o n t e n t s  {Table 4). 
Aor t a  cholesterol  was reduced modera te ly  by  18% by 3a. 
C o m p o u n d  4a a t  10 mg/kg/d e levated cholesterol  levels in  
the  l iver a n d  smal l  i n t e s t i na l  mucosa ,  b u t  lowered aor ta  
wall cholesterol  levels. The  level of phosphol ip ids  was 
lowered in  the small  in tes t ina l  mucosa  by  4a and  4b. Fecal 
l ipids were increased by  3a a nd  4b. T r e a t m e n t  wi th  3a 
resul ted  in  s ign i f i can t  increases  in  fecal cholesterol,  
triglyceride, phospholipid and  protein contents .  2~eatment  
wi th  4b resu l ted  on ly  in  a n  increase  in  fecal cholesterol  
levels. C o m p o u n d  7 caused  modera te  increases  in fecal 
cholesterol,  n e u t r a l  l ipid a nd  phosphol ip id  levels. 

The se rum l ipoprotein lipid con ten t  was also modula ted  
by  the  d rugs  {Table 5). C o m p o u n d s  3a a nd  4b reduced 

TABLE 3 

The  Ef f ec t s  of  C o m p o u n d s  3a, 4a, 4b and 7 Orally Administered on the  Serum Lipid Levels 
of Male Sprugue-Dawley Rats 

N = 6  
Compounds 

Control (%) 

Serum cholesterol Serum triglyceride 

Day 7 Day 14 Day 7 Day 14 

3a 20 mg/kg/d 70 ___ 5 a 36 - 4 a 36 ___ 5 a 54 _ 6 a 
4a 10 mg/kg/d 84 __. 7 60 - 4 a 82 __. 4 77 + 7 a 
4b 20 mg/kg/d 71 ___ 6 a 67 + 6 a 61 ___ 5 a 53 + 5 a 
7 20 mg/kg/d 92 + 5 76 + 7 a 90 _ 4 68 +__ 6 a 
Control 1% carboxymethyl cellulose 100 + 6 b 100 --- 7 c 100 __- 8 d 100 +__ 6 e 
Clofibrate 150 mg/kg/d 89 +_ 7 86 +- 5 83 +_ 6 74 +_ 5 
Lovastatin 8 mg/kg/d 85 +_ 4 82 +_ 5 91 +_ 5 86 +- 7 

a p  ~ 0.001. b75 rag%. c78 mg%. d l l0  mg%. e l l2  rag%. 
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TABLE 4 

The Effects of Hypolipidemic Agents  on Tissue Lipids of Sprague*Dawley Rats Administered Orally at 10 or 20 mg/kg for 14 d a 

Control (%) 

N = 6 Mg of lipid Neutral 
Compound extracted Cholesterol Triglyceride lipids Phospholipids Protein 

Liver 
3a 9 1 •  7 105 + 5 80 • 7 b 9 9 •  7 8 7 _  8 91 • 6 b 
4a 119+_ 7 135 • 8 1 0 9 •  7 67 • 5 b 105 • 6 98 • 5 
4b 90 • 6 78 • 3 b 89 • 6 79 • 6 b 121 • 7 113 • 6 
7 79 • 6 b 82 • 6 b 95 • 5 71 • 6 b 113 • 8 100 • 6 
Control 100 • 7 c 100 • 6 d 100 • 8 e 100 • 7f 100 • 8g 100 • 5 h 

Small intestinal mucosa 
3a 50 • 5 b 38 • 5 b 36 • 5 b 103 • 6 112 • 7 47_+ 4 b 
4a 176 • 8 150 • 7 b 87 • 5 61 • 6 b 36 • 5 b 101 • 6 
4b 73 • 6 b 98 • 6 108 • 7 96 • 6 52 • 6 b 110 • 7 
7 117 • 6 98 • 6 103 • 4 99 • 7 115 • 8 97 • 7 
Control 100 • 7 i 100 • 6/ 100 • 6 k 100 • 7 l 100 • 6 m 100 • 8 n 

Aorta 
3a 8 9 •  6 b 82 • 5 b 9 1 •  8 101 • 7 9 6 •  5 1 0 6 •  
4a 1 0 4 •  6 4 •  5 b 8 3 •  b 143 • 5 b 1 1 4 •  9 5 •  
4b 5 0 •  5 b 60 • 6 b 93 • 7 68 • 5 b 89 • 7 67 • 7 b 
7 61 • 5 b 75 +__6 b 102 •  93 • 6 107 • 7 8 9 •  
Control 100 • 6 ~ 100 • 6P 100 • 7q 100 • 6 r 100 • 6 s 100 • 5 t 

Feces 
3a 277 • 9 b 202 • 80 b 194 • 17 b 99 • 6 139 • 8 b 133 • 14 b 
4a 117 • 7 94 • 5 9 8 •  6 69 • 5 b 97 • 4 1 0 1 •  5 
4b 137 • 8 b 146 • 6 65 • 6 b 108 • 7 103 • 6 118 _+_ 6 
7 100 • 9 113 • 7 74 • 5 b 112 • 6 115 • 5 85 • 4 
Control 100 • 6 u 100 • 6 v 100 • 7 w 100 • 6 x 100 • 8Y 100 • 6 z 

aFood consumption: control 18.79 g/d, 3a 18.02 g/d, 4a 18.57 g/d, 
4b 16.19 g/d, 7 19.07 g/d. All neutral lipids are represented ex- 
cept triglyceride and cholesterol esters. For compound doses, see 
Table 3. 

b p  <~ 0.001. 
c58.15 mg lipid/gram wet tissue. 
d9.18 mg cholesterol/gram wet tissue. 
e6.37 mg triglyceride/gram wet tissue. 
f15.70 mg/neutral lipid/gram wet tissue. 
g27.14 mg phospholipid/gram wet tissue. 
h 12.02 mg protein/gram wet tissue. 
i68.20 mg lipid/gram wet tissue. 
J 12.02 mg cholesterol/gram wet tissue. 
k 11.20 mg triglyceride/gram wet tissue. 
116.98 mg neutral lipid/gram wet tissue. 

m 20.06 mg phospholipid/gram wet tissue. 
n 42 mg protein]gram wet tissue. 
o 67.5 mg lipid/gram wet tissue. 
P 5.77 mg cholesterol/gram wet tissue. 
q 9.85 mg triglyceride/gram wet tissue. 
r 15.28 mg neutral lipid/gram wet tissue. 
s 28.8 mg phospholipid/gram wet tissue. 
t 11.71 mg protein]gram wet tissue. 
u 11.58 mg of lipid/gram wet tissue. 
v 2.84 mg of cholesterol]gram wet tissue. 
w 1.86 mg of triglyceride/gram wet tissue. 
x 3.39 mg of neutral lipid/gram wet tissue. 
Y 5.70 mg phospholipid/gram wet tissue. 
z 6.99 mg protein]gram wet tissue. 

chylomicron cholesterol levels. Compounds  3a, 4a, 4b a nd  
7 reduced V L D L  cholesterol  levels by  29-73% and  LD L 
cho les te ro l  levels  by  13-33%;  neve r the l e s s ,  H D L  
cholesterol  levels were elevated by  13% by  4a a t  10 
mg/kg/d and  240-309% by  3a and  4b a t  20 mg/kg/d. Com- 
p o u n d  7 increased H D L  cholesterol  levels by  52%. 
Triglyceride con ten t s  were reduced in the  V L D L  and  LDL 
by  3a. Neu t r a l  l ipids were reduced in  the  V L D L  by  4a, 4b 
and  7, in  LDL by  3a and  in  H D L  by  3a. C o m p o u n d  7 
caused  a s ign i f ican t  increase  in  H D L  t r ig lycer ide  levels. 
Chylomicron  phosphol ip ids  were reduced by  4b and  7. 
VLDL and  H D L  phospholipids were reduced by 3a, 4a and  
4b and  LDL phosphol ipid  levels by 3a. VLDL prote in  con- 
t e n t  was reduced by  3a, 4b and  7, and  LDL pro te in  con- 
t e n t  was lowered by  3a; nevertheless ,  4a and  7 caused  
elevations in LDL protein content .  Electrophoresis  of LDL 
and  H D L  apopro te ins  d e m o n s t r a t e d  t h a t  the  d r u g  treat-  
m e n t  did no t  affect the  apopro te in  c o n t e n t  of LDL. Only  

apo-B was p resen t  a t  w h a t  appeared  to be n o r m a l  con- 
centrat ions.  In  the H D L  fraction, a p s E  and  apo-AI bands  
were more dense  s u g g e s t i n g  a higher  q u a n t i t y  of these  
apopro te ins  was induced  by  d rug  t r e a t m e n t .  

Hepa t i c  mouse  enzyme  ac t iv i t ies  were reduced by  the  
drugs ,  e.g., cy top lasmic  acetyl-CoA s y n t h e t a s e  ac t iv i ty  
was reduced in  a c onc e n t r a t i on - de pe nde n t  m a n n e r  by  3a, 
4a, 4b a nd  7 (Table 6). H MG - CoA  reduc tase  ac t iv i ty  was 
reduced in  a c onc e n t r a t i on - de pe nde n t  m a n n e r  by  3a and  
4b b u t  was elevated by  7. Acyl-CoA cholesterol acyl t rans-  
ferase ac t iv i ty  was reduced by  all the  compounds  in  a con- 
cen t ra t ion-dependent  manner .  Cholesterol ester hydrolase 
ac t i v i t y  was  e levated by  3a b u t  was  reduced by  4a a n d  
7. Cholesterol 7a-hydroxylase ac t iv i ty  was inhib i ted  by  4b 
and  by 7 a t  100 tdVl. Acetyl-CoA carboxylase  ac t iv i ty  was 
inh ib i t ed  by  4b only  a t  all concent ra t ions .  C o m p o u n d  3a 
was effective a t  100 gM. sn-Glycerol-3-phosphate  acyl- 
t r ans fe rase  a nd  phospha t i dy l a t e  phosphohydro lase  were 
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TABLE 5 

The  Ef fec t s  of  Hypo l ip idemic  A g e n t s  on Serum Lipoprotein of Sprague-Dawley  Male  Rat s  at  10 or 20 mg/kg/d  Oral ly  for 14 d 

227 

Con~ol(%) 

N = 6 Cholesterol Triglyceride Neutral lipids Phospholipids Protein 

Chylomicron 
3a 48 _+ 5 a 91 _+ 7 73 _+ 6 a 102 _+ 6 
4a 126 _+ 6 a 118 -!-_ 6 100 -+ 7 130 _+ 7 
4b 76 _+ 5 a 103 _+ 7 98 _+ 6 34 + 6 a 
7 116 + 7 104 _+ 6 111 _+ 5 74 _+ 6 
Control 100 _+ 7 b 100 _+ 7 c 100 _+ 8 d 100 -4-_ 7 e 

Very low density lipoprotein 
3a 71 -+ 6 a 105 -+ 7 98 -+ 8 45 -+ 5 a 
4a 27 _+ 3 a 57 _+ 4 a 74 _+ 5 a 70 _+ 5 a 
4b 50 _+ 4 a 80 _+ 6 a 80 _+ 6 a 55 _+ 6 a 
7 59 _+ 3 77 _+ 5 89 _+ 6 103 _+ 7 
Control 100 _+ 6g 100 _ 5 h 100 _+ 7 i 100 _+ 6] 

Low density lipoprotein 
3a 67 _+ 6 a 94 _+ 6 73 _+ 7 a 61 _+ 7 a 
4a 78 _+ 5 a 70 _+ 5 a 131 _+ 6 a 192 _+ 8 a 
4b 87 + 5 a 110 -+ 7 129 _+ 7 a 104 _+ 7 
7 83 _+ 5 91 _+ 5 109 --4-_ 7 128 _+ 6 
Control 100 _+ 5 l 100 _+ 6 m 100 _+ 7 n 100 _+ 6 ~ 

High density lipoprotein 
3a 340 _+ 8 a 109 _+ 7 119 _+ 9 40 _+ 5 a 
4a 113 _+ 6 93 _+ 7 45 _+ 6 a 38 _+ 5 a 
4b 409 _+ 9 a 95 _+ 6 89 _+ 7 50 _+ 6 a 
7 152 _+ 6 263 _+ 6 85 _+ 5 142 + 7 
Control 100 + 6q 100 -+ 6 r 100 -+ 7 s 100 -+ 8 t 

102 + 6 
100 - 6 
93---7  

100 -+ 6 
100 -+ 6f 

75 -+ 5 a 
96_+ 5 
42 _+ 6 a 
43_+6 

100 _+ 7 k 

36 _+ 6 a 
145 _+ 5 
99_+7 

180 _+ 15 
100 _+ 5P 

106 _+ 7 
100 _+ 6 
110 _+ 8 
100 _+ 6 
100 _+ 5 u 

a p  <~ 0.001. h98 ~g/mL. o41 ~g/mL. 
b337 ~g/mL. i221 ~g/mL. P 122 gg/mL. 
c67 gg/mL. J26 gg/mL, q544 gg/mL. 
d420 gg/mL k50 ~g/mL. r27 gg/mL. 
e 149 gg/mL. 1210gg/mL. s 620 gg/mL. 
f184 ~g/mL. m 10 ~g/mL. t153 ~g/mL. 
g190 ~g/mL. n45 Mg/mL u657 gg/mL. 

inhib i ted  s ign i f ican t ly  by  all four  d rugs  in a concent ra t ion-  
dependen t  manner.  Hepa t i c  l ipoprote in  l ipase  a c t i v i t y  was  
i n h i b i t e d  b y  4b, t he  on ly  d r u g  t es ted .  

DISCUSSION 

Se lec t ed  de r iva t i ve s  of t he  6 -a lkoxycarbonyl -3-a ry l - l ,3 ,5 -  
t r iazabicyc lo[3 .1 .0]hexane-2 ,4-d iones  a n d  2-a lkoxycar-  
bonyl -5-ary l - l ,3 ,5- t r iaz ine-4 ,6(1H,5H)-d iones  p roved  to  
have  effect ive hypo l ip idemic  a c t i v i t y  in r o d e n t s  when  ad- 
m i n i s t e r e d  e i t he r  o ra l ly  or  i n t r a p e r i t o n e a l l y  f rom 10-20  
mg/kg/d .  The  d r u g s  lowered b o t h  s e r u m  choles te ro l  a n d  
t r ig lyce r ide  levels effect ively and  were more  effect ive t h a n  
a n u m b e r  of c o m m e r c i a l l y  ava i l ab le  agen t s .  S e l e c t i v i t y  
de r iva t ives  were m a r k e d l y  effective in d ie t - induced  hyper-  
l i p idemic  mic~  The  e f fec t iveness  of  t h e  a g e n t s  in lower- 
i ng  s e r u m  l ip id  levels  was  n o t  due  to  a lower ca lor ic  in- 
t a k ~  The  c o m p o u n d s  d id  cause  an  inc rease  in l ip id  excre- 
t ion  b y  t h e  fecal  route.  W i t h  t he  excep t ion  of 4a, t i s s u e  
l ip ids ,  ag . ,  cho les te ro l  a n d  t r ig lycer ide ,  were gene ra l ly  
r educed  b y  the  agen t s .  Thus ,  t he  d e r i v a t i v e s  d id  n o t  
remove  l ip ids  f rom the  b lood  and  r e d i s t r i b u t e  t he  l ip ids  
to  t he  t i s sues .  

The  s e r u m  l ipop ro t e in  f r ac t ions  a p p e a r e d  to  be  modu-  
l a t e d  in an  ef fec t ive  manner ,  r educ ing  V L D L  a n d  L D L  
cho les te ro l  levels  a n d  e l e v a t i n g  H D L  cho les te ro l  levels  
a f t e r  on ly  two weeks.  The  cyclic imides ,  ag . ,  p h t h a l i m i d e  

a n d  sacchar in ,  in general ,  d id  n o t  ra i se  H D L  choles te ro l  
levels b y  14 d. 4 -Methy lphenyl  and  ace tophenone  subs t i tu -  
t i ons  on t h e  n i t r o g e n  a t o m  of  t he  cyclic imides  d id  l ead  
to  e l eva ted  H D L  choles te ro l  levels  a t  20 mg /kg /d  (35,36). 
The  c u r r e n t  d e r i v a t i v e s  a lso  have  b u l k y  s u b s t i t u t i o n  on 
the  n i t rogen  of the  ring, ag.,  phenyl  or  4-chlorophenyl,  sug- 
g e s t i n g  t h a t  t h e  p h a r m a c o r e c e p t o r  requi res  a ce r t a in  
l e n g t h  and  b u l k  for  t h e  b e s t  fit .  M o d u l a t i o n  of  V L D L  
cho les te ro l  levels  down  a n d  H D L  choles te ro l  up  b y  a 
t h e r a p e u t i c  a g e n t  in m a n  s u p p o s e d l y  p r o t e c t s  a g a i n s t  
m y o c a r d i a l  i n fa rc t ion  (4,37). The  inc reased  c o n t e n t s  of 
apo-E and  a p ~ A I  m a y  increase  t he  r ecep to r  m e d i a t e d  up- 
t a k e  of H D L  by  l iver  r ecep to r s  r e s u l t i n g  in more  excre- 
t ion  of choles terol  v ia  t he  b i l a  These  agen t s  a l so  af forded 
effects  on he pa t i c  r e g u l a t o r y  l ip id  m e t a b o l i z i n g  enzymes .  
S u p p r e s s i o n  of c y t o p l a s m i c  A T P-de pe nde n t  c i t r a t e  lyase,  
m i t o c h o n d r i a l  c i t r a t e  exchange  or  ace ty l -CoA s y n t h e t a s e  
a c t i v i t i e s  r e duc e d  t h e  ava i l ab le  c y t o p l a s m i c  ace ty l -CoA 
for f a t t y  acid and  cholesterol  synthes is .  Only  4b effect ively 
i nh ib i t ed  the  a c t i v i t y  of  H M G - C o A  reduc tase ,  t h e  ra te-  
l imi t ing  enzyme  in cholesterol  synthes is .  The  a g e n t s  were 
more  p o t e n t  in s u p p r e s s i n g  acyl -CoA cho les te ro l  acyl-  
t ransferase ,  t h u s  r educ ing  choles terol  es te r  f o rma t ion  and  
s torage.  There  was  an  i nd i c a t i on  t h a t  t he  d r u g  c a u s e d  an  
inc rease  in bi le  ac ids  b y  s t i m u l a t i n g  choles te ro l  7a- 
h y d r o x y l a s e  ac t iv i ty ,  t he  r a t e - l imi t i ng  enzyme  for choles- 
te ro l  c a t a b o l i s m  to  bi le  acids.  N e u t r a l  cho les te ro l  e s t e r  
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hydrolase activi ty was elevated by 3a. This enzyme 
regulates the breakdown of cholesterol esters to free 
cholesterol. If  a similar pat tern existed in aorta plaque 
cells in tha t  the cholesterol ester hydrolase activity was 
elevated and acyl-CoA cholesterol acyltransferase activ- 
i ty was inhibited by the drug, there would be a reduction 
in cholesterol ester accumulation as well as plaque growth 
in the aorta. 

Inhibition of the present rate-limiting enzyme activities 
for de novo  triglyceride synthesis, i.e., by sn-glycerol- 
3-phosphatase acyltransferase and phosphatidylate phos- 
phohydrolase, would significantly reduce triglyceride 
levels in tissues and in serum after drug treatment.  

These studies suggest  tha t  2-ethoxycarbonyl-3-(4- 
chiorophenyl)-l,3,5-triaze-4,6(1H,5H)-dione 4b presented 
the best profile in reducing lipids and modulat ing serum 
lipoprotein lipids in favorable directions. Thus, these 
agents may have future clinical potential after further 
study. 
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For use in metabolic studies, methyl ll,14,17~eicosatrienw 
ate-3,3,4,4,8,8,9,9~d s was prepared by Wittig coupling of 
3,6-nonadienyltriphenylphosphonium iodide with methyl 
11-oxoundecanoate-3,3,4,4,8,8,9,9.ds in the presence of 
butyl lithium. The all cis isomer was separated by high- 
pressure liquid chromatography using a reverse-phase col- 
umn. An unexpected by-product, methyl 10,13,1~nona- 
decatrienoate-2,2,3,3,7,7,8,8-ds, was also isolated. The 
structures and the configurations of the compounds were 
confirmed by nuclear magnetic resonance spectroscopy 
and mass spectrometry. 
Lipids 28, 231-234 (1993}. 

In continuation of our studies on the metabolism of fats 
in humans (1,2) and animals, we have synthesized methyl 
cis-11,cis-14,cis-17-eiocosatrienoate-3,3, 4, 4,8,8,9,9-ds 
(20:3-d8). This trienoate has recently been shown to be an 
intermediate in the conversion of linolenate (9,12,15-18:3) 
to eicosapentaenoate (5,8,11,14,17-20:5) v/a a nonclassical 
pathway (3) that  utilizes A8 desaturation rather than the 
normal A6 desaturation to synthesize 20:5. The deuterated 
analog has been synthesized to investigate the contribu- 
tion of this nonclassical pathway to the conversion of 18:3 
to 20:5 and the retroconversion of 20:3 to 18:3. 

RESULTS AND DISCUSSION 

The synthetic steps which we followed are outlined in 
Scheme 1. The overall approach is similar to the sequence 
we used to synthesize tetradeuterated 11,14,17-20:3 (4). 

HC~CCH2CH2OTHP + C]CH2CH2CH2Br 
~ LiNH2. NH3 

CIC H2C.H2C H2C-- C C H2C H2OT H P ~ ,  1 65% 
[(C6H5)3PJ3RhCI 

CIC H2C H2C H2C D2C D2C H2C H2OTH P 
~ CH3OH ' 2 95% p-TSA 

C iC H2C H2C H2C D2C D2C H2C H20 H ~, CrO3 ' 3 87% H2SO4 

CICH2CH2CH2CD2CD2CH2 COOH 4 76% crude 
~ Na[, CH3COCH 3 

]CH2CH2CH2CD2CD2CH2COOH 5 83% crude 
$ HC~CCH2CH2OH, LiNH2, NH 3 

CH3OH, H* 
HOCH2.CH2C-~CCH2CH2CH2CD2CD2CH'2COOCH3 6 67% crude 

~D2, [(C6Hs)3P]3RhCI 

HOCH2CH2CD2CD2CH2CH2CH2CD2CD2CH2COOCH3 7 96% crude 
~, C5H5NHCrO3CI 

OHCCH2CD2CD2CH2CH2CH2CD2CD2CH2COOCH3 8 89% crude 
~ C H3CH2CH-- CHCH2CH:- CHCH2C H2P(C6Hs)3I 

C4H9Li, THF 
CH3CH2(CH----CHCH2)3CD2CD2CH2CH2CHzCD2CD2CH2COOCH3 9 68% ~ude 

SCHEME 1 

Abbreviations: EE, diethyl ether; GC, gas chromatography; GC/MS, 
gas chromatography/mass spectrometry; NMR, nuclear magnetic 
resonance; PE, petroleum ether (35-60~ THF, tetrahydrofuran; 
THP, tetrahydropyranyl. 

The reaction sequence involves acetylenic couplings, 
catalytic deuterations, oxidations and a Wittig reaction. 

The tetrahydropyranyl ether of 3-butynol was coupled 
with 1-bromo-3-chloropropane in the presence of lithium 
amide in liquid ammonia to give 1-(2-tetrahydropyranyl- 
oxy)o7-chlor~3-heptyne, 1, in 65% yiekL Catalytic deutera- 
tion of 1 with deuterium gas in the presence of Wilkin- 
son's catalyst, tr/s(triphenylphosphine)chlororhodium, 
gave the tetradeuterated product, 2, in 95% yield. The 
tetrahydropyranyl group was removed by reaction with 
methanol and p-toluenesulfonic acid to give 7-chloro- 
heptanol-d 4, 3, in 87% yield. Addition of chromium triox- 
ide in 10 N sulfuric acid to compound 3 or rapid addition 
of compound 3 to the oxidizing medium resulted in a low 
yield of the desired acid and a high yield of octadeuterated 
7-chloroheptyl 7-chloroheptanoate~ A 76% yield of the 
desired acid~ 4, together with only a small amount of the 
ester was obtained by introducing a dilute solution of 3 
in acetone under the surface of the rapidly stirred oxidiz- 
ing medium by means of a syringe pump. If the addition 
is rapid or the solution is not dilute, the aldehyde formed 
initially in the oxidation reaction reacts with neighbor- 
ing alcohol molecules to give a hemiacetal which is then 
oxidized to the ester (5). If a substantial amount of ester 
is inadvertently obtained, the acid and alcohol may be 
recovered. Hydrolysis with alcoholic KOH results in par- 
tial replacement of the chlorine by OC~H 5. Interesterifi- 
cation with 96% formic acid and methanesulfouic acid {6) 
releases the tetradeuterated 7-chloroheptanoic acid and 
leaves the tetradeuterated chioroalcohol as the formate 
ester. The free alcohol may be obtained by interesterifica- 
tion with methanol and mineral acid. 

The deuterated chloroacid, 4, was converted to the 
deuterated iodoacid, 5, in 83% crude yield by reaction with 
sodium iodide in aceton~ Acetyleuic coupling of 5 with 
3-butynol in the presence of lithium amide in liquid am- 
mouia (7) gave, after esterification, methyl ll-hydroxy-8- 
undecynoate-3,3,4,4-d4, 6, in 67% crude yield. Compound 
6 was reduced to the octadeuterated product with deu- 
terium in the presence of Wilklnson's catalyst in 96% 
yield. The saturated hydroxyester 7 was oxidized to 
methyl ll-oxoundecanoate-3,3,4,4,8,8,9,9-ds, 8, in 89% 
crude yield using pyridinium chlorochromate~ Compound 
8 was then coupled by a Wittig reaction with 3,6-nona- 
dienyltriphenylphosphonium iodide (8,9} to give methyl 
11,14,17-20:3-ds in 68% crude yield. Reverse~phase high- 
pressure liquid chromatography was used to isolate a 19% 
yield (based on the methyl 11-oxoundecanoate-ds used) of 
the all cis-20:3-d8 and a 14% yield of a mixture of the 
mon~trans and all cis isomers. In addition, we obtained 
a 6% yield of a compound we identified by nuclear mag- 
netic resonance (NMR) as methyl 10,13,16-nonadecatri- 
enoate2,2,3,3,7,7,8,8-ds. We were also able to identify a 
very small amount of methyl octadecatrienoate-d 6 by gas 
chromatography/mass spectrometry (GC/MS). 

Mention is made in the literature (10) of the fact that 
chromic acid oxidation of alcohols to acids gives poor 
yields due to the formation of shorter chain acids. The 
only detailed study reported was by Conant and Aston 
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(11) who demonstrated that oxidation of butyraldehyde 
by chromic acid yields some propanoic acid and carbon 
dioxide. Our analysis of the products formed by the ox- 
idation of 7-chloroheptanol-d4 with CrOa in H2SO 4 show- 
ed the presence of 7-chloroheptanoic acid-d4, 6-chloro- 
hexanoic acid-d4 and 5-chloropentanoic acid-d2 in a ratio 
of 81:16:3. (We confirmed these observations by the ox- 
idation of octanol which gave three acids and three esters. 
The esters were the octyl esters of octanoic, heptanoic and 
hexanoic acids.} Substitution of 6-chlorohexanoic acid-d4 
or 5-chloropentanoic acid-d2 for 7-chloroheptanoic acid-d4 
in the reaction sequence would yield the 19:3-d8 and 
18:3-d6 compounds obtained. 

The structures and configurations of the final products 
and of the intermediates were confirmed by nuclear 
magnetic resonance spectroscopy. The signals for the car- 
bons bearing deuterium atoms were essentially absent, 
and the chemical shifts for the allylic carbon atoms were 
consistent with an all cis configuration. 

EXPERIMENTAL PROCEDURES 

Reagents. Butyl lithium, dihydropyran, 3-butynol, t- 
bromo-3-chloropropane and pyridinium chlorochromate 
were obtained from Aldrich Chemical Company 
(Milwaukee, WI); tr/s(triphenylphosphine)chlororhodium 
was purchased from Strem Chemicals (Newburyport,MA). 
Silica Gel (60-200 mesh) and Florisfl {100-200 mesh} were 
obtained from J. T. Baker {Jackson, TN), Silica Gel 60 
from American Scientific Products (McGaw Park, IL) and 
SEP PAK Silica cartridges from Waters Chromatography 
Division, Millipore Corporation (Milford, MA). 

Analytic gas chromatography. A 30 m • 0.25 mm 
SP2340 or SP2330 fused silica capillary column (Supelc~ 
Inn, Bellefonte, PA) was used for analysis of the binary 
mixtures of geometric isomers formed. For other analyses, 
a 6 ft • 4 mm column packed with 3% EGSS-X on 
100/120 GasChrom Q or a 5 m x 0.53 mm HP-1 column 
(Hewlett-Packard, Avondale, PA) was employed. To sepa- 
rate the trans, cis,cis and cis, cis,cis isomers of 
11,14,17-20:3-d8, it was necessary to use a 100 m X 0.25 
mm SP2560 capillary column. 

t3C NMR. 13C NMR spectra were recorded at ambient 
temperature with a Bruker (Billerica, MA) WM 300 WB 
pulse Fourier transform spectrometer operating at 75.5 
MHz. Typically, 2500 transients were collected on CDC13 
solutions using 5-ram tubes. CDC13 served as both the in- 
ternal lock and secondary reference. Sweep widths of 200 
ppm and 8 K real data points limited acquisition time to 
0.54 s. Chemical shift values reported are within • 
Hz, s • ppm. A pulse width of 3 ~s (40 ~ was 
employed with no delay between pulses. Decoupling power 
was held to ca. 1 Watt to provide adequate broadband 
decoupling while minimizing sample heating. The signal 
from carbons bearing two deuterium atoms or one 
deuterium atom and a double bond was diminished to 
such an extent that it was usually not detected. 

Mass spectroscopy. Mass spectra were recorded on a 
Finnigan 4500 mass spectrometer (San Jose, CA) using 
isobutane chemical ionization and data processing of the 
isotope distribution against standards (12). 

Preparation of 1-(2-tetrahydropyranyloxy)-7-chloro-3- 
heptyne, 1. Liquid ammonia (ca. 800 mL) was charged to 
a 2-L, three-necked flask equipped with a mechanical stir- 

rer and a dry ice cooled condenser and surrounded by Ver- 
miculite. Ferric nitrate (1 g) was added followed by lithium 
metal (5.6 g, 800 mmol) which was added in small pieces 
over 25 min. After the mixture turned grey, the tetra- 
hydropyranyl (THP) ether of 3-butynol (115.5 g, 750 mmol) 
dissolved in tetrahydrofuran (THF) (100 mL) was added 
over 45 min. Then 1-bromo-3-chloropropane (59.1 g, 375 
mmol) dissolved in THF (50 mL) was added over 15 min. 
Ten hours later stirring was stopped, the Vermiculite was 
removed and ammonia was allowed to evaporate overnight 
through a KOH trap. The next day the flask was immersed 
in a warm water bath and flushed with argon to remove 
residual ammonia Water (300 mL) was added and the mix- 
ture was extracted with diethyl ether (EE) (4 • 100 mL). 
The combined EE layers were washed with saturated am- 
monium chloride solution (100 mL) and saturated sodium 
chloride solution (100 mL) and dried {Na2SO4). Removal 
of the drying agent and solvent left a product {138.2 g) 
which was distilled under reduced pressure to give a 
forerun containing the THP ether of 3-butynol {47.1 g) b.p. 
50-75 ~ at 0.5 torr and a main fraction containing 1 (56.1 g, 
64.8% of theory, 90% pure by GC on HP-1) b.p. 112-120~ 
at 0.4 torr. 13C NMR (ppm): C-l, 65.92; C-2, 20.07; C-3, 
77.96; C-4, 78.98; C-5, 16.06; C-6, 31.53; C-7, 43.55. THP 
group: C-2', 98.55; C-3', 30.46; C-4', 19.30; C-5', 25.34; C-6', 
62.00. 

Preparation of  1-(2-tetrahydropyranyloxy}-7-chlorohep- 
tane-3,3,4,4-d4, 2. Compound 1 (53.2 g, 231 mmol) dis- 
solved in benzene (1 L) was treated with deuterium gas 
in the presence of tr/s(triphenylphosphine)chlororhodium 
(4.2 g) in the manner previously described (13). The reduc- 
tion took about 6 h. Benzene was removed on the rotary 
evaporator, petroleum ether (PE) was added and the mix- 
ture was filtered through a plug of glass wool onto a col- 
umn (30 m m •  50 cm) containing Silica Gel 60 (120 g) in 
PE. Elution with 100% PE and PE/EE (90:10, vol/vol) 
gave the title compound, 2, (52 g, 95% of theory, about 
95% pure by GC on HP-1). lzC NMR (ppm): C-l, 67.44; 
C-2, 29.34; C-5, 26.52; C-6, 32.48; C-7, 45.03. THP group: 
C-2', 98.78; C-3', 30.73; C-4', 19.65; C-5', 25.45; C-6', 62.27. 

Preparation of 7-chloroheptanol-3,3,4,4-d4, 3. Com- 
pound 2 (52 g, 218 retool) was stirred overnight in 
methanol (500 mL} with p-toluenesulfonic acid (1 g). Solid 
sodium carbonate was added and methanol was removed 
on the rotary evaporator. Saturated sodium carbonate 
solution (50 mL) was added and the mixture was extracted 
with EE (4 X 50 mL) and dried (Na2SO4). The drying 
agent and solvent were removed, and the residue was 
distilled under reduced pressure to give the title com- 
pound, 3, (29.2 g, 87% of theory, 90% pure by GC on HP-1) 
b.p. 84-90~ at 0.4 torr. Deuterium analysis: 0.23% d o, 
1.12% dl, 7.96% d3, 88.76% d4, 1.43% dr, 0.12% dl0, 
0.37% dn. D average = 3.95. IH NMR (CDC13): d 3.60 (t, 
2H, CH2OH); d 3.50 (t, 2H, CH2CI); d 1.69-1.79 (m, 3H, 
CH2CH2C1 and O/D; d 1.52 (t, 2H, CH2CH2OH); 6 1.39 (t, 
2H, CH2CD2). lsC NMR (ppm): C-l, 62.66; C-2, 32.22; C-5, 
26.43; C-6, 32.36; C-7, 44.97. 

Preparation of 3,3, 4, 4-tetradeutero-7-chloroheptanoic 
acid, 4. Chromium trioxide (24.05 g, 248 mmol) was 
dissolved in 10 N H2SO4 (250 mL) in a l-L, three-necked 
flask equipped with a mechanical stirrer, a thermometer 
and a narrow plastic tube ending just below the surface 
of the liquid. The reaction vessel was cooled to about 3~ 
in an ice-salt bath, and a solution of compound 3 (19.05 g, 
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123 mmol) dissolved in acetone (250 mL) was added slowly, 
by means of a syringe pump, below the surface of the 
rapidly stirred solution at approximately 0.5 mL/min. The 
addition required about nine hours. Acetone was removed 
on the rotary evaporator, the residue was diluted with 
water (300 mL) and extracted with EE (5 • 100 mL). The 
combined EE extracts were washed with saturated NaCI 
solution (50 mL) and dried (Na2SO4). Removal of the dry- 
ing agent and solvent left a product which was mostly 
the desired acid contaminated by only a small amount of 
ester. This residue was dissolved in EE (150 mL) and ex- 
tracted with 10% NaOH (2 • 50 mL). The basic solution 
was washed with EE (25 mL) which was combined with 
the base extracted EE solution. The EE solution was 
washed with water (25 mL), dried (Na2SO 4) and the sol- 
vent removed to yield impure tetradeutero-7-chloroheptyl 
tetradeutero-7-chloroheptanoate (1.23 g). The basic solu- 
tion was acidified to Congo Red with 3 N HC1 (c~ 180 mL) 
and the free acid was extracted into EE (4 • 50 mL). The 
combined EE extracts were washed with saturated 
sodium chloride solution (25 mL) and dried (Na2SO4). 
Removal of the drying agent and solvent yielded the 
desired product, 4, (15.96 g, 76% crude yield, approxi- 
mately 78% pure by GC on HP-1). An analytical sample 
was obtained by passage through a Waters SEP PAK 
silica cartridge with hexane (Milford, MA). ZH NMR 
(CDC13): d 3.51 (t, 2H, CH2C1); d 2.33 (s, 2H, CHzCOOH); 
d 1.73-1.78 (rn, 2H, CH2CH2C1); d 1.42 (t, 2H, 
CH2CH2CH2C1). z3C NMR (ppm): C-l, 180.3; C-2, 33.69; 
C-5, 26.20; C-6, 32.26; C-7, 44.90. 

Preparation of 3,3, 4, 4-tetradeutero-7-iodoheptanoic acid, 
5. Crude compound 4 (13.7 g, 81.3 mmol) was dissolved 
in acetone (250 mL). Sodium iodide (15.3 g) was added and 
the mixture was heated at reflux temperature for 60 h. 
The reaction mixture was cooled and the solvent was 
removed on the rotary evaporator. The reaction mixture 
was poured into EE and a precipitate formed. The mix- 
ture was washed with water to remove the solid. The EE 
solution was dried (Na2SO4) and the EE was removed to 
yield the desired product, 5, (17.55 g, 83% crude yield, ca- 
75% pure by GC on HP-1). An analytical sample was ob- 
tained by passage through a Waters SEP PAK silica car- 
tridge with PE/EE (95:5, vol/vol); m.p. 42-44~ ZH 
NMR (CDC13): 6 3.16 (t, 2H, CH2I); 6 2.32 (s, 2H, 
CH2COO); 6 1.80 (rn, 2H, CH2CH2I); d 1.38 (rn, 2H, 
CH2CH2CH2I). 13C NMR (ppm): C-l, 180.24; C-2, 33.69; 
C-5, 29.79; C-6, 33.12; C-7, 6.86. 

Preparation of methyl 11-hydroxy~-undecynoate~,3, 4, 4- 
d4, 6. Liquid ammonia (ca. 500 mL) was charged to a l-L, 
threenecked flask equipped with a mechanical stirrer and 
a dry-ice cooled condenser and surrounded by Vermiculite 
insulation. Ferric nitrate (1 g) was added followed by slow 
addition of lithium metal (4.7 g, 673 mmol). After the reac- 
tion mixture assumed a grey color, a solution of 3-butynol 
(23.55 g, 336 mmol) in THF (50 mL) was added dropwise 
over 30 rain. Then compound 5 (17.5 g, 67 mmol) in THF 
(50 mL) was added over 30 min. Eight hours later the Ver- 
miculite insulation was removed, and ammonia was vented 
through a KOH trap. The next morning, the reaction 
vessel was immersed into a warm water bath and argon 
was passed through the flask to remove residual ammonia. 
The reaction mixture was cooled, diluted with water (200 
mL) and acidified with 5 N H2SO4 (200 mL). The reaction 
mixture was extracted into EE (5 • 50 mL) and the EE 

solution was washed with saturated ammonium chloride 
solution (100 mL) and saturated sodium chloride solution 
(100 mL) and dried (Na2SO4). After removal of the dry- 
ing agent and solvent, excess 3-butynol was removed by 
distillation under reduced pressur~ Methanol (100 mL) 
and concentrated H~SO4 (1 mL) were added to the 
residue and the solution was heated under reflux for one 
hour. The reaction mixture was neutralized with solid 
sodium bicarbonate and solvent was removed on the 
rotary evaporator. The residue was diluted with water and 
extracted into EE (2 • 40 mL). The EE solution was dried 
(Na2SO4) and, after removal of the drying agent and sol- 
vent, distillation yielded the desired compound, 6 (9.72 g, 
67% crude yield, about 85% pure by GC on HP-1) b.p. 
112-120~ at 0.35 torr. ~H NMR (CDC13): 6 3.58-3.62 (rn, 
5H, OCH3, CH2OH); 6 2.33-2.37 (rn, 3H, CH2CH2OH, 
OH); d 2.22 (s, 2H, CH2COO); 6 2.06-2.11 (rn, CH2C=C); 
d 1.30-1.44 (rn, 4H, CD~CH2CH2). 13C NMR (ppm): C-l, 
174.13; C-2, 33.62; C-5,6, 28.00,28.52; C-7, 18.51; C-8, 82.05; 
C-9, 76.44; C-10, 22.98; C-11, 61.22; OCH 3, 51.31. 

Preparation of methyl 11-hydroxyundecanoate- 
3,3,4,4,~8,9,~ds, 7. Compound 6 (3.63 g, 16.8 mmol) in 
benzene (100 mL) was treated with deuterium gas in the 
presence of tr/s(triphenylphosphine)chlororhodium as pre~ 
viously described (13). Benzene was removed on the rotary 
evaporator and the red residue was diluted with PE. The 
mixture was filtered onto a column (15 mm X 25 cm) con- 
taining Baker silica gel in PE. Elution with mixtures con- 
taining up to 75% EE in PE gave the desired product, 7 
(3.62 g, 96% yield, 95% pure by GC on HP-1). Deuterium 
distribution: 0.03% do, 0.01% dl, 0.01% d2, 0.03% d3, 
0.22% d4, 4.73% dT, 92.97% d s, 1.85% d 9, 0.15% dl0, 
0.01% dn. D average -- 7.96. 1H NMR (CDC13): d 3.63 (s, 
3H, OCH3); 6 3.58 (t, 2H, CH2OH); 6 2.25 (s, 2H, 
CD2CH2C=O); 6 1.51 (t, 2H, CH2CH2OH); 6 1.24 (s, 6H, 
(CH2)3). z3C NMR (ppm): C-l, 174.32; C-2, 33.84; C-5,6,7, 
28.92-29.21; C-10, 32.49; C-11, 62.93. 

Preparation of methyl 11~xoundecanoate~,3, 4, 4,8~& 9,~ 
d4, 8. Pyridinium chlorochromate (9.46 g, 43.8 mmol) was 
slurried in methylene chloride (100 mL) in a 250-mL, three 
necked flask equipped with a mechanical stirrer and a 
thermometer. While a stream of nitrogen was passed 
through the apparatus, the reaction mixture was cooled 
to 10~ with an ice bath. Compound 7 (6.7 g, 30.2 mmol) 
dissolved in methylene chloride (15 mL) was added in one 
portion. The ice bath was removed, the reaction mixture 
turned black and the temperature rose to 19~ Diethyl 
ether (50 mL) was added 1.5 h later to the tarry material 
and was decanted after 10 min of stirring. This was 
repeated twice with fresh portions (50 mL and 30 mL) of 
EE. The combined EE extracts were passed through a col- 
umn (1.5 X 25 cm) containing dry Florisil (15 g) and the 
column was flushed with EE (50 mL). The solvent was 
removed on the rotary evaporator to yield compound 8, 
(6 g, 89% crude yield, 74% pure by GC on HP-1). An 
analytical sample was obtained by passage through a 
Waters SEP PAK silica cartridge with hexan~ 1H NMR 
(CDCI3): d 9.74 (t, 1H, CHO), 6 3.64 (s, 3H, OCH3), d 2.38 
(s, 2H, CH2CHO), 6 2.25 (s, 2H, CDsCH~COO), d 1.25 (rn, 
6H, (CH2)3). z3C NMR (ppm): C-l, 174.23; C-2, 33.83; 
C-5,6,7, 29.0-29.7; C-10, 43.66; C-11, 202.78; methyl group, 
51.39. 

Preparation of methyl 11,14,17-eicosatrienoate- 
3,3, 4, 4,8,8,9,~ds, 9. Nonadienyltriphenylphosphonium 
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iodide (8,14) (29.12 g, 56.9 retool) was slurried in T H F  (175 
mL) in a 500-mL, three-necked flask equipped with a 
mechanical stirrer, a low temperature  thermometer  and 
a CaC12 drying tube. While a s t ream of nitrogen was 
passed through the apparatus immersed in an ice bath, 
butyl  li thium (2.5M, 24 mL, 60 mmol) was added in por- 
tions over 10 min. The temperature achieved a maximum 
of 17 ~ and a very dark red solution formed. The ice bath  
was removed and compound 8 (10.98 g, 49.6 mmol) in T H F  
(20 mL) was added in one portion and the temperature  
rose from 20-30~ The color of the reaction mixture 
became a little lighter. About  one hour later, sa turated 
sodium chloride solution was added, and the organic layer 
was separated and dried (Na2SO4). Removal of the dry- 
ing agent and solvent left a solid and a liquid (38.8 g). This 
was diluted with PE and filtered onto a column (22 
m m •  35 cm) packed with Baker silica gel (40 g) in PE. 
Elut ion with PE and PE /EE  (95:5, vol/vol) gave the 
desired compound, 9 (11.1 g, 68% of theory, 69% pure by 
GC on SP2330). Principal contaminant  was 19:3-d 8. 

The all cis isomer was separated by reverse phase chr~  
matography on an HPLC column {Serva Feinbiochemica, 
Heidelberg, Germany) (5 • 25 cm) 5 micron Octadecyl Si 
100 Polyol using 10% water in acetenitrile as eluant. From 
9.9 g of reaction mixture, separated in approximately 1.4 g 
batches, there was obtained, after pooling similar frac- 
tions, 0.93 g of methyl  nonadecatrienoate~ds, 3.07 g of 
methyl  cis-11, cis-14~:is-17-eicosatrienoate-3,3,4,4,7,7,8,8- 
ds and 2.28 g of a mixture of the mono-trans and all cis 
20:3-ds isomers. The overall yield of 20:3-d s in the Witt ig 
reaction was 33% and for the overall reaction sequence 
it  was 6.4%. 

Deuter ium distribution: 0.01% do, 0.01% dl, 0.02% d2, 
0.01% d3, 0.09% d4, 0.10% ds, 4.98% dT, 94.16% ds, 0.48% 
d 9, 0.11% dl0, 0.02% d~3. D average = 7.95. 1H NMR 
(CDC13): d 5.28-5.42 {m, 6H, CH=CH); d 3.65 (s, 3H, 
OCHs); d 2.77 (t, 4H, C=CCH2C=C); d 2.27 (s, 2H, 
CH2COO); d 2.01-2.12 (m, 4H, CH2C=C); d 1.25 {m, 6H, 
(CH2)3); d 0.96 (t, 3H, CH3). 13C NMR (ppm): C-l, 174.3; 

C-2, 33.9; C-5,6,7, 29.0-29.3; C-10, 27.0; C-11, 130.3; C-12, 
127.6; C-13,16, 25.6; C-14,15, 128.2; C-17, 127.1; C-18, 131.9; 
C-19, 20.5; C-20, 14.3; OCH3, 51.4. 

The 19:3-d8 was identified as methyl  10,13,16-nona- 
decatrienoate-2,2,3,3,7,7,8,8-ds by the fact tha t  its NMR 
spectrum was identical to tha t  of 20:3-ds with the sole 
exception of the absence of a chemical shift of d 2.27 for 
CH2COO in the 1H NMR spectrum and of 33.9 for C-2 in 
the 13C NMR. 
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Antagonism of [3H]Fatty Acid Incorporation into Vimentin 
by Sodium Pyruvate: Pitfalls of Protein Acylation 
Richard J. Cenedella* and Jeanne Mitchell 
Department of Biochemistry, Kirksville College of Osteopathic Medicine, Kirksville, Missouri 63501 

In the course of studying possible fatty acid acylation of 
vimentin by cultured bovine lens epithelial cells, several 
potential pitfalls of protein-fatty acid acylation were recog- 
nized. Even exhaustive delipidation of vimentin with oP 
ganic solvents failed to remove all noncovalently associ- 
ated [3H]palmitate and [aH]myristate. Hydroxy]amlne 
treatment of vimentin, separated by sodium dodecylsul- 
fate-polyacrylamide gel electrophoresis (SD~PAGE), failed 
to remove either palmitate or myristate derived radiolabel. 
Hydroxylamlne treatment did remove palmltate label from 
a group of lower molecular weight proteins. The myristate 
radiolabel associated with vimentin recovered after S D ~  
PAGE and subjected to acid hydrolysis was shown due to 
incorporated [3H]amino acids, mainly glutamie acid, gen- 
erated from the fatty acid. Adding excess sodium pyruvate 
to labeling media has been used by others to reduce the 
metabolic conversion of fatty acids to amino acids; how- 
ever, no direct evidence in support of this antagonism was 
presented. We observed that inclusion of sodium pyruvate 
at between 5 and 20 mM in the labeling medium pro- 
duced a dramatic decrease in incorporation of myristic acid 
radiolabsl into vimentin. However, inclusion of even 20 mM 
pyruvate did not completely antagonize the metabolic con- 
version of fatty acid label to amino acids. Furthermore, 
the sodium pyruvate antagonism could be totally obscured 
if the exposure of X-ray film by fluorography was even 
slightly prolonged. The results illustrate the danger in 
assuming that solvent extraction totally delipidates pro- 
teins and that adding sodium pyruvate to labeling media 
prevents the transfer of fatty acid label to amino adds. 
Caution is necessary to conclude that radiolabel associated 
with specific proteins following incubation of cells with 
labeled fatty acid is due to covalent attachment of the fat- 
ty acid to the protein. 
Lipids 28, 235-240 (1993). 

The present study reexamines potential pitfalls of recogniz- 
ing fatty acid acylation of cellular proteins. This could be 
worthwhile in view of the expanding interest in lipid-modi- 
fications of proteins. In the course of studying possible fat- 
ty acid acylation of vimentin, incorporation of radiolabel 
from [3H]palmitic and [3H]myristic acids that initially ap- 
peared to be due to covalent acylation of vimentin was ulti- 
mately shown to be due to incorporation of [3H]labeled 
amino acids generated by fatty acid metabolism. Initial evi- 
dence that vimentin was covalently acylated by [3H]palmi- 
tate and [3H]myristate came from observing that [3H]fat- 

*To whom correspondence should be addressed at Department of 
Biochemistry, Kirksville College of Osteopathic Medicine, 800 W. 
Jefferson, Kirksville, MO 63501. 

Abbreviations: DMEM, Dulbecco's modified Eagle's media; EDTA, 
ethylenediaminetetraacetic acid; EGTA, ethyleneglycol-b/s(~-amin~ 
ethyl ether)N,N, hrhr-tetraacetic acid; PBS, physiological buffered 
saline; Py, pyruvate; SDS-PAGE, sodium dodecylsulfate-polyacryl- 
amide ge-1 electrophoresis; TCA, trichloroacetic acid; TLCK, N-a-p- 
tosyl-/-lysine chloromethyl ketone; Tris, tris(hydroxymethyl)amino- 
methane; V, vimentin; Vd, vimentin degradation products. 

ty acid was released from exhaustively delipidated vimen- 
tin by hydrolysis and from observing no inhibition by so- 
dium pyruvate of [3H]fatty acid incorporation into vimen- 
tirL Ex~nsive extraction of cellular proteins with organic 
solvent is said to completely remove all noncov~ently bound 
labeled lipid from proteins (1,2), and inclusion of 5 mM so- 
dium pyruvate in the labeling media is said to block meta- 
bolic conversion of radiolabel from fatty acids into amino 
acids (3). We present here the first direct evidence that ex- 
haustive delipidation of protein with organic solvents may 
not remove all noncovalently associated [3H]fatty acid, and 
inclusion of even 20 mM sodium pyruvate in the labeling 
media may only partially block incorporation of [3H]fatty 
acid into protein v/a amino acids, and even this block might 
be masked if the time used to detect labeled protein by flu- 
orographic exposure of X-ray film is even slightly prolonge~ 

Vimentin, the single most abundant protein of bovine lens 
epithelial cells in culture (results of this study}, is a cytoskele ~ 
tal component which bridges nuclear and plasma mem- 
branes (4). The covalent attachment of fatty acid to other 
cytoskeletal proteins, such as actin (5), ankyrin (6) and vin- 
culin (3), could contribute to their association with cellular 
membranes. 

MATERIALS AND METHODS 

Cell culture labeling conditions and cell fractionation. 
Bovine lens epithelial cells were cultured and maintained 
in Dulbecco's modified Eagle's media (DMEM) supple- 
mented with 10% calf serum as described previously in 
detail (7). At day 4 of subculture, medium on confluent 
cultures was replaced with serum-free DMEM containing 
0.10 mCi/mL of [9,10-3H]palmitic acid (60 Ci/mmol, New 
England Nuclear Corp., Boston, MA) or [9,10-3H]my - 
ristic acid (39 Ci/mmol, New England Nuclear Corp.). In 
some experiments, the medium was supplemented with 
5-20 mM sodium pyruvate~ Cells were incubated for 4 h 
at 37~ in a 5% CO2/95% air atmospher~ 

After incubation, cells were washed four times in palmi- 
tate or myristate chase medium (8), twice with physi- 
ological buffered saline (PBS), pH = 7.4, scraped into 
PBS, centrifuged (1000 • g for 5 min) and washed once 
with 4 mL of PBS. The washed cells were hand homo- 
genized in about 1.3 mL of 5 mM tris(hydroxymethyl)- 
aminomethane (Tris) buffer, pH = 8, containing 1 mM 
ethylenediaminetetraacetic acid (EDTA) plus 5 mM ~- 
mercaptoethanol {Buffer A) using an Econo-Grind glass- 
glass mini-homogenizer (Radnoti Glass Tech Inc, Mon- 
rovia, CA). Water insoluble proteins were recovered by cen- 
trifugation (100,000 X g for 1 h, SW 60 rotor}. Water solu- 
ble proteins were precipitated from the supernatant with 
10% trichloroacetic acid (TCA), washed twice with 1% 
TCA and redissolved in Buffer A. Water insoluble proteins 
were suspended in about 0.5 mL of 55% (g sucrose/100 
g solution) sucrose and overlayed with 0.4 mL of 45, 40, 
30, 25 and 8% sucrose All solutions were in Buffer A. The 
discontinuous gradient was spun at 100,000 • g for 2 h 
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(SW 60 rotor); major fractions were seen at the 30/40% 
and 45/55% sucrose interfaces and in the pellet. Fractions 
were recovered and washed once in Buffer A. All solutions 
used in cell harvesting, homogenization and cell fractiona- 
tion contained either no protease inhibitors or N-a-p-tosyl- 
l-lysine chloromethyl ketone, (TLCK; 1 raM, Sigma Chemi- 
cal Co., St. Louis, MO) plus ethyleneglycol-bis(~-amino- 
ethyl ether )N,N,N',N'-tetraacetic acid (EGTA; 2 raM). 

Isolation, recovery and identification of vimentir~ Water 
soluble proteins and proteins from the sucrose gradient 
were separated by sodium dodecylsulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) under reducing condi- 
tions using 12% gels by the Laemmli method (9) and sub- 
jected to fluorography using ENSHANCE (New England 
Nuclear Corp.) according to the manufacturer's instruc- 
tions. Proteins also were electrotransferred from unstained 
SDS-PAGE gels to nitrocellulose membranes (Electro- 
Eluter, Bio-Rad, Richmond, CA), blotted with rabbit an- 
tichicken vimentin antiserum (1:1000 dilution) and de- 
tected using alkaline phosphatase conjugated goat an- 
tirabbit IgG (Sigma Chemical Co.). In some cases, the 
fixed gels were treated for 18 h with 1 M hydroxylamine 
at pH 7 or with 1 M Tris, pH 7 (control), prior to staining 
and fluorography (2). Water soluble proteins were also 
separated by combined electrophoresis and SDS-PAGE 
using the mini-Protean II, 2-dimensional cell of Bio-Rad. 
Proteins were electrotransferred to ProBlott membrane 
(Applied Biosystems, Foster City, CA) according to the 
manufacturer's instructions and stained and submitted 
for amino acid compositional analysis and sequence iden- 
tification by the Edman degradation {Protein Structure 
Core Facility of the University of Nebraska Medical Cen- 
ter, Omaha, NE). 

Vimentin delipidation, alkaline hydrolysis and acid 
methanolysis. The water insoluble fraction recovered from 
the 45/55% sucrose interface was extracted with 8 M urea 
and centrifuged (100,000 • g for 1 h). Vimentin is extract- 
able from calf lens by concentrated urea (10). The super- 
natant was diluted to 1.6 M urea with water and brought 
to 10% TCA. The protein pellet was washed twice with 
1% TCA, lyophilized and delipidated with the following 
series of organic solvent extractions: five extractions with 
ice cold chloroform/methanol (2:1, vol/vol), and one each 
with ice-cold methanol, chloroform/methanol (1:2, vol/vol), 
chloroform/methanol (1:1, vol/vol), chloroform/meth- 
anol/water (1:1:0.3, by vol) and methanol. This is similar 
to the protein-delipidation procedure used by Iozzo et al. 
(2). Delipidated protein was subjected to SDS-PAGE and 
fluorography. 

Aliquots of the delipidated protein were suspended in 
1.0 mL of either 0.67 N KOH in 67% ethanol/water 
(vol/vol) or 1 mL of 2 N HC1 in methanol, heated at l l0~  
for 24 h or 72 h, respectively, and diluted with 1 mL of 
water. Unlabeled palmitate and myristate (25 to 100 ~g) 
was added as carrier prior to heating. The alkaline hy- 
drolysate was extracted with three 2-mL aliquots of hex- 
ane and the acid methanolysis mixture with three 2-mL 
aliquots of petroleum ether. Methyl palmitate and methyl 
myristate recovered from acid methanolysis were separ- 
ated by thin-layer chromatography as described by James 
and Olson (8), and the distribution of radiolabel between 
methyl palmitate and methyl myristate in the excised 
spots was measured by scintillation counting. 

Measurement of amino acid tritium in vimenti~ Vimen- 

tin was electroeluted as the 59 kDa band excised from 
SDS-PAGE gels. The eluted protein fraction was di- 
alyzed overnight against 5 mM ammonium bicarbonate 
containing 0.05% SDS (wt/vol). After adding 50 ~g of 
albumin carrier, the protein suspension was SpeedVac- 
dried (SpeedVac Concentrator, Savant Inst., Farmingdale, 
NY), suspended in 50 ~L of water and the protein pre- 
cipitated at - 20~  with 450 ~L of acetone The acetone 
washed pellet was air dried, suspended in 1.0 mL of 6 N 
HC1 and hydrolyzed at 110~ for 18 h in vacuo. The 
hydrolysate was extracted three times with 1 mL of ben- 
zene. The aqueous phase was lyophilized, dissolved in a 
small volume of 10% isopropanol and the amino acids 
separated by two-dimensional thin-layer chromatography 
on Whatman Na 1 paper using n-butanol/acetic acid/water 
(1:0.25:0.42, by vol) in the first direction and phenol/water 
(1:0.25, wt/vol) in the second direction, and visualized by 
ninhydrin spray (ll). The identity of amino acids was 
determined by comparison with standards. The excised 
amino acid spots were dissolved in 1 mL of water and the 
tritium content determined by liquid scintillation 
counting. 

RESULTS 

Radiolabeling of vimentin. When cultured bovine lens 
epithelial cells were homogenized and fractionated in the 
absence of calcium protease inhibitors, about 50% of the 
total cellular protein was water soluble and largely ac- 
counted for by several polypeptides of about 45-47 kDa 
(Fig. 1A). Insoluble protein fractions were recovered from 
a discontinuous sucrose gradient at the 30/40% and 
45/55% sucrose interfaces and in a pellet fraction. In the 
presence of the protease inhibitors (TLCK plus EGTA), 
the soluble protein recovered from the cells decreased to 
about 15% of total and the protein recovered from the 
45/55% sucrose interface fraction markedly increased, 
with a particular increase in the 59 kDa polypeptide com- 
ponent of this fraction. 

Both the water soluble 45-47 kDa polypeptides and the 
water insoluble 59 kDa protein of the 45/55% sucrose frac- 
tion were labeled by [3H]palmitic and [3H]myristic acids 
{Fig. 1). The 59 kDa protein was immunostained with 
vimentin antiserum IFig. 2). Water soluble polypeptides 
labeled from [3H]palmitic acid were separated on two- 
dimensional gels and transferred to a ProBlott membrane 
(Fig. 3A). The two major components (Unknown 1 and 2) 
were excised and subjected to amino acid analysis, and 
Unknown 2 was sequenced. The amino acid composition 
of both was very similar to bovine vimentin {Fig. 3B), and 
the sequence of Unknown 2 corresponded to vimentin 
truncated by 72 amino acids from the amino terminal (Fig. 
3C). Thus, the 59 kDa protein of the 45/55% sucrose in- 
terface fraction was vimentin and the 45-47 kDa water 
soluble polypeptides were vimentin degradation products. 
Nelson and Traub (15) and Ireland and Maisel {16) have 
shown that vimentin of both ascites tumor cells and lens 
cortical fiber cells is rapidly degraded by calcium activated 
proteases which can be inhibited by TLCK and EGTA. 

Vimentin, like other cytoskeletal proteins, can be ex- 
tracted from the cell's water insoluble fraction by 8 M urea 
(Fig. 4) (10). The urea extracted vimentin was precipitated 
with trichloroacetic acid after diluting the urea with water. 
The recovered vimentin was washed with 1% TCA, dried 
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FIG. 1. Labeling of cultured bovine lens epithelial cell proteins with 
[3H]palmitic acid and [3H]myristic acid. Confluent dishes of cells 
at day 4 of culture were incubated for 4 h at 37~ in Dulbecco's 
modified Eagle's media containing 0.1 mCi/mL of either [3H]pal- 
mitic or [3H]myristic acid. Cells were separated into water soluble 
and insoluble fractions. The insoluble fraction was further frac ~ 
tionated on a discontinuous sucrose gradient. A. sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and fluoro- 
graphy (12-15 d) of soluble proteins. B. SDS-PAGE and fluorography 
(7 d) of insoluble proteins recovered from the 30/40% and 45/55% 
sucrose interface and pellet (P) fractions. C, Coomassie blue stained 
protein. F, fluorography. 

FIG. 2. Fluorography and western blot of the 59 kDa protein from 
the 45155% sucrose interface fraction. The 59 kDa band from cells 
incubated with [3H]pAImitic acid was excised from SDS-PAGE gels 
and rerun in SDS-PAGE and either subjected to fluorogrnphy, F, (6 
d) or immunostaining, I, with antichicken vimentin antiserum. C* 
Coomassie blue staining protein which remained in the gel after 
transfer. Abbreviations as in Figure 1. 

and exhaustively extracted with ice-cold organic solvents 
as described in Materials and Methods. The tritium con- 
tent of the [3H]palmitate labeled protein decreased from 
35.7 X l0 s dpm to 7.02 • 104 dpm (99.8% decrease) and 

the [3H]myristate labeled protein decreased from 32.7 
X 106 dpm to 7.1 X 104 dpm (99.8% decrease). Aliquots 
of the delipidated protein were subjected to acid meth- 
anolysis and alkaline hydrolysis. About 80% of the radio- 
label was released from the [3H]palmitate labeled vimen- 
tin into the lipid soluble phase following both alkaline 
hydrolysis and acid methanolysis. About 50% of the radio- 
activity was released from [3H]myristate labeled vimen- 
tin into the lipid soluble phase following both alkaline 
hydrolysis and acid methanolysis. The release of myristate 
radioactivity by alkaline hydrolysis was unexpected as 
myristic acid attaches to protein by amide linkage (7). As 
discussed below, this observation likely reflects displace- 
ment by base of myristate which remained noncovalent- 
ly associated with vimentin even after exhaustive extrac- 
tion with organic solvents. Thin-layer chromatography of 
the recovered fatty acids showed methyl palmitate to ac- 
count for about 93% of the label from the palmitoylated 
protein, and methyl myristate for about 73% of that from 
myristoylated vimentin; the remaining radiolabel com- 
igrated with methyl palmitate. 

The release of substantial radiolabel from both 
[3H]palmitic and [3H]myristic acid labeled vimentin by 
alkaline hydrolysis sharply contrasted with the apparent 
lack of effect of hydroxylamine treatment upon release of 
label from either palmitoylated or myristoylated vimen- 
tin separated by SDS-PAGE (Fig. 5). Hydroxylamine did 
release radioactivity ~ m  a group of palmitate labeled pro- 
teins between 20 and 30 kDa. This observation indicates 
that some lens epithelial cell proteins are acylated and 
that the conditions of hydroxylamine treatment were ade- 
quate to completely release fatty acid attached to the pro- 
tein by an ester linkage. 

From these observations, we considered the possibili- 
ty that the lipid soluble radiolabel recovered following acid 
and base hydrolysis of delipidated vimentin represented 
trace amounts of noncovalently associated [3H]fatty acid 
which was not removed by even exhaustive solvent extrac- 
tion. We compared the release by acid methanolysis of 
lipid soluble myristate~radiolabel from vimentin, which 
was directly recovered from SDS-PAGE gels, with that 
from vimentin which was recovered by urea extraction and 
then delipidated. About 50% of the protein radiolabel was 
recovered in the organic solvent phase following direct acid 
methanolysis of the delipidated vimentin, but essential- 
ly none appeared as lipid-soluble radiolabel following acid- 
methanolysis of the protein recovered from the SDS- 
PAGE gel (Table 1). 

Because we now suspected that the incorporation of fat- 
ty acid radiolabel into vimentin occurred through label- 
ed amino acids generated from the fatty acids, the label- 
ing studies were repeated with inclusion of excess sodium 
pyruvate in the incubation media. Increased pyruvate 
(Py) is presumed to decrease the metabolic conversion of 
radiolabel from [3H]fatty acids to amino acids by ex- 
panding the cellular acetate pool (2,3); however, data 
documenting this effect are not available. Adding 5 mM 
sodium Py to the labeling media (which contains a basal 
level of 1 mM) produced no obvious decrease in the incor- 
poration of either [3H]palmitic or [3H]myristic acid into 
vimentin or other cellular proteins (Fig. 6). This observa- 
tion appeared to support the idea that vimentin was 
covalently labeled by these fatty acids. However, when the 
experiment was repeated using higher concentrations of 
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moll100 RESIDUES 

BOVINE 
VIMENTIN (12) Unk 2 Unk 1 

Asp 9.5 12.8 14.0 

Thr 3.9 4.9 5.1 

Ser 5.8 5.7 5.7 

Glu 20.9 19.9 19.7 

Pro 4.7 2.3 2.2 

Gly 6.4 3.3 3.2 

Ala 7,6 7.3 6.8 

Val 3.3 5.0 5.5 

Met 1.5 1.8 2.0 

lie 2,7 4.2 4.2 

Leu 11,0 12.9 12.7 

Try 2,5 2.6 2.3 

Phe 2,2 2.7 2.5 

His 2.0 1.2 1.7 

Lys 6.7 5.8 5.3 

Arg 7.8 7.7 7.1 

FIG. 3. Amino acid composition and sequence of [3H]palmitate labeled soluble protein. A. Bovine epithelial 
cell soluble protein separated by isoelectric focusing and SDS-PAGE. B. Amino acid composition of unknown 
(Uak) proteins 1 and 2, compared to bovine lens vimentin (ref. 12). C. N-terminal amino acid sequence of 
Unknown 2, compared to human and mouse vimentin (residues 72-86) (Refs. 13 and 14). Abbreviations as 
in Figure 1. 

FIG. 4. Urea soluble vimentin. Protein extracted by 8 M urea from 
the 45/55% sucrose interface fraction of cells incubated with 
[3H]palmitie acid. F, fluorography, 6 d; V, vimentin; C, Coomassie 
blue. 

sodium pyruvate, near complete inhibition of myristate 
labeling of vimentin could be observed depending upon 
the length of the fluorography exposure tim~ Following 
a six-day fluorography exposure 5, 10 and 20 mM sodium 
pyruvate all produced similar decreases in the intensity 
of labeling of vimentin with [3H]myristate {Fig. 7}. When 
the fluorography exposure time was decreased to three 
days, near complete blockage of labeling of vimentin from 
[3H]myristic acid was seen. Because blockage by sodium 
pyruvate of metabolic conversion of fatty acids into amino 
acids is incomplete, failure to initially recognize this an- 
tagonism by fluorography was likely due to exposing the 
X-ray film for too long {Fig. 6}. 

Final proof that the apparent incorporation of [3H]my- 
ristic acid, and likely [3H]palmitic acid, into vimentin 

FIG. 5. Effect of hydroxy[amine treatment on the release of label 
from [3H]palmltate and [~H]myristate labeled protein. Insoluble 
protein recovered from the 45/55% sucrose interface fraction was 
separated by SDS-PAGE. Gels were soaked in either 1 M Tris, pH 7, 
(--HA) or in 1 M hydroxylamlne, pH 7, (-I-HA) for 18 h at room temp- 
erature prior to staining and fluorography (7 d). V, vimentin; abbrevia- 
tions as in Figure 1. 

was due to amino acids which were then used for protein 
synthesis was obtained by acid hydrolysis of labeled 
vimentin and measuring the radioactive content of the 
resulting amino acids. As seen before, over 90% of the 
tritium label in vimentin recovered from the SDS-PAGE 
gel remained in the water soluble phase following acid 
hydrolysis and solvent extraction. The essential absence 
of radiolabel in the organic solvent phase shows that the 
tritium incorporated into vimentin following incubation 
of the lens epithelial cells with [3H]myristic acid was not 
due to acylation by fatty acid. Rather, aspartate, gluta- 
mate and serine accounted for essentially all of the radio- 
label associated with vimentin, with glutamate alone ac- 
counting for about 50% of the total (Table 2). 
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TABLE 1 TABLE 2 

Recovery of Lipid Soluble Tritium Following Acid Methanolysis 
of [3H]Myristate Labeled Vimentin from the 45/55% Sucrose 
Interface Fraction a 

Percent distribution of radiolabel 

Fraction PAGE Urea-separated 
following separated and delipidated 
treatment (%) (%) 

Aqueous layer 95 47 
Solvent layer 5 53 

aVimentin directly recovered from sodium dodecylsulfate-poly- 
acrylamide gel electrophoresis {SDS-PAGE) gels or virnentin ex- 
tracted by 8 M urea and then exhaustively delipidated was sub- 
jected to acid methanolysis. 

Distribution of Radiolabel Among Vimentin's Amino Acids a 

% Distributio~n 
Amino acid of radiolabel u 

Ala <1 
Asp 10 
Gly 3 
Glu 49 
His <1 
Leu, Ile <1 
Phen, Try <1 
Ser 38 
Thr <1 

aVimentin from cells incubated with [3H]myristic acid was re- 
covered from sodium dodecylsulfate-polyacrylamide gel electro- 
phoresis gels by electroelution. Albumin (50 /~g) was added as 
carrier, and the recovered protein was hydrolyzed in 6N HCI (110~ 
18 h). More than 90% of the radiolabel in the hydrolysate re~ 
mained in the aqueous phase following extraction with benzene. 
The aqueous phase was then lyophilized, the residue dissolved in 
10% isopropanol and subjected to two-dimensional paper chroma- 
tography. Amino acids were visualized by ninhydrin spray and 
identified by comparison to standards. Spots were excised and 
counted. 

bThese amino acids accounted for 64% of the total [3H]label theo- 
retically applied to the paper. An additional 13% of the applied 
radiolabsl was found outside of the areas of the identified amino 
acids. 

~ IG. 6. Effect of sodium pyruvate on labeling of vimentin with 
H]palmitie acid and [aH]myristic acid. Proteins recovered from 

the 45/55% sucrose fraction of cells in the absence or presence of 
excess sodium pyruvate (Py, 5 mM) were subjected to fluorography 
(7 d). V, vimentin. 

DISCUSSION 

I n  the  process of i nve s t i ga t i ng  the  possible  f a t t y  acid 
acyla t ion  of v imen t in ,  we documen ted  a t  leas t  two poten- 
t ial  pitfalls in de tec t ing  fa t ty  acid acylat ion of cellular pro- 
teins.  Fol lowing even exhaus t ive  organic  so lven t  extrac- 

FIG. 7. Antagonism by sodium pyruvate of [3H]myristie acid labeling of soluble and in- 
soluble vimentin. Insoluble vimentin was from the cellular pellet fraction. Cells were in- 
cubated with [3H]myristic acid in the absence or presence of excess sodium pyruvate (5, 
10 or 20 mM). C, Coomassie stained, V, vimentin, Vd, vimentin degradation products. 
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tion, [SH]labeled fa t ty  acid can remain noncovalently 
associated with the protein. In the case of vimentin, 50 
to 80% of the radiolabel associated with the protein after 
delipidation was likely free [~H]palmitic or [ZH]myristic 
acid. By contrast ,  SDS-PAGE appeared to remove essen- 
tially all of noncovalently bound [3H]fatty acid from 
vimentin. The difficulty in complete delipidation of pro- 
teins by solvent extract ion is compounded by the high 
concentrat ion and specific act ivi ty of radiolabeled sub- 
strates used in the fa t ty  acid acylation of proteins and 
the low levels of incorporation typically obtained, usual- 
ly requiring one or more weeks of fluorography exposure 
for detection. A second potential  pitfall involves the use 
of sodium pyruvate  to antagonize the metabolic conver- 
sion of fa t ty  acid to amino acid. Because supplementing 
the labeling media with excess sodium pyruvate  does not 
completely block incorporation of [3H]fatty acid into pro. 
tein via amino acids, careful a t tent ion must  be given to 
the fluorography exposure times. Even slightly excessive 
times can mask the competit ive effect of the pyruvate~ 

Olson et  al, (1) s tated tha t  incorporation of [3H]my- 
r istate into 3Ts mouse fibroblasts and PC12 cells occur- 
red mainly due to generation of [~H]amino acids, which 
were subsequently used for protein synthesis. However, 
specific proteins were not  identified. The present s tudy 
shows tha t  the labeling of vimentin from either [3H]pal- 
mitic or [3H]myristic acid in cultured bovine lens epi- 
thelial cells during short-term incubation likely occurred 
solely by metabolic conversion of f a t ty  acid to amino 
acids. This route of protein labeling would be greatest  for 
actively synthesized proteins, and vimentin was the single 
most  actively synthesized protein by these cells from 
[3H]leucine (data not  shown). An additional possible 
complication of protein-fatty acid acylation studies is tha t  
protein labeling might  occur simultaneously by covalent 
acylation and amino acid incorporation. In fact, this pos- 
sibility cannot  be excluded in the case of the palmitate 
radiolabel associated with vimentin, as the SDS-PAGE 
separation of protein was performed in the presence of 
reducing agent which might  cleave some palmitic acid at- 
tached to vimentin by thioester (18). However, retention 
of palmitic acid label in vimentin after t rea tment  of gels 
with hydroxylamine supports  incorporation of at least 
some palmitate radiolabel by way of amino acids. Proof 
of protein-fatty acid acylation can be obtained by show- 
ing tha t  base and/or acid hydrolysis of labeled protein re- 

covered from SDS-PAGE gels releases all of the radiolabel 
from the protein, the released label is soluble in organic 
solvent and it is shown to be in fa t ty  acid. Recall tha t  
SDS-PAGE appeared to remove all noncovalently asso- 
ciated [3H]fatty acid from protein, at least for vimentin. 
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Rapid Purification of Rabbit Reticulocyte Lipoxygenase for Electron 
Paramagnetic Spectroscopy Characterization of the Non-Heme Iron 
Richard T. Carroll a, Jessica Muller a, Jennifer Grimm a, William R. Dunham b, Richard H. Sands b and Max 
O. Funk, Jr. a,* 
aDepartments of Chemistry and Medicinal Chemistry, University of Toledo, Toledo, Ohio 43606 and bBiophysics Research Division, 
University of Michigan, Ann Arbor, Michigan 48109 

An efficient three-step purification technique has been 
developed for the reticulocyte l~lipoxygenase from rab- 
bit. Ammonium sulfate fractionated reticulocyte lysate 
was purified by size exclusion chromatography and pre- 
parative scale isoelectric focusing. The entire procedure 
was complete in less than eight hours and was carried out 
in batches which typically yielded 10 mg of purified en- 
zyme. The identity and purity of the enzyme were evalu- 
ated by N-terminal sequencing, sodium dodecylsulfate 
polyacrylamide gel electrophoresis and specific activity 
determinations. The enzyme contained approximately one 
g-atom iron per mole of protein. The iron was present in 
an electron paramagnetic spectroscopy (EPR) silent, 
presumably high spin iron(II), form in the isolated enzyme. 
Treatment with one equivalent of 1~hydroperoxy-9(Z),11(EF 
octadecadienoic acid resulted in the appearance of an EPR 
signal around g6. 
Lipids 28, 241-244 (1993). 

Lipoxygenase occupies a key position in the metabolism of 
polyunsaturated fatty acids in both plants and animal~ The 
products of lipoxygenase catalysis and subsequent metabc, 
lites are potent mediators of an array of biochemical events. 
For example, there is a substantial body of evidence in- 
dicating that rabbit 15-lipoxygenase plays a central role in 
the maturation of the red blood ceil (1). The enzyme ap 
patently catalyzes the peroxidation of mitochondrial lipids 
resulting in the destruction of the organelle, the inaugural 
step in the conversion of the reticulocyte into the mature 
erythrocsr~ Like all lipoxygenases, the reticulocyte enzyme 
contains one non-heme iron atom per molecule of the pro- 
tein (2). While the reticulocyte enzyme was by a wide margin 
the first mammalian lipoxygenase to be isolated, the non- 
heme iron site has not been characterize& By contrast the 
non-heme iron site of soybean lipoxygenase4 has been a cen- 
tral focus of studies of that enzyme Features of the iron 
have been probed by ultraviolet (UV) visible, electron para- 
magnetic resonance (EPR), magnetic circular dichroism 
(MCD), MSssbauer, X-ray absorption, paramagnetic nuclear 
magnetic resonance (NMR) spectroscopy and magnetic 
susceptibility measurements (3-5). These experiments 
demonstrated that the native soybean enzyme contained the 
metal in an EPR silent high-spin iron(II) forn~ Treatment 
of the native enzyme with the product of catalysis converted 
the metal to a high-spin iron(III) form with a characteristic 
EPR feature around g6. When the oxidized enzyme was 

*To whom correspondence should be addressed at Department of 
Chemistry, University of Toledo, 2801 W. Bancroft Street, Toledo, 
Ohio 43606. 

Abbreviations: DTF, dithiothreitol; EDTA, ethylenediaminetetraacetic 
acid; EPR, electron paramagnetic spectroscopy; MCD, magnetic cir- 
cular dichroism; NMR, nuclear magnetic resonance; PVDF, poly- 
vinylidenedifluoride, SDS, sodium dodecylsulfate; UV, ultraviolet. 

treated with linoleic acid (substrate) in the absence of ox- 
ygen, the EPR signal was lost, and a new iron(II) species 
was detectecL Therefore it has been concluded that the uni- 
que non-heme iron site plays a fundamental redox role in 
the catalytic mechanism of the enzyme The non-heme iron 
sites in porcine leukocyte 5- and 12-1ipoxygenases have been 
recently investigated and also found to be EPR active (6). 
However, the leukocyte enzymes as isolated displayed an 
EPR signal around g5.2 which did not require and was not 
affeced by the product of catalysis. Also the signal was not 
abolished by treatment with a reducing agent, nordihydro- 
guaiaretic aci& Two purification procedures for rabbit 15- 
lipoxygenase have been published (2,7). While the procedures 
result in the isolation of homogeneous protein in good yield~ 
there has been no apparent progress in the characterization 
of the non-heme iron site using spectroscopic probes. There 
is some indication that the purification scheme for the en- 
zyme may need to be tailored to the specific application or 
investigatiorL For exampl~ the purification procedure 
developed first was found not to provide protein samples 
suitable for crystmllizatiorL Initial experiments led us to 
believe that a critical element in the purification for the ex- 
amination of the non-heme iron site might be spee(k The 
previous procedures both involved multiple resolution steps 
with intervening concentration and dialysis manipulations 
spanning several days. Here we present a rapid purification 
procedure for the reticulocyte enzyme that provides samples 
of the enzyme suitable for undertaking the characterization 
of the non-heme iron site by EPR spectroscopy. 

MATERIALS AND METHODS 

Reticulocytes were obtained from New Zealand white rab- 
bits injected (1.0-2.0 mL) daily for five days with a 1.2% 
aqueous solution of N-acetylphenylhydrazine adjusted to 
pH 6.8 using HEPES buffer (1 M, pH 7.0). The rabbits 
were bled daffy from day 7 through day 12. The amount 
of blood collected was between 30 and 50 mL per day and 
was adjusted to maintain a hematocrit level between 18 
and 22% cells. 

The supernatant from lysed ceils (2) was brought to 55% 
saturation with ammonium sulfate, and the mixture was 
centrifuged. The pellet was redissolved in potassium 
phosphate buffer (0.01 M, pH 6.0) and was dialyzed 
against the same buffer at 5~ Precipitation was re- 
moved by centrifugation, and the supernatant was stored 
for future use in polypropylene tubes submerged in liquid 
nitrogen. 

Samples (10-15 mL) of the thawed extracts were applied 
to a Sephacryl $200 HR column (2.5 X 40 cm) equilibrated 
with Tris buffer, 0.05 M, pH 7.2, containing 1 mM dithio- 
threitol (DTT) and 1 mM MgC12. Elution was carried out 
with the same buffer at a flow rate of 2 mL min -1. Dur- 
ing elution the buffer reservoir was purged continuously 
with nitrogen and was maintained at 5~ Fractions (4 
mL) were collected and stored under a nitrogen at- 
mosphere on ice during subsequent analysis. Aliquots 
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of the fractions were subjected to sodium dodecylsulfate 
(SDS) polyacrylamide determinations (8) and measure- 1.s 
ment of absorbance at 280 and 560 nm. 

Pooled fractions (5, 20 mL) from the gel filtration ex- i 2  
periment were combined with glycerol {5 mL), 5/7 am- 
pholyte {3.0 mL, Biorad, Richmond, CA), and ice-cold de- C 0.9i 
ionized water to give a final volume of 50 mL. The sam- ~ ' 
ple was loaded into a preparative scale isoelectric focus- ~o 
ing apparatus (Rotofor, Biorad), and a constant power (15 ~ 0 6, 
W) was applied for a period of four hours. The fractions 
were subjected to pH, activity (2) and SDS polyacryl- 0.3, 
amide gel electrophoresis determinations as well as mea- 
surement of absorbance at 280 and 560 nn~ Fractions con- 0 
taining lipoxygenase were stored at -20~ without loss 
of activity for up to two weeks. 

Protein sequence determination was carried out on an 
Applied Biosystems model 477A liquid-pulsed peptide 
protein sequencer. Samples were analyzed for iron content 
using flame atomization atomic absorption spectrometry. B 
EPR measurements were made at 9 GHz using a Varian 
Century Line spectrometer {Palo Alto, CA) equipped with 
a liquid helium transfer line and a quartz dewar cavity kDa 
insert. Spectra were recorded at 25 K using microwave 
power that  avoided saturation. Running conditions were 95- 
set at 5 mW power, 1 mT modulation amplitude, 4 min 66- 
scan time and 0.128 s time constant. The samples were 

45- prepared for analysis by dialysis against Tris buffer, con- 
taining 0.1 M NaC1 and I mM ethylenediaminetetraacetic 
acid {EDTA). The oxidized enzyme was obtained by treat- 
ment with 13-hydroperoxy-9Z,11E-octadecadienoic acid {9) 30- 
in a 1:1.1 rati(~ Final concentration of the samples for EPR 
was carried out in a centrifugal concentrator {Amicon Cen- 20- 
tricon 30, Lexington, MA}. 

RESULTS AND DISCUSSION 

The mammalian lipoxygenases are susceptible to inactiva- 
tion with loss of iron in the presence of oxygen {absence 
of reducing agents} (10,11). Therefore, a rapid purification 
procedure for rabbit 15-lipoxygenase which avoided ex- 
posure to oxygen was investigated. Attempted purifica- 
tion of the enzyme with a chromatofocusing procedure 
which has been successfully applied to the isolation of the 
soybean isoenzymes failed. A procedure based on size ex- 
clusion chromatography and preparative isoelectric focus- 
ing was developed. 

The resolution of the proteins obtained from annnonium 
sulfate precipitated reticulocyte lysate by gel filtration 
chromatography is shown in Figure 1A. The applied sam- 
ple was the result of a one-day collection of reticulocytes 
from two rabbits between day 7 and 14 of the protocol. 
The collected fractions were monitored for absorbance at 
280 and 560 nm which allowed for detection of hemo- 
globin, a major protein component of the cells. The pro- 
teins were resolved between fractions 20 and 40. When 
fractions in this region were tested for lipoxygenase ac- 
tivity, it was found that  the hemoglobin interfered with 
the assay showing quasi-lipoxygenase activity. SDS poly- 
acrylamide gel electrophoresis {Fig. 1B) showed that a pre, 
rein of about 75 kDa coeluted with hemoglobin. The only 
other candidate for the target enzyme in the elution pro- 
file was a protein of 70 kDa that was present in fractions 
24-28. These samples, however, displayed no lipoxygenase 
activity. The identity of the 75 kDa protein as 15-lipoxy- 
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FIG. 1A. Elution profile for size exclusion chromatography of am- 
monium sulfate fractionated rabbit reticulocyte lysate. Sephacryl 
$200 HR, Tris HCI (0.05 M, pH 7.2, 1 mM dithiothreitol, 1 mM 
MgCI2). B. Sodium dodecylsulfate polyacrylamide gel elec- 
trophoresis determinations of selected fractions from the size exclu- 
sion chromatography. 

genase was confirmed by protein sequence analysis. The 
proteins in the gel were transferred electrophoretically to 
a polyvinylidenedifluoride {PVDF) membrane. After brief- 
ly staining and destaining the membrane containing the 
transferred proteins, the 75 kDa band was excised and 
subjected to sequence determination using automated Ed- 
man degradation chemistry. A clear amino acid sequence 
was obtained through 15 Edman cycles which matched 
exactly with the first 15 amino terminal residues for 15- 
lipoxygenase deduced from the corresponding c-DNA {12). 
These observations showed that a simple size exclusion 
chromatographic experiment was sufficient to provide 
samples of the enzyme with the only primary contami- 
nant being hemoglobin. 

Preparative scale isoelectric focusing was used to re- 
solve the lipoxygenase from the hemoglobin. The result 
of a typical isoelectric focusing experiment is presented 
in Figure 2A. The apparatus separated the sample into 
20 fractions upon focusing which were monitored for ab- 
sorbance at 280 and 560 nm. The proteins were clearly 
resolved into two components one of which displayed 
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FIG. 2A. Preparative scale isoe|ectric focusing (pH 5-7) of fractions 
30-34 from the size exclusion chromatography. B. Sodium dodocy|- 
sulfate polyacrylamide gel electrophoresis determination of fractions 
8-10 (RL) from isoelectric focusing. Two isoenzymes of soybean lipox- 
ygenase (P1, P4) were included for comparison. 

significant absorbance at 560 nm due to the presence of 
hemoglobin. The other protein component was the 75 kDa 
protein previously identified as 15-1ipoxygenase The pro- 
cedure typically yielded approximately 10 mg of the 
purified protein. The SDS polyacrylamide gel electro- 
phoresis analysis of samples from fractions containing this 
protein (Fig. 2B; two isoenzymes of soybean lipoxygenase 
were run concurrently for comparison) showed the pre- 
sence of only a single polypeptide and the ampholytes 
used in the separation procedure This protein was found 
in a fraction with a measured pH of 5.5, consistent with 
the previously reported pI for the 15-1ipoxygenase The 
turnover number for lipoxygenase catalysis found for the 
fractions containing the 75 kDa protein was 30 s -1, a 
value comparable to the reported 25 s -~ found previous- 
ly for highly purified enzyme (2). The purified 15-1ipoxy- 
genase was also subjected to analytical isoelectric focus- 
ing determination in a polyacrylamide gel from pH 5 to 
7 (13). A single band staining for protein and activity at 
pH 7 was detected in the experiment (data not shownL 
These experiments demonstrated that  useful quantities 
of 15-1ipoxygenase were obtained in an isolation procedure 
taking less than eight hours. 
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FIG. 3. Electron paramagnetic spectroscopy spectra for samples of 
purified reticulocyte lipoxygenase" Tris HCI (0.1 M, pH 7.4). (A) Spec~ 
trum of isohted enzyme, 200 ~/. (B) Isolated enzyme, 165 wl/, treated 
with 1.1X 13-hydroperoxy-9~),ll(EFoctadecadienolc acir (C) Oxidized 
enzyme" 200 hem purged with argon and treated with 1.2X linoleic acid. 

For further experiments the enzyme solution was di- 
alyzed in nitrogen purged Ttis buffer (0.1 M, pH 7.4, 1 mM 
EDTA) at 5~ and concentrated in a centrifugal concen- 
trator. These procedures were not accompanied by pre- 
cipitation of protein. Solutions were obtained with con- 
centrations of the enzyme around 0.20 mM displaying un- 
diminished turnover number (30 s-l). Samples of the  
purified and dialyzed enzyme contained 0.9 g-atom of iron 
per mole of enzyme using flame atomization atomic ab- 
sorption spectrometry. The UV-visible spectrum of the 
purified enzyme contained only the absorbance maximum 
around 280 am expected for the contribution of aromatic 
amino acids. Treatment of the enzyme solution with one 
equivalent of 13-hydroperoxy-9(Z),ll~E)-octadecadienoic 
acid caused an increase in absorbance in the region 300- 
350 nm, but no new maximum was obtained. The UV- 
visible spectroscopy was, therefore, similar to observations 
on lipoxygenase-1 from soybeans (4). The enzyme as iso- 
lated had spectroscopic features consistent with a non- 
heme iron atom present in a high spin iron(II) form that  
was oxidized upon treatment with the product of catalysis 
to give a high spin iron(III) species. 

The characterization of the non-heme iron site in the 
reticulocyte 15-1ipoxygenase by EPR spectroscopy is pr~ 
sented in Figure 3. No signals were detected in the solu- 
tion of the enzyme obtained from the isolation procedure 
(Trace A). This was consistent with the iron being present 
in the protein as high spin iron(II) as has been found and 
confirmed in other spectroscopic measurements for the 
soybean enzyme Treatment of the enzyme with 13-hydrm 
peroxy-9(Z),l l(E)-octadecadienoic acid resulted in the ap- 
pearance of two new signals in the EPR spectrum (Trace 
B), a sharp signal at g4.3 and a broad featureless signal 
around g6. The integrated intensity of the g6 signal ac- 
counted for 15-20% of the iron known to be in the sample 
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When samples  of the enzyme t rea ted  with product  were 
made anaerobic by purging with argon and were subse- 
quent ly  t reated with linoleic acid, the spec t rum changed 
{Trace C). There was a diminution in the g6 signal and an 
increase in the signal at  g4.3. The E P R  observations were 
similar in nature to those for the soybean enzyme, but  dif- 
ferent in degre~ The soybean enzyme was converted 
stoichiometricaUy into a high spin iron(III} species with 
the g6 E P R  signal by oxidation with  product,  and the 
signal was abolished by t r ea tmen t  with subs t ra te  in the 
absence of oxygen (14}. We conclude from the similarities 
in the UV-visible and E P R  spectroscopy for the two en- 
zymes tha t  the non-heme iron sites in reticulocyte and soy- 
bean 15-1ipoxygenase are similar. We speculate t ha t  ag- 
gregation of the reticulocyte enzyme in the concentrated 
solutions used in the spectroscopic studies resulted in 
diminished accessibility of reagents to the active/iron site 
result ing in incomplete reactions. The development  of an 
efficient precedure for obtaining significant quant i t ies  of 
highly purified rabbit  15-lipoxygenase should facilitate the 
characterizat ion of the physical and catalyt ic  propert ies  
of this impor tan t  enzyme. 
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Simultaneous Determination of the Main Molecular Species of Soybean 
Phosphatidylcholine or Phosphatidylethanolamine and Their 
Corresponding Hydroperoxides Obtained by Lipoxygenase Treatment 
Patrice Therond b, Martine Couturier a, Jean-Frangois Demeller b and Fr~d(~rique Lemonnier a,* 
aunit~ de Recherche d'Hdpatologie Pddiatrique (INSERM U347), H(Spital Bic~tre, 94276 Le Kremlin Bic~tre and bLaboratoire de 
Biochimie, HSpital R. Debr~, 75019 Paris, France 

A method for the simultaneous determination of the main 
molecular species of soybean phosphatidylcholine or phos- 
phatidylethanolamlne and their corresponding hydroper- 
oxides is described. Hydroperoxides were formed by in- 
cubation of phospholipids with lipoxygenase at pH 9.2. 
Silicic acid column chromatography {silica Sep-Pak col- 
umn) was used to separate the phospholipids into phos- 
phatidylcholine and phosphatidylethanolamine. A single 
C-18 reverse-phase column was employed to separate the 
main molecular species of soybean phosphatidylcholine 
or phosphatidylethanolamine and their hydroperoxides by 
high-performance liquid chromatography. The mobile 
phase consisted of 5% 10 mM ammonium acetate at pH 
5 and 95% methanol. The molecular species of phospha- 
tidylcholine and phosphatidylethanolamine were detected 
at 205 nm; the eluate was mixed with a chemiluminescence 
reagent (isoluminol and microperoxidase) and monitored 
by fluorometry. Under the experimental conditions used, 
three individual molecular species of both soybean phos- 
phatidylethanolamine and phosphatidylcholine (18:3/18:2, 
18:2/18:2 and 16:0/18:2), together with their corresponding 
hydroperoxides, were identified and quantitated. 
Lipids 28, 245-249 (1993). 

The importance of free radicals in causing alterations in 
various biological systems has led to numerous attempts 
to determine lipid peroxides in tissues and biological 
fluids. The products generated by peroxidizing lipids are 
exceedingly complex, but considerable progress has been 
made in defining lipid oxidation at various stages of perox- 
ide degradation. The most commonly used approach is the 
determination of an end-product of lipid peroxidation, 
namely malondialdehyde, based on its reaction with thio- 
barbituric acid. Assay is either by spectrophotometry, as 
initially described by Yagi (I), or by liquid chromatography 
{2-4). However, the specificity of this reaction has been 
questioned {5-7). Other techniques have subsequently 
been described based on other indices of lipid peroxida- 
tion, such as conjugated diene (8) or lipid hydroperoxide 
measurements {9,10). Progress has also been made 

*To whom correspondence should be addressed at INSERM 347, 
HSpital Bic~tre, 80 rue du Gdndral Leclerc, 94276 Le Kremlin 
Bic~tre, France. 

Abbreviations: CL, chemiluminescence; GLC, gas-liquid chromatog- 
raphy; 15-HPETE, 15-hydroperoxyeicosatetraenoic acid; HPLC, 
high-performance liquid chromatography; MTBE, methyl tertiary- 
butyl ether; PC, phosphatidylcholine; PCOOH, phosphatidylcho- 
line hydroperoxides; 16:0/18:2 PC, 1-palmitoyl-2-linoleoyl-sn- 
glycero-3-phosphocholine; 18:0/20:4 PC, 1-stearoyl-2-arachidonoyl- 
sn-glycero-3-phosphocholine; 18:2/18:2 PC, 1,2-dilinoleoyl-sn- 
glycero-3-phosphocholine; 18:3/18:2 PC, 1-linolenoyl-2.linoleoyl-sn- 
glycero-3-phosphocholine; PE, phosphatidylethanolamine; PEOOH, 
phosphatidyletbanolamine hydroperoxides; RP, reverse-phase; UV, 
ultraviolet. 

in separating phospholipid hydroperoxides by high- 
performance liquid chromatography (HPLC). In this 
method, chemiluminescence (CL) detection with isolumi- 
nol in the presence of the heme fragment of cytochrome 
c (11) or with luminol in the presence of cytochrome c is 
usually used (12,13). Spectrophotometric detection of 
hydroperoxides, which is based on the formation of an iron 
thiocyanate complex, has also been described (14). 

Several HPLC methods have been reported for sepa- 
rating the molecular species of phospholipids (15-17). 
However, to our knowledge, the simultaneous determina- 
tion of phospholipid molecular species and of their hydro- 
peroxides has not been described previously. We report 
here on an HPLC procedure, which combines the separa- 
tion of the main molecular species of phosphatidylcholine 
(PC) or phosphatidylethanolamine (PE) and of their 
hydroperoxides produced after peroxidation by lipox- 
ygenas~ The phospholipid molecular species are detected 
by means of ultraviolet (UV) spectrophotometry and the 
hydroperoxides by means of CL. A single sample injec- 
tion is sufficient for the separation and analysis of PC or 
PE and their hydroperoxides. 

MATERIALS AND METHODS 
Chromatographic equipment. Gas-liquid chromatography 
{GLC) was carried out on a Delsi (Puteaux, France) instru- 
ment equipped with a 25-m glass capillary column con- 
taining PEG-20 M (Supelco, Bellefonte, PA), and con- 
nected to a Delsi integrator. The HPLC system consisted 
of a Rheodyne injector (Pharmacia, UppsaIa, Sweden) with 
a 50-/~L sample loop, a 250 • 4.6 mm RP 18 Spherisorb 
5 ~m (SFCC/Shandon, Eragny, France) analytical column 
and a Pharmacia UVTvisible light detector. The fluorom- 
eter (Spectroflow 980-fluorescence detector, Applied Bio- 
systems, Ramsey, NJ) was equipped with a 5 ~L flow cell. 

Reagents and chemicals. HPLC-grade solvents and 
analytical-grade chemicals were obtained from Carlo Erba 
(Milan~ Italy) or from Merck (Darmstadt, Germany). 
Microperoxidase (MP 11), isoluminol (6-amino-2,3-dihydro- 
1,4-phthalazinedione), soybean lipoxygenase (type IB, 
EC 1.13.11.12), soybean PC, soybean PE, 1,2-dillnoleoyl- 
sn-glycero-3-phosphocholine (18:2/18:2 PC), 1-palmitoyl-2- 
linoleoyl-sn-glycero-3-phosphocholine (16:0/18:2 PC) and 
1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine 
(18:0/20:4 PC) and 15-hydroperoxyeicosatetraenoic acid 
(15-HPETE) were obtained from Sigma (St. Louis, MO). 

Phospholipid peroxidation with lipoxygenase. Hydro- 
peroxides were prepared from various molecular species 
of PE and PC and from soybean PE and PC, either sepa- 
rately or together (50 to 1000 nmol]mL of reaction mix- 
ture). Lipoxygenase (500 pg/mL) and 10 mM deoxycholic 
acid were added to 0.1 M borate buffer, pH 9.2 (18). The 
mixture (1 mL) was then incubated with gentle shaking 
at 30~ for 45 rain. The reaction was stopped by adding 
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100 ~L of 1 M citric acid, and the tubes were placed on 
ice for 5 rain. 

Extraction and separation of phospholipids into PC and 
PE. Phospholipids were extracted with chloroform]meth- 
anol (2:1, vol/vol). The mixture was partitioned between 
the chloroform layer {lower organic phase) and the 
methanol/water layer {upper phase) by centrifugation at 
1500 • g for 5 rain. The extraction was repeated twice 
The lower chloroform layer was collected and evaporated 
under a stream of nitrogen. The dried total lipids were then 
dissolved in methanol. For the separation of the soybean 
PC and PE mixture" the technique recently described by 
Hamilton and Comai {19) was adapted using Silica-Sep- 
Pak columns. After eht ion of neutral lipids with methyl 
tertiary-butyl ether {MTBE)/acetic acid (100:0.2, vol/vol), 
the polar lipids were separated using 8 mL of MTBE/ 
methanol/10 mM ammonium acetate {10:4:1, by vol) for 
PE and 10 mL at a ratio of 5:8:2 {by vol) for PC. The vari- 
ous fractions were evaporated to dryness, dissolved in 
methanol and then each injected into the HPLC system. 

Detection and identification of soybean molecular 
species and hydroperoxides. Separation was achieved by 
HPLC using an RP18 Spherisorb {250 mm X 4.6, 5 ~m) 
analytical column maintained at 40~ The mobile phase 
was composed of 5% 10 mM ammonium acetate, pH 5, 
and 95% methanol (flow rate, 1 mL/min) filtered through 
a 0.45/~m HV Millipore filter (MiUipore Ca, Bedford, MA). 
The CL reagent was prepared using a slight modification 
of the technique described by Yamamoto et aL (11). Iso- 
hminol (55 mg) was dissolved in a mixture of metha- 
nol/borate buffer 0.1 M, pH 9.2, 300:700 (vol/vol); then 
10 mg of microperoxidase was added. Under these condi- 
tions, the final concentration of isohminol was 25 mg/L 
and that of microperoxidase was 5 mg/L. The hydroperox- 
ides were first ehted  and then detected in CL reagent at 
a flow rate of I mL/min using a fluorometer as photon 
detector with the excitation source turned off. The fatty 
acid molecular species were then ehted  and detected at 
205 nm. To identify the molecular species after HPLC 
separation, they were collected and transmethylated at 
55~ with 0.5 M methanolic potassium hydroxide and 
BF3/methanol (20) and injected into a GLC. Fatty acid 
methyl ester peaks were identified by their retention times 
relative to commercial standards (Nu-Chek-Prep, Elysian, 
MN). On the basis of the findings of Brash et al. (21), the 
intact phospholipids and not the hydrolyzed]reesterified 
fatty acids are the true substrates of the oxygenation reac- 
tion. Consequently, the hydroperoxides produced (specific 
for PC and PE) were identified using the peroxidation of 
the standard molecular species of phospholipids. 

RESULTS AND DISCUSSION 

Separation of phospholipid molecular species and 
hydroperoxides. Three main individual molecular species 
(18:3/18:2; 18:2118:2 and 16:0/18:2) were separated from 
soybean PC and PE and identified. Each molecular 
species was quantified by comparing the integrated peak 
areas with a calibration curve obtained with commercial 
standards of soybean phospholipids (Fig. 1). The coeffi- 
cient of variation of this method after extraction and 
separation was 3.5% for each molecular species (n = 3). 
The percentage recovery of molecular species was 100% 
for PE and 93% for PC. 

20 

16 

$$ 

4 

�9 18:3/18:2 PC 
13 18:2/18:2 PC 

0 4 8 12 16 20 24 

Molecular Species (nmol) 

FIG. I. Calibration curves obtained for soybean phospholipid 
melecular species detected at 205 am including 18:3/18"2 PC, 18:2/18:2 
PC and 16:0118:2 PC. The high-performance liquid chromatography 
conditions used are those described in Materials and Methods. 
18:3/18:2 PC, 1-1inolenoyl-2-1inoleoyl-sn-glycero-3-phosphocholine; 
18.-2118"2 PC, 12~Ulinoleoyl-sn-glycero~phosphocholine; 16.~/18"2 PC, 
1-pRImitoyl-2-1inoleoyl-sn-glycer~3-phosphocholiue. 

The molecular species were detected at 205 nm both 
before (Fig. 2A) and after peroxidation (Fig. 2B). There 
was also a marked decrease in the three molecular species 
following peroxidation, particularly with 18:3/18:2 and 
18:2/18:2. Hydroperoxides were not detected before perox- 
idation (Fig. 2C). Figure 2D shows the hydroperoxides pr~ 
duced after 45 min of incubation in the presence of lipox- 
ygenase The products were detected by CL and cor- 
responded to the hydroperoxides derived from 18:3/18:2, 
18:2/18:2 and 16:0/18:2, respectively, as identified by com- 
parison with the peroxidation products of the standard 
molecular species. Each hydroperoxide was quantified on 
the basis of the relative sensitivity of the CL assay for 
15-HPETE. Examples of such calibration curves are 
shown in Figure 3. A coefficient which took into account 
the sensitivity of detection of the various hydroperoxides 
relative to 15-HPETE was applied to determine the con- 
centration of each molecular species (22). The sum of two 
hydroperoxide species of 18:2/18:2, corresponding to mono 
and bis hydroperoxides, was taken into account in express- 
ing the results (23). Under these conditions, the correc- 
tion coefficient was 0.8 for 18:3/18:2, 1.0 for 18:0/20:4, 1.0 
for 18:2/18:2, and 3.5 for 16:0/18:2. The coefficient of varia- 
tion for the hydroperoxide of each molecular species after 
extraction and separation was 9.8% for three determina- 
tions. The percentage recovery of the peroxidized molecu- 
lar species was 93% • 5 for PE and 80% • 7 for PC. 

The limit of hydroperoxide detection was 30 pmol when 
the CL signal was recorded at 0.01 ~A and the supply 
voltage for the photomultiplier was 50% of full range 
{2000 V). Under our usual experimental conditions, 40% 
of full range was used to sustain a low background noise; 
under this condition the limit of detection was 100 pmol. 

Optimization of the analytical procedure. The lipoxy- 
genase assay was carried out as described above, at 30~ 
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FIG. 2. Separation of molecular species of soybean phosphatidylethanolamine on an analytical RP18 Spherisorb column at 40~ The 
mobile phase was methanol/0.01M ammonium acetate (95:5, vol/vol; pH 5.0) delivered isocratically at 1.0 mL/min. Fatty acid molecular 
species were detected at 205 nm, and the corresponding hydroperoxides were detected using the chemiluminescence reagent (isoluminol 
and microperoxidase; flow rate 1 mL/min). A, detection at 205 nm before peroxidation; B, detection at 205 nm after 45 min of incubation 
with lipoxygenase; C, chemiluminescence detection of hydroperoxides (PEOOH) before peroxidation; D, chemiluminescence detection of 
hydroperoxides (PEOOH) after 45 rain of incubation with lipoxygenase. 

in t he  presence of 340 nmol/rnL of 18:2/18:2 PC or  18:0/20:4 
PC, w i t h i n  a t i m e  r a n g e  f rom 5 min  a n d  120 min  (Fig.  4). 
A s l i gh t  dec rease  in hyd rope rox ide  f o r m a t i o n  f rom 

~o I �9 ]n~grE 
[ n 18:0/20:4 PCOOH 

~ 200 

2 

0 
0 2 i fi g 10 1'~ l i  16 

Hydroperoxides (pmol) 
0 

FIG. 3. Calibration curves for 15-(S)-HPETE, 18:0/20:4 PCOOH and 
16:0/18:2 PCOOH. The separation and detection of hydroperoxides 
are described in the legend to Figure 2. Relative sensitivities of 
hydroperoxide detection relative to 15-(S)-HPETE {1.0) were for 
18:0/20:4 PCOOH (1.0) and for 16:0/18:2 PCOOH (3.5). HPETE, 
hydroperoxyeicosatetraenoic acid; PCOOH, phosphatidylcholine 
hydroperoxides. 

18:2/18:2 PC was  o b s e r v e d  a f t e r  45 min  of incuba t ion ,  
whereas  w i th  18:0/20:4 PC there  was  an increase  in hydrc~ 
pe rox ide  f o r m a t i o n  u p  to  90 min  a n d  a d r a s t i c  dec rease  
thereaf te r .  Th i s  was  p r o b a b l y  due  to  t he  d e g r a d a t i o n  of 
hydroperox ide  w i t h  longer  i ncuba t ion  t imes.  Thus,  45 min  
was se lec ted  as  the  incuba t ion  t ime  in all the  exper iments .  

�9 18:0/20:4 PCOOH 

I I I 

30 60 90 120 

Time (min) 

FIG. 4. Effect of incubation time with lipoxygenase on PCOOH pro- 
duction from 340 nmol of 18:2/18:2 PC (O) and 18:0/20:4 PC ( �9 } per 
mL of incubation mixture. Abbreviations as in Figure 1. 
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Increasing concentrations (10 -1000 nmol]mL of incuba- 
tion mixture) of molecular species of standard or soybean 
PC and PE (18:2/18:2, 18:3/18:2, 18:0/20:4 and 16:0/18:2) 
were used to study the effect of phospholipid concentra- 
tion on the rate of hydroperoxide production. Figure 5 
shows the strong correlation between the amount of 
phospholipid present at TO before peroxidation and that  
of the hydroperoxides detected after peroxidation. For a 
given concentration of 18:2/18:2 PC at TO, the concentra- 
tion of hydroperoxides (Fig. 5A) was approximately twice 
that  obtained with 16:0/18:2 PC (Fig. 5B), reflecting the 
importance of fatty acid unsaturation on hydroperoxide 
production. 

The quantity of each molecular species transformed dur- 
ing 45 min of incubation was calculated as the difference 
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FIG. 5. Relationship between the concentration of 18:2/18:2 PC (A) 
and 16:0/18:2 (B) PC before peroxidatiou (TO) and the concentration 
of their corresponding PCOOH detected by chemiluminescence. Ab- 
breviations as in Figure I. 

between the concentration at TO (start) and after 45 min 
of peroxidation (T45). This amount (T0-T45) was closely 
correlated to the concentration of the four molecular 
species at TO. Figure 6 shows the results obtained for 
16:0/18:2 PC. Furthermore, the amount of phospholipid 
peroxidized was proportional to the number of double 
bonds in the constituent unsaturated fatty acids. For ex- 
ample, with 100 nmol of phospholipid at TO, 16.8 nmol 
of 16:0/18:2 PC was transformed, compared to 33.1 nmol 
of 18:2/18:2 PC (Table 1). We also assessed whether the 
amount of phospholipid transformed corresponded to the 
hydroperoxide concentrations determined by means of CL. 
Figure 7 shows, as an example, 16:0/18:2 PC, which was 
almost totally transformed into its hydroperoxide Similar 
results were observed with 18:0/20:4 PC and 18:2/18:2 PC. 
However, this was only the case when the phospholipid 
concentrations at TO were 50 nmol per mL or higher. At 
lower concentrations, the quantity of hydroperoxide pro- 
duced was no longer related to the amount of molecular 
species transformed. Figure 7 shows that  with 10-30 
nmol/mL of phospholipid, similar amounts of hydroperox- 
ide were detected. The procedure may not be suitable for 
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FIG. 6. Relationship between the concentration of 16~I18:2 PC before 
(TO) and after peraxidation (T0-T45). Abbreviation as in Figure I. 

TABLE 1 

Relationship Between the Amount of Phosphatidylcholine 
Molecular Species Transformed After Peroxidation 
and the Number of Double Bonds 

Phospholipid molecular species Molecular species transformed a 
(sn-1 lsn-2) (nmol/mL) 

18:3/18:2 42.3 
18:2/18:2 33,1 
18:0/20:4 30.5 
16:0/18:2 16.8 

aThe concentrations of molecular species transformed were calcu- 
lated from the regression line established for each molecular species, 
as shown in Figure 6, and expressed per 100 nmol of phosphatidyl- 
choline per mL of incubation mixture. 

LIPIDS, Vol. 28, no. 3 (1993) 



METHOD 

249 

2OO 

A 
.M 

E 
" "  150  
0 

E 

o 
O lOO 
o a. 

.N. �9 �9 

.o.~to 50 �9 ~ �9 

5'0 1 ;o , ;0 

16:0/18:2 PC (nmol/mL) at T0-T45 

FIG. 7. Relationship between the concentration of transformed 
16:@18:2 PC after p e ~ d d a t i o n  (T0-T45) and the conesntration of 
the corresponding PCOOH detected by means of chemiluminescence. 
Abbreviations as in Figures 1 and 2. 

very  low concentrat ions ,  possibly because  the  incubat ion  
t ime in the  presence of l ipoxygenase  becomes  too  long, 
leading to degrada t ion  of the  hydroperoxides  produced.  

In  conclusion, the  H P L C  m e t h o d  descr ibed combines  
the  separa t ion  of the  main  molecular  species of phospho-  
lipids (PE, PC) and  their  cor responding  hydroperoxides.  
The  s imul taneous  de te rmina t ion  of these  p roduc t s  by  
spec t ropho tome t ry  and  CL allows quant i f ica t ion of both.  
The  m e t h o d  should  prove sui table for the  analysis  of 
molecular  species in biological  materials ,  such as in 
e ry th rocy te  ghosts .  
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Separation of 1,2-diacylglycerol (DG) enantiomers as their 
3,5-dinitrophenylurethane derivatives by high-perform- 
ance liquid chromatography on a chiral column (Sumi- 
chiral OA-4100) was significantly improved at low tem- 
perature, e.g., at --30~ A linear relationship between 
logarithmic retention volumes and the number of carbons 
and olefinic bonds of the DG enantiomers was obtained. 
The effects of temperature on the separation are dis- 
cussed. 
Lipids 28, 251-253 (1993). 

We have recently been able to separate various 1,2-diacyl- 
glycerol (1,2-DG) enantiomers by high-performance liquid 
chromatography (HPLC) on chiral stationary phases 
(CSPs) as their 3,5-dinitrophenylurethane (3,5-DNPU) 
derivatives (1-3). These separations have proven very use- 
ful, but some problems remain. For example, improved 
enantioselectivity would often be desirable for the analysis 
of natural lipid mixtures. 

In the present study, the effect of temperature on the 
enantiomer separation of 1,2-rac-DG was investigated 
with the goal to improve resolution. The CSP used in the 
present study also resolves DGs according to carbon 
number and the number of double bonds of the acyl 
groups. The effects of temperature are described. 

MATERIALS AND METHODS 

Samples. Enantiomers of 1,2- and 2,3-sn-DG were syn- 
thesized by the method of Howe and Malkin (4). DG 
racemates were obtained by interesterification of fatty 
acid methyl esters with glycerol in dimethylformamide 
Separation of 1,2-rac-DG was carried out by thin-layer 
chromatography on silica gel G impregnated with boric 
acid, using hexane/diethyl ether (60:40, voYvol) and chlor~ 
form/acetone (96:4, vol/vol) as developing solvents. Con- 
version of 1,2-rac-DG to the 3,5-DNPU derivatives was 
accomplished as described previously (5,6). 

HPLC HPLC separations were carried out using a 
Hitachi L-6200 instrument (Hitachi Ltd., Tokyo, Japan) 
equipped with a Shimadzu SPD-6A UV detector (Kyot~ 
Japan) and a chiral column (stainless-steel, 50 cm X 4 mm 
i.d.) packed with 5-~m particles of N-(R)-l-(a-naphthyl)- 
ethylaminocarbonyl-(S)-valine chemically bonded to y- 
aminopropyl silanized silica (Sumichirai OA-4100, Sumi- 
tomo Chemical Co., Osaka, Japan). Analyses were done 
isocratically using a mixture of hexaneldichloroethane~eth- 
anol as mobile phase at a constant flow rate~ A Hitachi 
638-0805 recycling valve (Hitachi Ltd.) was used (3). The 
column was put in a cylindrical tube (45 cm in height, 

*To whom correspondence should be addressed. 
Abbreviations: CSP, chiral stationary phase; DG, diacylglycerol; 
3,5-DNPU, 3,5-dinitrophenylurethane; HPLC, high-performance 
liquid chromatography; Vr, corrected retention volume; a, separa- 
tion factor; Rs, peak resoltuion. 

9 cm in diameter) along with an immersion cooler (Tokyo 
Rikvkikai Co., Ltd., Tokyo, Japan). The temperature was 
maintained within about +_I.0~ The solvent was not 
precooled before the injection system or before the column. 

RESULTS AND DISCUSSION 

Figure 1 shows the separation of a mixture of saturated 
1,2-rac-DG homologues as 3,5-DNPU derivatives on Sumi- 
chiral OA-4100 at various temperatures. The homologue 
series was prepared by interesterification of a mixture of 
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FIG. 1. Separation of saturated diacylglycerol (DG) enantiomers as 
3,5-dinitrophenylurethane derivatives on an OA-4100 chiral column. 
A, temperature, 19.5~ mobile phase, hexane/dichloroethane/ethanol 
(170:10:1, by vol); flow rate, 0.25 mL/min. B, temperature, --23.0~ 
mobile phase, bexaneldichloraethane/ethanoi (170:10:1, by vol); flow 
rate, 0.25 mL/min. C, temperature, --20.0~ mobile phase, hex- 
ane/dichloroethane/ethanol (150:20:1, by vol); flow rate, 0.5 mL/min. 
Peaks were monitored at 254 am after the first recycling. Above each 
peak the acyl carbon number of the DG is given. 
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four fat ty acid methyl esters, namely 16:0, 18:0, 20:0 and 
22:0, together with glycerol. The product therefore con- 
sisted of ten DG molecular species containing one or two 
of these four fat ty acids. The mixture could be separated 
by HPLC on this CSP into seven DG homologues differ- 
ing by two carbons in the acyl groups of each enantiomer 
because the CSP also provides for achiral separation ac- 
cording to carbon number and number of double bonds 
(3). Complete enantiomer separation of the seven DG 
homologues was obtained at -23~ (Fig. 1B), whereas the 
racemates were not separated on the same column at the 
higher temperature (19.5~ (Fig. 1A). The separation fac- 
tors (a) and peak resolutions (Rs) between the 1,2- and 
2,3-enantiomers increased from 1.13-1.14 to 1.24-1.28, and 
from 4.33-5.07 to 9.64-11.13, respectively. For therm~ 
dynamic reasons (7), elution of the enantiomers was re- 
tarded by operating at the lower temperatures. We pre- 
viously described (3) that  the separation of enantiomeric 
1,2-rac-DG homologues prepared from a mixture of those 
saturated fatty acids (16:0, 18:0, 20:0) required very long 
elution times (760 rain) under the same chromatographic 
conditions as in Figure 1A. 

In the present study, HPLC conditions were modified 
to accomplish a more rapid elution. This was done by 
selection of a more polar mobile phase and of a constant 
flow rate of 0.5 mL/min (Fig. 1C). The values of a and Rs 
of the enantiomers were 1.28-1.29 and 2.06-2.36, 
respectively. 

Figure 2 shows the enantiomer separation by HPLC on 
the CSP as function of temperature of the 1,2-rac2DG 
prepared from 18:0 and 18:1 acids by transesterification 
with glycerol. Again, the better enantiomer resolution was 
obtained at the lower temperature (-10.5~ The values 
of a and Rs for the enantiomers increased from 1.12 to 
1.24, and from 3.41-3.44 to 6.05-6.28, respectively. 

Very low HPLC column temperatures, e.g. -30~ as 
used in the separation shown in Figure 1B, often caused 
abnormal and sudden pressure increases, resulting in ir- 
regular chromatographic profiles and in peak deforma- 
tions. These irregularities may in part be due to crystal- 
lization of the solutes and phase separation in the mobile 
phase consisting of a mixture of hexane~ dichloroethane 
and ethanol. When these extra low temperatures were 
avoided, the retention times were reproducible and recov- 
eries were quantitative 

Figure 3 shows the plots of the natural logarithm of 
retention volumes vs. acyl carbon numbers for the 
saturated DG. The two parallel lines are represented by 
the equations: 

In Vr (sn-l,2) = heN + I [z] 

In Vr (sn-2,3) = heN + I + h e [2] 

where corrected retention volume (Vr) (sn-l,2) and Vr 
(sn-2,3) are the retention volumes of 1,2- and 2,3-sn-DG 
enantiomers with the acyl carbon number N, respective- 
ly. The values of Vr were corrected by subtracting the col- 
umn void volume; h c (carbon number separation factor) 
and he (enantiomer separation factor) are the slopes of 
the lines and the distances between the two lines along 
the vertical axis, respectively. The value of I is a constant 
for the initial condition of Equation 1. This linear rela- 
tionship between the logarithm of Vr and carbon numbers 
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FIG. 2. Separation of diacylglycerol (DG) enantiomers prepared from 
stearic and oleic acids as 3,5-dinitrophenylurethane derivatives on 
an OA~tl00 chiral column at different temperatures. A, 27.0~ 
B, --10.5~ Mobile phase, hexane/dichloroethane/ethanol (170:10:1, 
by vol); flow rate, 0.25 mL/min. SS, di-18:0-DG. SU, 18:0/18:1-DG. UU, 
di-18:l-DG. Peaks were monitored at 254 nm. 

had also been found in the HPLC on CSP of a monoacyl- 
glycerol homologue mixture (8). The he value calculated 
from the linear relationship increased from 0.131 (24~ 
to 0.230 (-12~ by lowering the temperatur~ On the 
other hand, the value for hc at 24~ and -12~ was 
0.016. The results indicate that  the separation of enan- 
tiomers is improved at lower temperature, while the resolu- 
tion of DG molecular species according to carbon number 
is independent of temperature. 

Figure 4 shows the plots of in Vr vs. number of double 
bonds for DG prepared from 18:0 and 18:2 fatty acid mix- 
tures. The linear relationships obey the equations: 

h d = In Vr (SU-sn-l,2) - In Vr (SS-sn-l,2) 

= In Vr (UU-sn-l,2) - In Vr (SU-sn-l,2) [3] 

h e = In Vr (sn-2,3) - In Vr (sn-l,2) [4] 

where S and U indicate saturated and unsaturated acyl 
groups, respectively; ag., SU stands for 18:0/18:2-DG. The 
he value is calculated from the distance between the two 
enantiomer lines, and the l~ value (double bond separa- 
tion factor) is represented by the slope of the lines. Equa- 
tion 3 was also applied to the sn-2,3-enantiomers, and the 
same hd value can be expected for both antipodes as the 
lines for the two enantiomers are parallel. Higher values 
for 1% were obtained at lower temperatur~ The he value 
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FIG. 3. Plots of In retention volume vs. acyl carbon number for 
saturated diacylglycerol enantiomers as 3,5-dinitrophenylurethane 
derivatives on an OA-4100 chiral column at different temperatures. 
e, --12.0~ O, 24.0~ Mobile phase, hexane]dichloroethanegethanoi 
(170:10:1, by vol); flow rate, 0.25 mL/min. 

of 0.245 obtained at -21 .5  ~ is clearly much higher than 
tha t  of 0.112 obtained at 26.0~ In contrast, the ha 
values increased from 0.092 (26 o C) to 0.116 (-21.5 ~ C) at 
lower temperature, that  is, the slopes of the lines increased 
with decreasing temperature (Fig. 4). This trend was also 
noted for the other separations according to the number 
of double bonds, e.g., for DG prepared from 18:0 and 18:3 
acids. We found that  the effect of temperature on the 
separation according to the number of double bonds in- 
creased with increase in the difference in number of 
olefinic bonds. 

In  present s tudy  we investigated the effects of temper- 
ature on the separations of DG according to enantiomeric 
configuration, carbon number and number of double 
bonds. We found that enantiomer separations were signifi- 
cantly improved by operating at low temperatures which 
give quanti tat ively correct and reproducible resolutions. 
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FIG. 4. Plots of retention volume vs. double bond number for 
diacylglycerol enantiomers prepared from stearic and linoleic acids 
as 3,5-dinitrophenylurethane derivatives on an OA-4100 chiral co]nmn 
at different temperatures, e, -21.5~ O, 26.0~ Mobile phase, hex- 
ane/dichloroethanekthanol (170:10:1, by vol); flow rate, 0.25 mL/min. 

Separation of DG molecular species according to carbon 
number was independent of temperature, whereas separa- 
tion according to double bond was dependent on 
temperatur~ 
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Class separation of common glycerolipids on a diol-phase 
liquid chromatography column with a gradient of the 
mixed solvents hexane/isopropanol/acetic acid/triethyl- 
amine is compatible with on-line plasmaspray ionization 
mass spectrometry. The positive ion mass spectra exhibit 
prominent diacylglycerol and monoacylglycerol derived 
fragments, which can be utilized for quantification. In the 
selected-ion monitoring mode, the detection limit for 
phospholipids is in the low nanogram range. The abun- 
dance of the diacylglycerol and monoacylglycerol frag- 
ments reflects the relative fatty acid composition of the 
phospholipid classes. Collision-induced decomposition of 
diacylglycerol fragments with argon as collision gas un- 
ambiguously reveals the chain length and degree of un- 
saturation of the esterified fatty acids in the native lipid. 
Lipids 28, 255-259 (1993). 

Modern mass spectrometry (MS) with soft ionization 
techniques including true thermospray (TSP), "filament 
on" TSP, fast atom bombardment (FAB) and, most r~ 
cently, discharge-assisted TSP (plasmaspray, PSP) have 
opened new possibilities for the characterization of glyc- 
erophospholipids with high sensitivity. The ionization 
techniques now available have permitted detailed in- 
vestigations which were recently reviewed (1}. 

Among the soft ionization techniques used for 
phospholipids, FAB has become especially popular as it 
can usually provide information on molecular weight and 
partial fatty acid composition (2-5}. Most FAB investiga- 
tions, however, have been concerned with phospholipid 
classes isolated by thin-layer chromatography, for exam- 
ple, and not with on-line high-performance liquid chroma- 
tography/mass spectrometry (HPLC/MS). Although dy- 
namic FAB is rapidly gaining widespread use and can be 
utilized in combination with HPLC, the chromatographic 
procedure is still inconvenient. For example, low solvent 
flows and ionization matrices, such as glycerol, must be 
used, calling for splitting of standard HPLC effluents or 
the use of microbore HPLC columns. 

However, by using "filament on" TSP and conventional 
wide-bore HPLC/MS with ammonium acetate as elec- 
trolyte and a high percentage of hydrophobic solvents, 
Kim et al. (6-8) obtained detailed structural information 
on phospholipids, including the diacylglycerol/monoacyl- 
glycerol-derived fragments and acylium ions. 

We recently showed (10) that the PSP ionization tech- 
nique can provide significant advantages over "filament 
on" TSP as used by Kim and Salem (7) in regard to sensi- 
tivity and the range of HPLC mobile phases available Our 

*To whom correspondence should be addressed. 
Abbreviations: CID, collision induced decomposition; FAB, fast atom 
bombardment; HPLC/MS, high-performance liquid chromatog- 
raphy/mass spectrometry; MS, mass spectrometry; PA, phosphatidic 
acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, 
phosphatidylglycerol; PI, phosphatidylinositol; PSP, plasmaspray; 
TIC, total ion current; TSP, thermospray. 

approach was to apply an HPLC procedure which would 
permit a class separation only. We examined two HPLC 
systems (11,12} of which we chose a cation exchange col- 
umn and an acetonitrile/methanol/water mixture in an 
isocratic mode 

Quite recently, Hersl6f et al. (13) have significantly im- 
proved class separations of a variety of glycerolipids, in- 
cluding the common intact glycerophospholipids, on a diol 
column with a gradient system involving hexane, isopro- 
panol, acetic acid, triethylamine and water as mobile 
phase. The superiority of this separation procedure over 
that involving a cation-exchange column (10) led us to in- 
vestigate its merits in combination with PSP ionization. 

As previously pointed out (10), the TSP and PSP ioniza- 
tion methods frequently do not give the fatty acid com- 
position of the intact glycerolipid unambiguously, based 
on the mass fragments formed. The number of combina- 
tions of fatty acids possible for a specific mass number 
of a diacylglycerol-derived fragment increases substan- 
tially with multiple unsaturation. The advantages of using 
on-line HPLC/MS/MS for the analysis of biological sam- 
ples are presently being explored in our laboratories. To 
increase the structural information that can be obtained, 
we decided to study precursor/product relationships of 
glycerolipids upon collision of diacylglycerol-derived ions 
with certain reagent gases. The present paper describes 
experiments on the use of HPLC/MS/MS for structure 
determinations of intact glycerolipids. 

MATERIALS AND METHODS 

Chemicals and solvents. Triolein, 1,2-dilauroyl-3-stearoyl- 
sn-glycerol (12:0/12:0/18:0), 1-O-hexadecyl-2-3-dimyristoyl- 
sn-glycerol (16:0Et/14:0/14:0), 1,2-dipalmitoyl-sn-glycero-3- 
phosphate [16:0/16:0-phosphatidic acid (PA)], 1,2-distear- 
oyl-sn-glycer~3-phosphocholine [18:0/18:0-phosphatidyl- 
choline (PC)], 1-palmitoyl-2-1inoleoyl-sn-glycero-3-phos- 
phoethanolamine [16:0/18:2-phosphatidylethanolamine 
(PE)], 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(18:l/18:l-PE} and phosphatidylinositol [soybean phospha- 
tidylinositol (PI)] were used as reference compounds. 

1,2-Dipalmitoyl-s n-glycero-3-phosphate, 1,2-distearoyl- 
sn-glycero-3-phosphocholine and 1,2-dioleoyl-sn-glycero- 
3-phosphoethanolamine were from Serdary Ltd. (London, 
Ontari~ Canada}, triolein and PI were purchased from 
Larodan (Malm/~ Sweden}. 1-Palmitoyl-2-1inoleoyl-sn-glyc- 
er~3-phosphoethanolamine were purchased from Sigma 
(St. Louis, MO). 1,2-Dilauroyl-3-stearoyl-sn-glycerol and 
1-(~hexadecyl-2,3-dimyristoyl-sn-glycerol were prepared in 
the laboratory {14}. All reference materials were stored 
under N2 at -20~  until used. 

The solvents used were from FSA Lab Supplier (Lough- 
borough, England}, or from May and Baker Ltd. (Dagen- 
ham, England}. They were of HPLC grade and were used 
without further purification. 

Bacterial samples. Pseudomonas fluorescens cells were 
grown, harvested and extracted for total lipids by Bligh 
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and Dyer (9) extraction as described previously (10). 
Freeze-dried cells (600 mg) yielded phospholipids which 
were dissolved in 1 mL of mobile phase (A) (see below). 

Liquid chromatography. Class separations were pe~ 
formed by using a column packed with diol-modified silica 
(E. Merck, Darmstadt, Germany; Li-Chrosphere 100 Diol, 
5/~n, 25 cm X 4 mm i.d.). The mobile phase was a modi- 
fication of the method developed by Hersl6f et aL (13) and 
consisted of (A) hexane/isopropanol/acetic acid/triethyl- 
amine (75:25:7.5:0.05, by vol) and (B) hexane/isopro- 
panol/acetic acid/triethylamine (21:78:1.5:0.05, by vol) in 
a linear gradient from 100% of (A) to 100% of (B) during 
25 min at a flow rate of 0.8 mL/min (13). 

A Waters (Milford, MA) model 600-MS HPLC pump 
equipped with a variable-volume Waters model U6K in- 
jector was used. Samples injected were typically 10-20 
~L from solutions containing 1 Fg/~L of phospholipids. 

MS. The effluent from the column was introduced into 
a Trio 3 (VG Masslab, Altrincham, United Kingdom) 
tandem quadrupole mass spectrometer through the stan- 
dard liquid chromatography/MS thermospray/plasma- 
spray probe. The vaporizer capillary was at a temperature 
of 240-260 ~ the ion source was at 280 ~ the discharge 
current 500-700 ~A and the repeller voltage typically be- 
tween 95-110 V depending on source conditions. Collision- 
induced decomposition (CID) was achieved by using 
helium, argon or xenon at pressures between 1 • 10 -4 to 
5 X 10 -2 mbar (measured in the collision cell) and at 
energies between 0-20 eV. A standard VG 11/253 data 
system configuration was employed for mass spectral data 
acquisition. 

A cold trap (liquid nitrogen) was installed between the 
source diffusion pump and the backing rotary pump to 
prevent contamination of the pump oil by the hydrophobic 
HPLC solvents used. 

RESULTS AND DISCUSSION 

Separation ofglycerolipid classes. The positive ion mass 
chromatogram in PSP [total ion current (TIC) scanning 
over the range of m/z = 120-600] using the diol column 
and gradient mobile phase system as described above is 
shown in Figure 1A. The chromatographic peaks repre- 
sent 76, 24, 25, 25 and 10 pg for triolein, PA, PE, PC and 
PI, respectively. Good chromatographic peak shape is ob- 
tained for all glycerolipid classes studied, including PI 
which is a natural complex species mixture (see below) 
isolated from soybeans. Moreover, the gradual change of 
solvent composition during the chromatographic run does 
not require modification of the ion source PSP parameters. 

A phospholipid extract from bacterial cells (P. 
fluorescens) was also studied by PSP under the same 
chromatographic conditions {Fig. 1B). Only two glycero- 
phospholipid classes are distinguishable, phosphatidyl- 
glycerol (PG) and PE, in agreement with the previously- 
reported phospholipid composition (15). As both mass 
chromatograms indicated excellent class separation char- 
acteristics with negligible or no apparent molecular 
species separation (that is PI in Fig. 1A, PG and PE in 
Fig. 1B), the ions forming the PE peak (Fig. 1B) from P. 
fluorescens (scan numbers 1100-1150) were studied in 
some detail. The abundances of the diacylglycerol-derived 
fragment cluster (m/z = 540-610) in all spectra within the 
PE peak were plotted three-dimensionally as a function 
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Scan number 

100- 
PE 

B 

50 
PG 

540 720 900 1080 1260 1440 
Scan number 

FIG. 1. A. Positive ion plasmaspray mass chromatogram of a mix- 
ture of glycerolipids consisting of: triolein, 1,2-dipalmitoyl-sn- 
glycero-3-phosphate (PA}, 1,2-diolcoyl-sn-glycer~3-phospheethanol- 
amine (PE}, 1,2-distearoyl-sn-glycero-3-phosphocholine {PC) and 
pho~phatidylinositol {PI from soybeank B. Positive ion plasmaspray 
mass chromatogram of a total Bligh and Dyer (9) lipid extract from 
Pseudomonas fluorescens cells showing two peaks containing 
phosphatidylglycerol (PG) and PE species. 

of the scan numbers (Fig. 2). The diacylglycerol-related 
portion of the PSP mass spectrum averaged over the en- 
tire peak is shown on top. The results indicate a slightly 
shorter retention time of phospholipids with longer fatty 
acid chains (i.e., m/z = 604 corresponding to 36 fatty acid 
carbon atoms) compared to phospholipids with shorter 
fatty acids (m/z = 550 corresponding to 32 fatty acid car- 
bon atoms). 

Relative fatty acid cornpositio~ The fatty acid composi- 
tion of a PI from soybean was calculated by measuring 
the mean ion intensities of the monoacylglycerol and 
diacylglycerol related fragments from a series of fuU-scan 
spectra of variable amounts (5, 12.5, 25 and 32 ~g) of 
phospholipid. In Figure 3, the amount of fatty acids pres- 
ent represented as wt% of the total fatty acids, has been 
reproduced as calculated either from the monoacylglycerol 
related ions or from the diacylglycerol related ions. For 
comparison, results from conventional gas chromato- 
graphic fatty acid analysis after transesterification 
(Larodan, Malm~ Sweden) have been incorporated in the 
figure. Apart from minor components (i.a, 18:3) which fall 
below the detection limit in full-scan, there is a good agree- 
ment between MS measurements on intact phospholipids 
and gas chromatography measurements of total fatty acid 
methyl esters. 

PSP spectra of triacylglycerol and 1-O-alkyl-2,3-diacyl- 
sn-glycerols. We have also studied the MS fragmenta- 
tion of some nonphosphatidic glycerolipids using PSP 
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FIG. 2. Three-dimensional presentation of the diacylglycerol-derived 
fragments (m/z = 540-610) extracted from the phosphatidylethanol- 
,mine (PE) peak in Figure lB. The upper spectrum shows the average 
intensities of the peak. 
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FIG. 4. Positive ion plnsmaspray spectrum of A, 1,2-dilanroyl-3- 
stearoyl-sn-glyesrol, and B, 1-O-hexadecyl-2-~dimyristoyl-sn-glycerol. 

FIG. 3. Fatty acid composition of phosphatidylinositol from soybean 
determined by gas chromatography (GC} and by plasmaspray mass 
spectrometry calculated from the total counts of the intensities of 
the diacylglycerol-derived IDi-G) and the monoacylglycerol-derived 
(Mono-G} fragments. 

ionization. Figure 4A shows the positive ion PSP  spec- 
t rum of 10 ~g of 1,2-dilauroyl-3-stearoyl-sn-glyceroL As for 
the phosphatides, no (M + H) +x ions are seen in PSP. The 
spectrum shows only the two possible diacylglycerol r~  
lated fragments, formed by loss of a fa t ty  acid from either 
position of the protonated molecule 

In Figure 4B, a spectrum of 1-O-hexadecyl-2-3-dimyris- 
toyl-sn-glycerol has been reproduced. Similar cleavage 
mechanisms as operate for the triacylglycerol are seen. 
Notably, cleavage with loss of the carboxylic acid (a- and 
/~-carbon atom) from the protonated molecule (m/z = 509) 
is a more prominent process than tha t  involving formal 
loss of the alcohol group (m/z = 495). 

Quant i f icat ion.  Previous preliminary studies on the 
quantification of phospholipids by using PSP and the ca- 
tion HPLC column with an acetonitrile/methanol/water 
mixture indicate tha t  s traightforward procedures can be 
used to give linear dose~response curves. Such studies were 
repeated in some detail for several phospholipid classes 
by using the diol column and the hydrophobic solvent 

mixtures used in this work. Figure 5 shows dose response 
curves for PA, PC and PE (all dipalmitoyl substituted) 
measured by single ion monitoring of the rrdz = 551 ion 
(diacylglycerol related fragments). The responses exhibit 
good linearity for all molecular species (r 2 > 0.99), and an 
intercept at the origin indicates negligible adsorption 
and/or breakdown in the chromatographic and interface 
systerm At a signal-t~noise ratio of 3:1, the detection limit 
is approximately 3 ng. The ionization tendencies for the 
phospholipid classes investigated are in the same order 
of magnitude Sensitivity in selected ion monitoring (SIM) 
is comparable with that obtained in the previously used 
liquid chromatographic system, providing a detection 
limit in the low nanogram range {10). 

In another experiment, we compared the sensitivity of 
two PC molcules with different chain-lengths (dipalmitoyl 
and dioctanoyl PC). We found that the relative sensitiv- 
ity between the long and short chain lengths is dependent 
on the experimental conditions, i.a, tuning of the ion 
source, the cleanness of the source and the capillary 
vaporizer, but reproducibility under set conditions was 
found to be satisfactory. 
CID measurements. PSP ionization of a phospholipid 

with a defined fatty acid composition was studied. Fig- 
ure 6A shows the PSP positive ion mass spectrum of 
1-palmitoyl-2-1inoleoyl-sn-glycero-3-phosphoethanolamine 
As expected, diacylglycerol related fragments are present 
at m/z = 575 {18:2 -I- 16:0). The spectrum further shows 
two monoacylglycerol related fragments at m/z = 337 
{18:2) and m/z = 313 {16:0). 
The mass spectrometer was arranged for MS/MS mea- 

surements in the precursor/product mode ACID mass 
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FIG.  5. Dose response curves of the  diacylglycerol related f ragments  
(m/z = 551) from 1,2-dipalmitoyl-sn-glycero-~phosphate  [16:0/16:0- 
phosphat id ic  acid (PA)], 1,2-dipRImltoyl-sn-glycero-3-phosphocholine 
[16:0/16:@phosphatidylcholine (PC)], and 1,2~lipRIm;toyl-sn-glycero~ 
phosphoethanolamine [16:0/16:(~phosphatidylethanolamine (PE)] 
measured in single ion mode. 

prominent  monoacylglycerol  re la ted f ragments  at  
m/z = 313. Acylium ions at  rn/z = 263 and 239 of both  
fa t ty  acids are observed in the spectrum corresponding 
to 18:2 and 16:0 fa t ty  acids, respectively. The spectrum 
further  indicates subsequent fragmentat ion of the fa t ty  
acid residues leading to a series of low mass fragments.  
The CID experiment thus unequivocally reveals fat ty acid 
composition. 

As an application, the fat ty  acid composition of PI from 
soybeans was examined. The three most  abundant  diacyl- 
glycerol related fragments as indicated from the full spec- 
t rum (Fig. 7) were analyzed by using precursor/product 
MS/MS as described above. 

The three MS/MS product  ion spectra of the precursor 
diacylglycerol related ions as shown in Figure 7 give in- 
formation on the fa t ty  acid species. The diacylglycerol 
related ions of m/z = 575.6 consist of an 18:2 fa t ty  acid 
moiety (acylium ions of m/z = 263.3) and a 16:0 fa t ty  acid 
(monoacylglycerol related ion of rn/z = 313.3). Analo- 
gously, the H20 adduct of the diacylglycerol related ions 
of m/z = 591.7 consists of an 18:3 acylium ion (m/z = 261.2) 
and a 16:0 acid (rrdz = 313.3}. The diacylglycerol-related 
ions of m/z = 603.3 have an 18:0 acid (m/z = 341) and a 
18:2 acid (m/z = 263.3). 
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FIG.  6. A. Posi t ive  ion p l a smasp ray  of  l-p~Imltoyl-2-1inolsoyl-sn- 
glycero-3-phosphoethanolandne.  B. Collision-induced decomposition 
of the diacylglyceroklerived f ragment  m/z  ~ 575.5, showing the most  
abundant product ion, m/z  = 313.3 

spectrum of the diacylglycerol related fragments (m/z = 
575) using argon as collision gas at a pressure of 10 -z 
torr, and a collision energy of 3 eV is shown in Figure 6B. 
The spectrum indicates in the high mass range the pres- 
ence of undecomposed precursor ions at  rrdz -- 575 and 
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FIG. 7. A. Mass spectrum of phosphatidylinositoi from soybean, and 
B, the collision-induced decomposition product ion spectra of the 
precursor ions of m/z  = 575.6, C, of m/z  = 591.7, and D, of m/z  603.4. 
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Changing the collision energy indicates that useful in- 
formation was obtained only within a rather narrow ion 
energy range~ For example, at 3 eV there is practically no 
decomposition of the precursor fragments whereas at 
20 eV the CID spectrum only showed unspecific frag- 
ments of low mass. There are no major qualitative dif- 
ferences in the spectra when the collision gas Ar was 
replaced by He or Xe as long as the collision energy and 
pressure are adjusted accordingly for each. Argon was 
found to be the collision gas of choice, because adequate 
fragmentation was obtained at convenient gas pressures 
and collision energies. 

CID after PSP ionization offers excellent possibilities 
to study glycerophospholipid molecules in detail. It is 
possible to obtain information on the fatty acid composi- 
tion of individual species within phospholipid classes. 
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A method is presented for the determination of 4-hydroxy- 
nonenal (HNE) in tissue homogenates following in vitro 
lipid peroxidation induced by iron (Fe++). HNE is mea- 
sured as the pentafluorobenzyl oxime derivative using 
liquid chromatography thermospray mass spectrometry. 
In vitro metabolism of HNE via the glutathione/gluta- 
thione~S-transferase pathway was inhibited using iod~ 
acetic and iodobenzoic acids. The assay has been used as 
an indicator of the peroxidizability of tissue samples from 
animals both adequate in and depleted of a-tocopherol. 
The concentrations of HNE produced in tissues taken 
from animals depleted of a-tocopherol were found to be 
up to 8 times higher than those taken from animals sup- 
plemented with a-tocopherol. 
Lipids 28, 261-264 (1993). 

Lipid peroxidation has been implicated in causing a wide 
range of biological effects (1,2) including heart disease, 
aging, retinal degeneration and cancer. Many tests have 
been proposed as indicators of lipid peroxidation in bio- 
logical systems. Techniques for measuring primary lipid 
peroxidation products such as lipid hydroperoxides 
have included high-performance liquid chromatography 
(HPLC) with electrochemical (3) or chemiluminescent (4) 
detection and gas chromatography/mass spectrometry 
(GC/MS) of the methyl, trimethylsilyl and pentafluoro- 
benzyl (PFB) esters of the hydroxy derivatives of the lipid 
hydroperoxides (5). Assays have also been developed to 
measure secondary lipid peroxidation products such as 
thiobarbituric acid reactive substances (TBARS; Ref. 6), 
conjugated dlenes (7), alkanes such as ethane and pentane 
(8), and aldehydes such as hexanal (9) and 4-hydroxy- 
nonenal (HNE; Refs. 10,11). 

The latter aldehyde is formed through the oxidation of 
linoleic or arachidonic acid (12,13) and has received much 
attention in the last few years. It has been shown to be 
cytotoxic and can exhibit a wide range of potent biological 
effects (14-17). It is also highly reactive toward molecules 
containing sulfhydryl groups such as reduced glutathione 
(GSH), cysteine and proteins in general (18,19). 

Several techniques have been proposed for measuring 
HNE in biological samples. These methods have recent- 
ly been reviewed (20) and include HPLC of the fluorescent 
decahydroacridine derivatives of HNE (21) and GC/MS 
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1 Present address, Division of Biochemistry, The Queen's Univer- 
sity of Belfast, Northern Ireland. 

Abbreviations: Fe ++, iron(II) ion; GC/MS, gas chromatography/ 
mass spectrometry; GSH, reduced glutathione; GSHT, glutathione- 
S-transferase; HNE, 4-hydroxynonenal; HPLC, high-performance 
liquid chromatography; IAA, iodoacetic acid; IBA o-iodobenzoic acid; 
LC/MS, liquid chromatography/thermospray mass spectrometry; 
PFB, pentafluorobenzyl; PIPES, piperazinediethanesulfonic acid; 
SIM, selected ion monitoring; TBARS, thiobarbituric acid reactive 
substances. 

of the butyldimethylsilyl (22) or PFB oxime derivatives 
(10,11). However, as mentioned above, HNE is highly reac- 
tive toward a wide range of cellular components. One 
study by Ishikawa et aL (23) showed that the half life of 
HNE in perfused rat heart was less than 4 s as a result 
of the conjugation of HNE to GSH, catalyzed by gluta- 
thione~S-transferase (GSHT) [E.C. 2.5.1.18]. Therefore it 
is unclear what proportion of the HNE originally present 
in the tissues can be recovered and measured by any of 
these procedures, since any free HNE may have been 
rapidly metabolized or irreversibly bound to cellular 
macromolecules. This problem is compounded by the 
possibility that some HNE may be formed during the 
work-up procedure. An alternative approach would be to 
analyze HNE in tissue samples in a way similar to that 
of measuring TBARS following ascorbat~ or Fe++-in - 
duced in vitro lipid peroxidation (24). This paper describes 
a method in which tissue homogenates are first treated 
with inhibitors of GSHT and then incubated with Fe ++ 
to induce the production of HNE. This aldehyde is then 
measured using liquid chromatography/thermospray mass 
spectrometry (LC/MS) following derivatization with PFB 
hydroxylamine hydrochloride The method has been used 
to measure the in vitro production of HNE following 
Fe++-initiated peroxidation of muscle homogenates from 
cattle and pigs either supplemented with or depleted of 
a-tocopherol. 

MATERIALS AND METHODS 
Materials. HNE was kindly provided by Professor H. 
Esterbauer, Department of Biochemistry, University of 
Graz, Austri& It was supplied as a 50-60 mmoYL stock 
solution in dlchloromethane and was stored at -20~ 
until required. An aliquot of this solution (500 ~L) was 
evaporated to dryness under nitrogen at room tempera- 
ture. The residue was dissolved in water (5 mL) by shak- 
ing. This solution was used as a stock standard and was 
stable for several months at 4 ~ The exact concentration 
of HNE in this solution was determined by diluting 
100 ~L with 9.9 mL water and recording the ultraviolet 
spectrum in a 1-cm cuvette from 200-300 nm. The con- 
centration was determined using the molar extinction 
coefficient of 13750 at 223 nm. Dilute standards (10 ~M) 
were freshly prepared from the stock standard in water 
as required. 

Piperazinediethanesulfonic acid (PIPES), PFB hydrox- 
ylamine hydrochloride, iodoacetic acid (IAA} and o- 
iodobenzoic acid (IBA) were obtained from Sigma Chem- 
ical Ca {St. Louis, MO). Acetonitrile, tetrahydrofuran, 
methanol and hexane were all HPLC-grade 

Tissue a-tocopherol concentrations. These were 
measured using HPLC with fluorescence detection, essen- 
tially as described by McMurray and Blanchflower {25). 

Extraction of HNE from tissue and derivatization. 
Samples of tissue (0.5 g) were homogenized in ice-cold 
25 mM PIPES buffer, pH 7.0 (9.5 mL), using a Sflverson 
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homogenizer (Silverson Machines, Chesham, United King- 
dom) for about 1 rain, followed by 10 strokes in a Dounce 
homogenizer (Thomas Scientific, Swedesboro, N J). 
Samples were freshly prepared and kept on ice at all time~ 

Aliquots of homogenate (1.0 mL) were transferred to 
test tubes to each of which was added mixed inhibitor 
solution (100 ~L) containing 10 mM IAA and 10 mM IBA, 
dissolved in water. Following incubation for 10 min at 
37~ in a shaking water bath, iron(II) sulfate (100 ~L of 
a 7.2 mM aqueous solution} was added, and the samples 
were incubated for a further 45 min. Methanol (2 mL) was 
added, and the tubes were centrifuged at 2000 • g for 10 
min at 4~ Aliquots of supernatant (2.0 mL) were 
transferred to clean tubes. Standards (50 ~L of 10 ~M 
HNE) were also set up at this point, and the volumes of 
the tubes were adjusted to 2.0 mL using methanol/water 
(2:1, vol/vol). Aliquots of PIPES buffer (1.0 mL of a 25 mM 
aqueous solution, pH 7.0) and PFB hydroxylamine hydr(~ 
chloride (100 ~L of a 50 mg/mL freshly prepared solution 
in methanol) were added to all tubes. After standing at 
room temperature for 30 min, the mixtures were extracted 
with hexane (2 • 1 mL) by shaking for 30 s and centrifug- 
ing at 2000 X g at 4~ for 10 min. The hexane extracts 
were combined and evaporated to dryness under nitrogen 
at 50~ The residues were dissolved in HPLC mobile 
phase (100 ~L). 

Analysis of HNE using thermospray LC/MS. The 
HPLC system consisted of a Merck-Hitachi (BDH Ltd., 
Dagenham, United Kingdom) model L-6000 pump, a 
Rheodyne (Rheodyne Inc., Cotati, CA) model 7125 injec- 
tor fitted with a 50 ~L sample loop and a Lichrosorb (BDH 
Ltd.) RP18, endcapped, 125 X 4 mm reverse-phase car- 
tridge with holder. The mobile phase" acetonitrile/tetra- 
hydrofuran/water (75:5:20, by vol), was pumped at a rate 
of 1.0 mL/min. This system was directly coupled to a 
Vestec model 201A thermospray LC/MS (Vestec Corpora- 
tion, Houston, TX) complete with a Technivent worksta- 
tion. The instrument was operated in the negative ion 
mode" using filament-initiated ionization with an electron 
beam current of 250 ~tA. The electron multiplier voltage 
was 1600 V. The temperatures of the source block, tip 
heater and lens assembly were 280, 250 and 150~ respec- 
tively. The vaporizer probe was operated at about 15~ 
below the takeoff point. This was optimized for each 
probe used but was typically in the region of 170~ The 
instrument was operated either in the full scan mode to 
collect spectra, or in the selected ion monitoring (SIM) 
mode for maximum sensitivity. 

Aliquots (25 ~L) of the derivatized standards and sam- 
ple extracts were injected into the LC/MS syste~L A stan- 
dard was injected after every four samples to correct for 
drift, if any. SIM data were collected for the negative ion 
at m/z 331. The concentrations of HNE in samples were 
calculated from peak areas by comparison with standards. 

Data. Where appropriate, data are presented as 
means -!-_ SE. Comparisons between the a-tocopherol and 
HNE concentrations in tissue were by Student's t-test. 

RESULTS AND DISCUSSION 

The thermospray LC/MS negative ion spectrum for the 
PFB derivative of HNE is shown in Figure 1, together 
with the molecular structure of this derivative This spec- 
trum is unusual for thermospray LC/MS, when the base 
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, , 5~ .  z'-=~,_ % 
F F ~ 
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FIG. 1. Negative ion liquid chmmatography/thermospray mass spe~ 
trometry spectrum and structure of the pentafluorobenzyl hydrox- 
ylamine derivative of 4-hydroxynonenal. 

peak is normally the molecular ion (M), M + 1, or M - 1. 
In this case only a small molecular ion at m/z 351 is seen. 
The base peak fragment ion at mYz 331 probably results 
from the loss of hydrogen fluoride from the molecule and 
is the most sensitive ion to use for SIM. It  is interesting 
to note that  the best sensitivity is obtained without the 
addition of ammonium acetate to the HPLC mobile phase, 
a normal requirement of LC/MS. 

Few authors have quoted recovery values for HNE from 
whole tissue homogenates. Norsten-H66g and Cronholm 
(22) reported a recovery of 84% from hepatocytes. They 
did not, however, quote a figure for liver homogenates, but 
gave a recovery value of 60% for their internal standard, 
cyclohexanon~ 

In the present study, initial attempts to measure ana- 
lytical recoveries were disappointing. Therefore two ap- 
proaches were attempted to improve the recovery of HNE 
from tissue homogenates, namely disruption of protein 
binding and inhibition of the GSH/GSHT conjugation 
pathway. 

Hydroxylamine (22) or PFB hydroxylamine (11) have 
previously both been added to biological samples to 
recover HNE conjugated to protein, but the authors of- 
fered no evidence as to the efficacy of these procedures. 
We observed that HNE added to tissue homogenates 
disappears rapidly (80% in 5 min) and could not be re- 
covered by these techniques (data not shown). It would 
therefore appear that protein conjugation is not the major 
problem causing poor recoveries, but that  HNE is being 
rapidly metabolized in vitro by tissue homogenates. 

Ishikawa et aL (23) have shown that  HNE can react 
spontaneously with GSH, but that the rate of the reac- 
tion is increased 30-fold when catalyzed by GSHT. These 
workers estimated the half life of HNE in heart as less 
than 4 s, under the conditions used. Alin et al. (26) con- 
cluded that spontaneous reaction between GSH and HNE 
was negligible and that  one of the major functions of 
GSHT was to protect the cell from the cytotoxic action 
of aldehydes such as HNE. However, Pabst et al. (27) 
showed that  the GSHT-catalyzed conjugation of HNE to 
GSH could be inhibited by IAA and IBA. The effect of 
adding these substances to tissue homogenates carried 
through the described assay is shown in Figure 2. In the 
untreated homogenat~ there was no increase in the HNE 
concentration for the first 30 min of incubation time, 
whereas in the inhibitor-treated homogenate there was a 
steady increase in HNE production. This showed that the 
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FIG. 2. Time course of the in vitro Fe++-induced production of 
4-hydroxynonenal by a tissue homogenate with (O) or without (m) 
incubation with iodoacetic and iodobenzoic acids as inhibitors of 
glutathiane-S-transferase. 

HNE produced in the untreated homogenate was being 
rapidly metabolized by the GSH/GSHT pathway; a rise 
only became apparent after 30 min, possibly as a result 
of GSH depletion. The inhibitors IAA and IBA therefore 
blocked this reaction in the treated homogenate which 
showed a 4-fold increase in HNE concentration after a 
45-min incubation period, when compared with untreated 
homogenate 

In the described assay, recovery values were determined 
by spiking muscle homogenates with HNE, following 
treatment with IAA and IBA, incubation with Fe ++ and 
then proceeding as described in the assay. The recovery 
values averaged 65% (Table 1), confirming that IAA 
and IBA had effectively blocked the reaction with 
GSHtGSHT. The losses of HNE (35%) may have been d u e  
to binding to other macromolecules, but this could not 
be confirmed. 

Single ion chromatograms of the ion at m/z 331 are 
shown in Figure 3 for a standard and for heart muscle 
homogenates from a-tocopherol deficient and a-tocopherol 
supplemented pigs. The HNE derivative eluted from the 
column with a retention time of 3.2 min and was appar- 
ently free from interference by other compound eluting 
closely. The standard is equivalent to 16.1 nmol HNE/g 
sample The concentrations of HNE induced in the mus- 
cle samples from the a-tocopherol deficient and a-tocoph- 
erol supplemented pigs were 17.8 and 1.9 nmol/g, 
respectively. 

TABLE 1 

Recovery of H N E  from Muscle Homogenate  a 

HNE added HNE recovered Recovery 
(nmol) (nmol) (%) 

0.00 0.10 --  
0.32 0.32 66 
0.64 0.51 64 
1.28 0.93 65 

aAliquots {1.0 mL) of muscle homogenate, with added 4-hydroxy- 
nonenal (HNE) at the levels indicated, were carried through the 
described assay. Results are the mean of duplicate determinations. 
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FIG. 3. Selected ion monitoring chromatograms of the negative ion 
at m/z 331 for the pentafluorobenzyl hydroxylamine derivative of 
4~hydroxylnonenal from (A) a 10 ~M standard solution, (B) a heart 
muscle homogenate from a a-tocopherol deficient pig and (C) a heart 
muscle homogenute from an a-tocopherol supplemented pig. The 
assays were performed as described in the text.  4-Hydroxylnonenal 
eluted from the column at a retention time of 3.2 min. 

The reproducibility of the assay was determined by 
analyzing six times two samples of masseter muscle and 
was found to produce relatively low and high concentra- 
tions of HNE following Fe ++ stimulation. The values 
found for mean (SE) and coefficent of variation (CV) were 
3.90 {0.16} nmol]g and 9.7% in the low sample and 51.3 
{2.34) nmol]g and 11.1% in the high sample 

The assay has been used to measure "peroxidizability" 
of liver and various muscle samples from a-tocopherol defi- 
cient and supplemented pigs and cattle; the results of 
these studies will be published in full elsewher~ In brief, 
however, pigs fed a diet depleted of a-tocopherol for 7 mon 
had heart a-tocopherol and induced HNE concentrations 
of 7.7 (0.9) and 14.2 (1.5) nmol/g, respectively. These values 
were significantly different (P < 0.001) from those ob- 
served in control animals fed the same diet, but sup- 
plemented with a-tocopherol. In those animals the heart 
a-tocopherol and HNE concentrations were 32.5 (2.6) and 
1.8 (0.2) nmol]g, respectively. The mean concentration of 
HNE induced in the homogenate from the deficient group 
was approximately 8 times higher than that from the suf- 
ficient group. This finding indicates that heart muscle 
from the a-tocopherol sufficient group was much better 
protected against possible free radical attack than that 
from the a-tocopherol deficient group. 

We have also found that  the differences in Fe++-in - 
duced HNE have generally been greater than in ascorbat~ 
induced TBARS between a-tocopherol deficient and suf- 
ficient tissues (data not shown), suggesting that HNE 
may be a better indicator of "peroxidizability" than 
TBARS. The assay using LC/MS is relatively simple to 
perform. Only one derivatization step is required, as op- 
posed to two for the GC/MS assays (10,11) where a 
trimethylsilyl derivative is prepared after the PFB 
derivative The detection limit of the LC/MS is about 6 
pmol injected on-column. This equates to about 640 
pmol/g for tissue samples. This is not as sensitive as 
G~MS assays using GC with negative ion chemical 
ionization, with detection limits about 10 times higher. 
The sensitivity is, however, sufficient to measure the levels 
of induced HNE in tissue samples, and we have not found 
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it necessary  to  t r y  to improve on this. Deu te ra ted  H N E  
could be used  as an internal  s tandard ,  if availabl~ The  
synthesis  of deutera ted H N E  has been described (10), and 
its use should  fu r the r  increase the  reproducibi l i ty  of  the  
assay. However, we have a l ready shown (28) t h a t  a 
dedicated LC/MS system, such as t h a t  used in this  assay, 
is capable of good  reproducibility wi th  a typical  coefficient 
of var ia t ion of 3.6% between s t anda rd  injections, w i thou t  
the  use of  an internal  s tandard .  
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Zinc and Red Cell Fatty Acid Composition 

Dear Sir: 

The paper by Driscoll and Bettger (1) on the effects of 
dietary zinc deficiency on red cell lipid and essential fa t ty  
acid (EFA) composition deserves comment with respect to 
extrapolation of the data to general concepts regarding the 
role of zinc in EFA metabolisn~ The dietary methodology 
and results in this paper agree quite closely with those of 
Kramer e t  cd, (2) who also concluded that  zinc deficiency 
p e r  se has no significant effect on EFA composition beyond 
that  caused by reduced food intake The implication in both 
these papers is that  zinc is probably not involved in A6 or 
A5 desaturation. 

While the A6 desaturase is now known to be an iron- 
containing enzyme (3), zinc may be involved in determin- 
ing overall desaturase activity by influencing electron 
availability from the electron donors NADH or NADPH (4). 
If zinc were to be involved in arachidonic acid synthesis, one 
would expect lower levels of arachidonic acid synthesis dtm 
ing zinc deficiency, as many studies have reported (5; re- 
viewed in ref. 4), but higher amchidonic acid levels after zinc 
supplementatiorL In fact, this is the case both in animal 
models with normal food and nutrient intake (6,7) and in 
human disease; in acrodermatitis enteropathica (genetic 
defect impairing zinc absorption), dietary zinc supplementa- 
tion significantly increases both arachidonic acid and 
docosahexaenoic acid in serum phospholipids (8,9). We have 
also recently shown that dietary zinc supplementation raises 
the tool% of arachidonic acid in serum phospholipids in 
Wflson's disease (controls, 12.6 + 2,4%, n = 19; Wilsoffs 
disease before zinc, 10.9 + 2.4%, n = 10; Wflson's disease 
after zinc. 12.7 +__ 2.2%, n = 36; P < 0.01). Thus, the effect 
of zinc on arachidonic acid metabolism may be indirect, but  
becomes clearly apparent under a variety of circumstances. 

Zinc deficiency studies in rats need not involve de ~ 
creased food intake if the diet is not excessively deficient 
in zinc. eg., about 3 mg]kg in the diet vs. the < 0.3 mg/kg 
reported by Driscoll and Bettger (1) and Kramer e t  aL (2). 
Furthermore if the low zinc diet is fed after the post~weaning 

growth spurt, the fa t ty  acid changes induced by low zinc 
intake are still seen without any impairment in food intake 
(6). 

The observation by Driscoll and Bettger (1) that  free 
plasma arachidonic acid is normaliz_~l in food restricted rats 
refed zinc supports the majority of data which indicates a 
specific but  undefined role of zinc in amchidouic acid syn- 
thesis. The fact that  differences in red cell fa t ty  acid com- 
position between zinc deficient and zinc sufficient-restricted 
fed rats were for the most part minimal, appears to be more 
a function of the model than of the absence of a role of zinc 
in arachidonic acid synthesis. 

Stephen C. Cunnane 
Department of Nutritional Sciences 
Faculty of Medicine 
University of Toronto 
Tomnt~ Canada M5S 1A8 
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Elongation Predominates over Desaturation in the Metabolism 
of 18:3n-3 and 20:5n.3 in Turbot (Scophthalmus maximus) 
Brain Astroglial Cells in Primary Culture 
Douglas R. Tocher 
NERC Unit of Aquatic Biochemistry, School of Natural Sciences, University of Stirling, Stiding FK9 4LA, Scotland, United Kingdom 

The origin of docosahexaenoic acid (DHA, 22:6n-3) that 
accumulates in turbot brain during development was in- 
vestigated by studying the incorporation and metabolism 
via the desaturase/elongase pathways of [1J4C]-labelled 
polyunsaturated fatty acids (PUFA) in primary cultures 
of brain astrocytic glial cells. There was little specificity 
evident in the total incorporation of PUFAs into the tur- 
bot astrocytes. However, specificity was apparent in the 
distribution of the various PUFAs among the individual 
lipid classes. In particular, there was very specific incor- 
poration of []4C]arachidonlc acid (AA, 20:4n4}) into phos- 
phatidylinositol balanced by a lower incorporation of this 
acid into total diradyl glycerophosphocholines. [14C]- 
Linolenic acid (LNA, 18:3n-3) and [14C]eicosapentaenoie 
acid (EPA, 20:5n-3) were metabolized v/a the desaturase/ 
elongase pathways to a significantly greater extent than 
[14C]iinoleic acid (18:2n~) and [14C]AA. The turbot astr~ 
cytes expressed very little 55 desaturase activity and only 
low levels of h4 desaturation activity. Although the per- 
centages were small, approximately 4-5 times as much 
labelled DHA was produced from []4C]EPA compared 
with [14C]LNA. However, it was concluded that very lit- 
tle DHA in the turbot brain could result from the metal~ 
olism of LNA and EPA in astrocytic glial cells. 
Lipids 28, 267-272 (1993). 

During development, mammalian brains and retinas ac- 
cumulate docosahexaenoic acid (22:6n-3, DHA) and ara- 
chidonic acid (20:4n-6, AA) (1) so that in adults neural 
tissues are characteristically rich in these specific polyun- 
saturated fat ty  acids (PUFA) (2). Studies with dietary 
deprivation of n-3 PUFA have shown that DHA is tena- 
ciously retained in neural tissue (3), taking at least two 
generations to be significantly depleted (4-7). Reduced 
brain and retinal DHA content is associated with altered 
physiological parameters and functional defects, such as 
reduced visual acuity and impaired learning ability (4-7), 
suggesting a critical and probably essential role for DHA 
in neural tissue development and function (8,9). 

Abbreviations: AA, 5,8,11,14-arachido~ic acid (20:4n-6); ANOVA, 
analysis of variance; BHT, butylated hydroxytoluene; BSA, bovine 
serum albllmin; CL, cardiolipin; CPL, total diradyl glycerophospho- 
cholines; DHA, 4,7,10,13,t6,19-docosahexaenoic acid (22:6n-3}; 
DMEM, Dulbecco' s modification of Eagle's medittm; EDTA, ethyl- 
enediaminetetraacetic acid; EPA, 5,8,11,14,17~icosapentaenoic acid 
(20:5n-3}; EPL, total diradyl glycerepho~phoethanol~mines; GC, gas 
chromatography; HBSS, Hank's balanced salt solution; HPLC, high- 
performance liquid chromatography;, HPTLC, high-performance thin- 
layer chromatography;, LA, 9,12-linoleic acid (18:2n-6); LNA, 
9,12,15-1inolenic acid, a-linolenic acid (18:3n-3); PA, phosphatidic acid; 
PI, phosphatidylin(~sitol; PS, phosphatidylserine; PUFA, polyun- 
saturated fatty acid; TLC, thin-layer chromatography; TN, total 
neutral lipids; TP, total polar lipids. 

Fish neural tissues are also rich in DHA, with DHA to 
eicosapentaenoic acid (20:5n-3, EPA) ratios in the glycero- 
phospholipids far exceeding those of most non-neural 
tissues (10,11). Although EPA levels are greater than 
those of AA in fish neural tissues (10), the selective loca- 
tion of AA in phosphatidylinositol (PI) combined with AA 
generally being the main eicosanoid precursor in many fish 
tissues, including brain cells (10-12), has implicated a 
similarly important role for AA in fish as in mammals. 
Recently, we have shown that DHA is rapidly and spe~ 
cifically accumulated in brains from post-larval turbot, 
Scophthalrnus maximus, upon weaning from a diet low 
in DHA to one high in DHA (13,14). Prior to weaning, 
the turbot brains displayed low levels of DHA despite ade~ 
quate dietary provision of both a-linolenic acid (18:3n-3, 
LNA) and EPA (13), suggesting that preformed DHA was 
required by turbot brains during development. However, 
biochemical studies on isolated mixed brain cells from 
juvenile turbot showed that there was no selectivity be- 
tween [1-~4C]LNA and [1-~4C]DHA in the uptake into the 
cells (15). Furthermore, over 20% of [1-~4C]EPA incor- 
porated into the mixed brain cells was chain elongated 
with up to 10% desaturated to DHA within 24 h (15). 

The origin of neural tissue DHA during development 
in mammals is unclear. In rats, it has been shown that 
DHA was produced from intracraniaUy-injected 14C- 
labelled LNA (16), but  other evidence has suggested that  
much of the DHA in mammalian brains results from ac- 
cumulation of preformed DHA supplied by the liver 
(17,18). Studies using primary cultures of specific cell 
types from rat brain have recently shown that DHA and 
AA were produced from LNA and linoleic acid (18:2n-6, 
LA), respectively, in astrocytes, but  not in neurons (19). 

In the present study, we investigated the incorporation 
and metabolism v/a the desaturaseJelongase pathways of 
[1-z4C]-labeUed LA, LNA, AA and EPA in primary cul- 
tures of astrocytic glial cells from turbot. Our primary aim 
was to determine if astrocytes could contribute to the ac- 
cumulation of DHA, particularly from EPA, during devel- 
opment in turbot brain. We have shown previously that  
an established turbot cell line, originally prepared from 
fin tissue, appeared to lack A5 desaturase activity (20-22). 
Therefore, we wished to determine if the primary cultures 
of brain astrocytes also had incomplete pathways for the 
desaturation and chain elongation of LA and LNA. 

MATERIALS AND METHODS 

Materials. Dulbecco's modification of Eagle's medium 
(DMEM), Hsnk's balanced salt solution (HBSS), glut- 
amine, antibiotics, fetal calf serum and trypsin/ethylene 
diamlnetetraacetic acid (EDTA) were all obtained from 
Northumbria Biologicals Ltd. (Northumberland, United 
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Kingdom). [1-z4C]PUFA (all 50-55 mCi/mmol and 99% 
pure) were obtained from NEN, DuPont (U.K.) LtcL 
(Stevenage, United Kingdom). Sodium selenite, insulin, 
transferrin, triiodothyronine, poly-D-lysine, butylated hy- 
droxy toluene (BHT), fatty acid-free bovine serum alb~lmin 
(BSA) and silver nitrate were obtained from Sigma Chem- 
ical Ca Ltd. (Poole" Dorset, United Kingdom). Mouse 
monoclonal antiglial fibrillary acidic protein and F(ab')2 
rabbit anti-mouse IgG conjugated with fluorescein iso- 
thiocyanate were from Serotec (Oxford, United Kingdom). 
Rhodamine-phalloidin was a gift from Dr. R. Wilson 
(University of Stirling, Scotland, United Kingdom). Thin- 
layer chromatography (TLC) (20 • 20 cm X 0.25 rnm) and 
high-performance thin-layer chromatography (HPTLC) 
(10)< 10 cm X 0.15 mm) plates, precoated with silica gel 
60 (without fluorescent indicator), were obtained from 
Merck (Darmstadt, Germany). All solvents were high- 
performance liquid chromatography (HPLC) grade and 
were obtained from Rathburn Chemicals (Walkerburn, 
Scotland, United Kingdom). 

Experimental animals. Thrbot, Scophthalmus maximus 
(~500 g, and 7-8 mon old) were obtained from a commer- 
cial mariculture station (Golden Sea Produce, Hunterston~ 
Scotland, United Kingdom). Fish were maintained in 2-m 
circular t~nks supplied with recirculating, filtered sea 
water in the aquarium at Stirling University for between 
2 and 4 wk during which period they were starvecL Water 
temperature was 10 _+ 2~ 

Preparation of primary cultures of turbot astroglial 
cells. Primary cultures of turbot astroglial cells were pre- 
pared by modification of methods used previously to pre- 
pare astrocytes from rainbow trout brain (23,24). Fish (four 
per experiment) were killed by severing the spinal cord 
immediately posterior to the brain. Entire brains were 
removed into ice-cold HBSS (Ca 2+- and Mg2+-free) 
supplemented with 1.75% NaC1 (HBSS/NaCI) and the 
meninges carefully dissected away. Brains were transfer- 
red into fresh, ice-cold HBSS/NaC1 and were finely chop- 
ped. Brain cells were dissociated by sequential sieving 
through nylon gauzes of 190, 100 and 30 ~wn pore sizes 
essentially as described by McCarthy and de Vellis (25). 
The suspension was centrifuged at 300 • g for 10 min at 
4~ and the pellet resuspended in DMEM containing 
4 mM glutamine, antibiotics (50 IU/mL penicillin and 
50 ~g/mL streptomycin), 0.35% NaC1 and further sup- 
plemented with 30 nM sodium selenite, 5 ~g/mL of insulin, 
50/~g/mL of transferrin, 30 nM triiodothyronine and 10% 
fetal calf serun~ The cells were seeded into 75~cm 2 plastic 
tissue culture flasks (Gibco-Nunc) pretreated with polyly- 
sine Cultures were incubated for four weeks at 22~ with 
the medium replaced on days 4, 14 and 24. After four 
weeks the cultures were well established and the incuba- 
tion temperature was lowered to 15~ which is approx- 
imately the upper limit of the ambient temperature range 
that turbot normally experience in United Kingdom 
waters, and incubation continued for a further two weeks 
without any medium change The cells grow very slowly 
at 15~ and therefore the cultures must be initially 
established at 22~ Before use, the cultures were exposed 
to sheer forces to detach overlying cells {predominantly 
oligodendrocytes) and washed with HBSS/NaCI to remove 
these and dead cells (24). The resultant monolayer of cells 
was characterized as astrocyterich (~90%) by indirect im- 
munofluorescence and dual-labelling using antiglial fibril- 

lary acidic protein as an astrocyte marker and rhodamine- 
phalloidin as a general cell stain, as described in detail 
earlier (26). 

Incubation of turbot astroglial cell cultures with 
[iJ4C]-labelled fatty acids. Medium was aspirated and 
the cultures washed with HBSS/NaCI. Fresh DMEM, 
used as above, except that it did not contain the supple- 
ments (selenit~ insulin, transferrin and triiodothyronine) 
or serum that are required to establish the cultures, was 
addech Supplements are not required for the maintenance 
of the cell cultures and so were left out to remove their 
possible effects on PUFA uptake and metabolism Serum 
was omitted so that the isotope was added undiluted by 
the fatty acids and lipids in serum. Triplicate flasks re- 
ceived 0.3 ~Ci each of either [1-14C]18:2n-6, [1-14C]18:3n-3, 
[1-14C]20:4n-6 or [1-z4C]20:5n-3, added carrier-free in 
ethanol (final cone, fatty acid, 0.6 wM and ethanol 0.25%). 
Cultures were incubated with the isotopes for 6 d at 15~ 

Harvesting of cells and lipid extraction. The medium 
was aspirated, and the cultures were washed twice with 
20 mL of ice-cold HBSS/NaC1 containing 1% fatty acid- 
free BSA. The cells were harvested by trypsinization and 
washed further twice with 10 mL of cold HBSS/NaCL and 
lipid extracted essentially according to the procedure of 
Folch et aL (27) as detailed previously (28). 

Incorporation of radioactivity into total lipid and 
glycerophospholipid classes. After weighing, the total 
lipid was resuspended in chloroform/methanol (2:1, vol/vol) 
containing 0.01% BHT as antioxidant at a concentration 
of 10 mg/mL. Samples of the total lipid were added to scin- 
tillation mini-vials, the solvent was evaporated under a 
stream of nitrogen, 2.5 mL of Ecoscint A (National 
Diagnostics, Manville, NJ) were added and radioactivity 
was determined using a Packard 2000CA TriCarb liquid 
scintillation analyzer (Downers Grove, IL). Samples of 
total lipid (50/~g) were applied in 1-cm streaks onto 
HPTLC plates, and the glycerophospholipid and other 
polar lipid classes were separated using methyl acetate/ 
isopropanol/chloroform]methanol]0.25% aqueous KCI 
(25:25:25:10:9, by vol) (29). The lipid classes were vizualized 
by brief exposure to iodine vapor and marked, and the 
iodine removed under vacuum. Individual glycerophos- 
pholipid classes were scraped into scintillation mini-vials, 
and radioactivity was determined as above 

Incorporation of radioactivity into PUFAs. Fatty acid 
methyl esters were prepared from total lipid by acid 
catalyzed transmethylation at 50~ for 16 h (30) and were 
extracted and purified as described previously (10). Methyl 
esters were separated by a combination of argentation- 
TLC and radio-gas chromatography, and the identity of 
fatty acid methyl esters and the radioactivity in the in- 
dividual methyl ester fractions determined as described 
previously in detail (22,24). The identity of 24:5n-3 was 
confirmed by gas chromatography/mass spectrometry. All 
solvents contained 0.01% BHT as antioxidant. 

Statistical analysis. All results are presented as means 
+_SD (n -- 3). The data were checked for homogeneity of 
the variances by the Bartlett test and, where necessary, 
the data were arcsin-transformed before further statistical 
analysis. Data for the incorporation of radioactivity into 
total lipid and individual lipid classes were analyzed by 
one-way analysis of variance (ANOVA) followed, where 
appropriate, by Tukey's multiple comparison test. Dif- 
ferences between the mean recoveries of radioactivity from 
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[z4C]18:3n-3 and [z4C]20:5n-3 in specific fat ty acid frac- 
tions, compared with the recoveries of radioactivity from 
[14C]18:2n-6 and [14C]20:4n-6, respectively, in the homol- 
ogous fatty acid fractions (i.~ recovery of radioactivity 
from [1-14C]18:3n-3 and [1-14C]20:5n-3 in the 22:6n-3 frac- 
tion was compared with the recovery of radioactivity from 
[14C]18:2n-6 and [14C]20:4n-6, respectively, in the 22:5n-6 
fraction) were analyzed by the Student's t-test. Differences 
were reported as significant if P < 0.05. 

RESULTS 

The 14C-labelled PUFAs were incorporated into the total 
lipid in amounts ranging from 4.10 to 4.77 pmol]~ total 
lipid {Table 1). The only significant difference between the 
four different PUFAs was that the incorporation of 
[14C]AA was significantly less than the incorporation of 
[14C]EPA ITable 1}. 

The incorporation of the C20 PUFA into total polar 
classes was generally greater than the incorporation of the 
C18 PUFA into total polar classes, although the differ- 
ence between [14C]LA and [14C]EPA was not statisti- 
cally significant {Fig. 1). The percentage incorporation into 
polar lipid classes was lowest, and therefore the percent- 
age incorporation into neutral lipids was highest, with 
[14C]LNA. There were several significant differences be- 
tween the [14C]PUFA in their incorporation into the in- 
dividual glycerophospholipid classes. The most striking 
was the significantly greater incorporation of [14C]AA 
into PI balanced by significantly lower incorporation of 
this acid into diradyl glycerophosphocholines (CPL) 
{Fig. 1). Both ~4C-labelled C~s PUFA were incorporated 
into the phosphatidic acicYcardiolipin (PA/CL) fraction to 
a significantly greater extent than the ~4C-labelled C20 
PUFA {Fig. 1). 

Significantly more of the incorporated [14C]LNA was 
metabolized via the desaturase/elongase pathway com- 
pared to [~4C]LA (Table 2). The majority of the metabo- 
lized [14C]LNA was chain elongated to 20:3n-3, 22:3n-3 
and 24:3n-3, whereas only 4.7% of the incorporated 
[14C]LA was elongated to 20:2n-6, with no labelled 
22:2n-6 and 24:2n-6 being detected {Table 2). Approxi- 
mately equal amounts of radioactivity (~6-7%) from 
[14C]LA and [14C]LNA were found in the products of A6 
desaturation. Radioactivity was detected in 22:4n-3, 
whereas no radioactivity was found in trienoic n-6 PUFA 
of chain length greater than C20. Significantly more 

TABLE 1 

Net Incorporation of [1-14C]-Labelled Fatty Acids into Total Lipid 
from Turbot (Scophthalmus maximus) Astrogllal Cells 
in Primary Culture a 

[1-14C]Fatty acid Incorporation (pmol/~g total lipid) 

[1-14C]18:2n-6 4.77 +_ 0.46 bc 
[1-14C]18:3n-3 4.34 ___ 1.04 bc 
[1-14C]20:4n-6 4.10 +_ 0.02 b 
[1J4C]20:5n-3 4.76 +_ 0.15 c 

aResults are means ___ SD of three experiments. Cells were incubated 
with isotopes for 6 d at 15~ Statistical analysis is described in 
Materials and Methods. Values with different superscript letters 
are significantly different {P < 0.05). 

FIG. 1. Net incorporation of [1-14C]-labeiled fatty acids into Hpid 
classes after 6 d incubation in turbot astroglial cells in primary 
culture. Results are means ___ SD of three experiments. Statistical 
analysis is described in Materials and Methods. Values of columns 
within each grouping with different superscript letters are signifi- 
cantly different (P < 0.05). CPL, total diradyl glycerophosphocho- 
lines; EPL, total diradyl glycerophesphoethanolamines; PA/CL, 
phosphatidic acid/curdiolipin; PI, phosphatidylinositol; PS, 
phosphatidylserine; TN, total neutral lipid classes; TP, total polar 
lipid classes. 

radioactivity from [14CJLA, compared to [14C]LNA, was 
found in the products of A5 desaturation, both 20:4n-6 and 
22:4n-6. In contrast, a small percentage of radioactivity 
from [14C]LNA was found in the DHA fraction, whereas 
no radioactivity from [14C]LA was detected in 22:5n-6 
(Table 2). 

A significantly greater percentage of the incorporated 
[~4C]EPA was metabolized by chain elongation and 
desaturation compared to [14C]AA {Table 3). The major- 
ity of the metabolized [14C]EPA was chain elongated to 
22:5n-3 {14.7%) and 24:5n-3 {8.7%) with less than 2% 
desaturated to DHA. The majority of the [14C]AA 
metabolized was chain elongated to 22:4n-6 with only a 
trace desaturated to 22:5n-6 {Table 3). There was no label- 
ling in elongation products of AA with chain length 
greater than C22. In turbot astrocytes labelled with 
[14C]EPA, small percentages of radioactivity were 
detected in less unsaturated fatty acid fractions. No label- 
ling was detected in less unsaturated fatty acid fractions 
in turbot astrocytes labelled with [14C]AA (Table 3). 

DISCUSSION 

This paper is the first report of a primary culture of 
monolayers of any brain cell type from a marine fish. The 
methods used were modified from those used previously 
to culture astroglial cells from rainbow trout, Oncorhyn- 
chus mykiss (23,24). For the turbot astrocytes, all media 
and salt solutions were supplemented with NaC1. The 
main difference in the procedures was that  the turbot 
astrocytes showed a much slower growth rate compared 
to the trout astrocytes, t~Mug approximately twice as 
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T A B L E  2 

Metabolism of [1-14C]18:2n-6 and [1-14C]18:3n-3 
by the DesaturasefElongase Pathways  in Turbot 
(Scophthalmus maximus) Astroglial Cells 
in Primary Culture a 

Polyunsaturated fatty acid added 
Fatty acid fraction [1-14C]18:2n-6 [1-14C]18:3n-3 

18:2n-6/18:3n-3 84.0 • 2.0 71.1 +__ 7.3 b 
20:2n-6/20:3n-3 4.7 • 0.6 13.7 • 1.3 b 
22:2n-6/20:3n-3 n.d. 6.6 • 3.9 b 
24:2n-6/20:3n-3 n.d. 2.5 • 1.5 b 

18:3n-6/18:4n-3 2.8 • 0.2 3.4 + 1.4 
20:3n-6/20:4n-3 4.6 + 3.5 2.2 -!-_ 0.1 
22:3n-6/22:4n-3 n.d. 0.1 • 0.1 
24:3n-6/24:4n-3 n.d. n.d. 

20:4n-6/20:5n-3 2.5 • 0.5 0.2 + 0.1 b 
22:4n-6/22:5n-3 1.6 • 0.8 0.1 • 0.1 b 
24:4n-6/24:5n-3 n.d. n.d. 

22:5n-6/22:6n-3 n.d. 0.4 + 0.2 b 

a Results are expressed as percentages of total radioactivity 
recovered and are means +- SD of three experiments. Cells were 
incubated with isotopes for 6 d at 15 ~ n.d., not detected. Values 
for the recovery of radioactivity from added [14C]18:3n-3 in each 
fatty acid fraction were compared with the recovery of radioactivity 
from [14C]18:2n-6 in the homologous fatty acid fractions. 

bThe differences were statistically significant {P < 0.05}. 

TABLE 3 

Metabolism of [1-14C]20:4n-6 and [1-14C]20:5n-3 
by the Desaturase/Elongase Pathways  in Turbot 
(Scophthalmus maximus) Astroglial Cells 
in Primary Culture a 

Polyunsaturated fatty acid added 
Fatty acid fraction [1-14C]20:4n-6 [1-14C]20:5n-3 

18:2n-6/18:3n-3 n.d. } 
20:2n-6/20:3n-3 n.d. 0.8 • 0.1 b 
22:2n-6/22:3n-3 n.d. n.d. 
24:2n-6/24:3n-3 n.d. n.d. 

18:3n-6/18:4n-3 n.d. } 
20:3n-6/20:4n-3 n.d. 1.8 • 0.8 b 
22:3n-6/22:4n-3 n.d. n.d. 
24:3n-6/24:4n-3 n.d. n.d. 
20:4n-6/20:5n-3 94.9 • 1.1 73.0 +_ 8.0 b 
22:4n-6/22:5n-3 5.0 • 1.1 14.7 • 5.9 b 
24:4n-6/24:5n-3 n.d. 8.7 + 0.8 b 
22:5n-6/22:6n-3 0.1 • 0.1 1.9 • 0.6 b 

a Results are expressed as percentages of total radioactivity 
recovered and are means + SD of three experiments. Cells were 
incubated with isotopes for 6 d at 15~ n.d., not detected. Values 
for the recovery of radioactivity from added [14C]20:5n-3 in each 
fatty acid fraction were compared with the recovery of radioactivity 
from [14C]20:4n-6 in the homologous fatty acid fractions. 

bThe differences were statistically significant (P < 0.05}. 

long to reach 75% confluence, the point at  which the 
isotopes were added. With the longer growth period it  was 
necessary to change the medium more often than  was re- 
quired with the t rout  astrocyte cultures. 

The incorporation of [14C]AA into the turbot  astro- 
cytes was significantly less than  the incorporation of 
[14C]EPA, bu t  this was primarily due to the very  low 
deviation {<0.5% of the mean) found in the AA data  com- 
pared to the variances in the data  for the other  three 
PUFA, which ranged from 3 to 24% in the present study. 
A wide range of variances has consistently been observed 
in previous studies measuring the incorporation of radio- 
labelled PUFA into cultured fish cells, with reported 
variances ranging from 2.3 to 22.5% {24), 1 to 41.3% (22) 
and 15.3 to 39.3% {31). There was no difference in the in- 
corporation into total  lipid between [14C]labelled LA, 
LNA, AA and EPA in t rout  astrecytes  (24) or establish- 
ed cell cultures from trout,  Atlantic salmon (Salmo salar) 
and turbot  (22). In brain cell suspensions from turbot ,  
there was no significant difference in the level of incor- 
po ra t ion  in to  to ta l  l ipid be tween  [14C]LNA and 
[14C]DHA {15). Therefore, the data  in the present s tudy 
are consistent  with data  obtained previously in fish 
astrocyte cultures and turbot  cells generally. In contrast,  
in t rout  brain cell suspensions, the incorporation of 14C- 
labelled C20 PUFA into total  lipid tended to be lower 
than  tha t  of 14C-labelled C~s PUFA, with the incorpora- 
tion of ['4C)AA generally exceeding that  of [14C]EPA (31). 

Between 90 and 95% of the total radioactivity from the 
four 14C-labelled PUFAs incorporated into turbot  astro- 
cytes was esterified into polar lipid classes. An almost 
identical si tuation was found in t rout  astrocytes where 
90 to 96% of the same four PUFAs were incorporated into 
total  phospholipids (24). Similarly, between 83 and 95% 
of incorporated ~4CAabelled LA and LNA and between 95 
and 98% of incorporated ~4C-labelled AA and EPA were 
esterified into phospholipids in trout,  sslmon and turbot  
cell lines (22). In contrast, in suspensions of isolated mixed 
brain cells from both trout and turbot, the greater percent- 
ages of the incorporated ~4C-labelled PUFA were gener- 
ally found in the neutral  lipid fractions, part icularly with 
C20 and C22 PUFA (15,31). The distribution of radiolabel 
from [z4C]LA, LNA and EPA among the glycerophospho- 
lipid classes observed in the present study, with the rank 
order being CPL > E P L  > PS and PI, has been observed 
in previous studies on fish brain cells and cell cultures 
(15,22,24,31), as has the specificity for incorporation of 
[~4C]AA into PI  (22,24,31). 

The n-3 PUFA, LNA and EPA were clearly preferred to 
the n-6 PUFA, LA and AA, as substrates for the desatu- 
rase]elongase pathways in tu rbot  astrocytes. A similar 
preference was also observed in t rout  astrocyte cultures 
(24) and trout ,  salmon and turbot  cell lines (22) in ex- 
periments of a similar duration (6-7 d incubation with 
isotope). In short- term experiments over 24 h in t rout  
brain cell suspensions, there was no difference in the ex- 
tent  of metabolism between LA and LNA, although there 
was significantly more EPA metabolized v/a desaturation 
and elongation as compared to AA {31). The turbot  
astrocytes were unique in the extent  to which elongation 
predominated over desaturation, part icularly with LNA 
and EPA. The production of significant amounts  of 
labelled 22:3n-3 and 24:3n-3, and some 22:4n-3 from 
[14C]LNA and labelled 24:5n-3 from [14C]EPA was not o!> 
served previously in studies in t rout  astrocytes (24) or 
mixed brain cells {31) or t rout  and salmon cell lines (22). 
However, radioactivity was detected in apparently longer 
chain metabolites, although at much lower levels than the 
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present study, in turbot fin cells incubated with labelled 
LNA and EPA for 7 d, but the identity of these was not 
confirmed in that  study. In contrast, turbot brain cell 
suspensions incubated with LNA and EPA for 24 h 
showed only traces of radioactivity in the C22 and C24 
PUFAs mentioned above (15). Therefore, the production 
of these longer-chain metabolites appears to be a charac- 
teristic of turbot cells, in particular astrocytes, but their 
biosynthesis may be more time-dependent than the nor- 
mally observed desaturase products. 

In mixed brain cell suspensions from trout and turbot, 
significant percentages of EPA were desaturated to DHA 
in 24 h. In trout brain cells, between 4.3 and 9.3% of label 
from [~4C]EPA was recovered in DHA, depending upon 
culture temperature (31), and for turbot mixed brain cells 
the equivalent figures were 7.1 to 10.0%, depending upon 
the age of the fish (15). In contrast, in the astrocyte 
cultures from turbot brain, less than 2% of the radioac- 
tivity from [14C]EPA was recovered in DHA after 6 d in- 
cubation, and for trout astrocytes the corresponding 
figure was between 3.2 and 5.3%, depending upon culture 
temperature (24). Therefore in fish, particularly turbot, the 
enriched astrocyte cultures were less efficient in conver- 
sion of EPA to DHA as compared to mixed brain cell 
suspensions. This contrasts with the situation in neonatal 
rat brain astrocyte cultures which were very active in the 
production of DHA (19). 

The above data indicate that fish astrocytes have rather 
low levels of A4 desaturation activity. This activity is often 
lost in cultured cells, apparently by the process of cultur- 
ing itself (32). The elongation of LA to 20:2n-6 and LNA 
to 20:3n-3, the so-called "dead-end" pathway, is often in- 
creased in cells lacking 44 desaturatJon activity, and that 
is the case with the turbot astrocytes. However, recent 
evidence has suggested that  there may not be an actual 
A4 desaturase enzyme, and that desaturation of 22:5n-3 
to DHA may occur via elongation of 22:5n-3 to 24:5n-3, 
and 46 desaturation of 24:5n-3 to produce 24:6n-3 in the 
microsomes, followed by peroxisomal chain shortening of 
24:6n-3 to DHA (33). Although a significant percentage 
of label from [~4C]EPA was recovered in 24:5n-3 in the 
turbot astrocytes, there was no evidence for labelled 
24:6n-3, despite the presence of reasonable 46 desaturase 
activity toward LA and LNA. 

Nutritional studies suggested that  both turbot larvae 
and post-larvae (<l-mon-old) were unable to convert 
dietary EPA to DHA, in the brain at least (13,14). How- 
ever, biochemical studies showed that  mixed brain cells 
from older fish (1- and 4-mon-old) desaturated and 
elongated significant amounts of EPA to DHA (15). The 
activity was higher in the 4-mon-old fish, perhaps sug- 
gesting increasing A4 desaturation activity with age (15). 
In the present study, astrocytes from fish, approximately 
8-mon-old, had very little 44 desaturation activity. There- 
fore, the data from the present study indicates that only 
a small percentage of the 44 desaturation activity ob- 
served in the mixed brain cell suspensions could be at- 
tributed to astroglial cells. 

The turbot astrocytes lack, or express only very low, 45 
desaturase activity. This is consistent with data obtained 
from in vivo injection studies (34,35) and in vitro cell 
studies (15,20,21). It was surprising that in the astrocytes 
significantly more label from [~4C]LA was recovered in 
n-6 tetraenes compared to the recovery of label from [~4C]- 

LNA in n-3 pentaenes (Table 2). This was not observed in 
the previous studies in turbot cells (15,20,21) and, in gen- 
eral, all the desaturase activities in fish cells are more ac- 
tive toward n-3 PUFA substrates (20,24,31,36,37), as previ- 
ously reported for mammalian A6 desaturase activity (38). 

In conclusion, astrocytic glial cells from turbot brain 
were similar to the other turbot tissues studied in that  
they expressed very little A5 desaturase activity. In addi- 
tion, the cultured astrocytes had relatively low A4 desatu- 
ration activity. Consequently, we conclude that  very lit- 
tle of the DHA that  accumulates during development in 
the turbot brain could result from the metabolism of LNA 
and EPA in astrocytic glial cells. 

A lack, or very low levels, of A5 desaturase activity ap- 
pears to be a characteristic of marine fish species 
(11,15,20,34). Therefore, it is probable that DHA in the 
brains of marine fish in general cannot be derived from 
the metabolism of LNA in situ. In this respect, marine 
fish are similar to terrestrial carnivores such as the cat 
(39), and, in any case, like terrestrial carnivores, marine 
fish in the wild will probably have little dietary input of 
LNA. However, the turbot is also highly carnivorous 
(11,13,14), and so the study of a herbivorous marine fish 
is required to confirm the hypothesis for marine fish in 
general. How much DHA in the brains of marine fish is 
derived from the metabolism of EPA requires more exten- 
sive study of A4 desaturation in fish tissues, including the 
brain, particularly in light of the recent work suggesting 
that there may not be a specific A4 desaturase enzyme (33). 
Larval and early juvenile stages of marine fish should also 
be studied as the nutritional studies with cultured species 
suggest that  it is at these times of rapid growth that 
dietary DHA may be limiting in live feed diets (13,14). 
However, the same situation may not apply to freshwater 
fish species which do not lack A5 desaturase and so are 
able to desaturate and elongate Cls essential fat ty acids 
to EPA and DHA (11,34). Therefore, it is possible that the 
in s i tu metabolism of both LNA and EPA may contribute 
to brain DHA in freshwater fish. In some support of this 
we have shown that the production of [14C]-labelled DHA 
from [14C]LNA and [14C]EPA in rainbow trout astrocytes 
(24) was at least twice the level of [14C]-labelled DHA 
produced from [z4C]LNA and [14C]EPA in the present 
study. 
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Fatty acid carbons are well-resolved in 13C nuclear mag- 
netic resonance (NMR) spectra of lipid extracts, but ap- 
plication of this methodology to the metabolism of 13C- 
labelled fat ty acids has not yet been reported. In the pres- 
ent study, 13C NMR was used to monitor the presence of 
98% [UJ3C]eicosapentaenoic acid (EPA) in fiver and car- 
cass fipids 24 h after it had been injected into the stomach 
of a rat. Natural abundance 13C NMR spectra of fiver 
total fat ty acid extracts were obtained from four control 
rats for comparison. At 24 h post-injection, quantitative 
high resolution 13C NMR showed 13C enrichment in liver 
fat ty acid extracts was present mainly at olefinic and at 
the n-1 to n-4 carbons, but lsC signal intensities for C-1 
to C-4 of [UJ3C]EPA were markedly reduced or absent. 
Small 13C resonances, possibly indicative of some 13C in- 
corporation into docosahexaenoic acid and saturated or 
monounsaturated fat ty acids, were present in spectra 
of fiver fat ty acids. Liver and carcass fat ty acid compo- 
sition was similar in both the controls and the EPA- 
injected rat, suggesting little accumulation of the injected 
[U93C]EPA after 24 h. We conclude that the carbon- 
specific data provided by 13C NMR of lipid extracts may 
be useful in monitoring the fate of individual carbons du~ 
ing tracer studies using 13C-labelled fat ty acids. 
Lipids 28, 273-277 (1993). 

13C nuclear magnetic resonance spectroscopy (13C NMR) 
is a useful technique for metabolic studies because of the 
wide spectral dispersion of ~3C signals (1-4) and because 
of the potential to monitor the metabolism of z3C-labelled 
compounds as tracers in various biochemical pathways. 
The use of I3C NMR to monitor incorporation of 13C from 
[2-13C]acetate into rat liver fatty acids has been reported 
(5), and fatty acid carbon assignments in z3C NMR spec- 
tra are well-established (6-10), but this methodology has 
not yet been applied to tracer studies of 13C-labelled 
fat ty acids. 

Eicosapentaenoic acid (20:5n-3; EPA) has a pivotal role 
in long-chain fat ty acid metabolism as a precursor in the 
synthesis of its structurally more important homologne, 
docosahexaenoic acid (22:6n-3; DHA). It is also an impor- 
tant modulator of the synthesis and metabolism of eicosa- 
noids derived from arachidonic acid (20:4n-6) (11,12). We 
have used high resolution 13C NMR to detect [U-I3C]EPA 
in total lipid extracts of liver. [U-z3C]-labelled long chain 
fatty acids are not generally available, so the opportunity 
to study the metabolism of a single 89-mg sample of 
[U-13C]EPA from an EPA-producing microalgae consum- 
ing 13C-labefied glucose was unique As the present re- 
suits are based on only one experimental animal (and four 
controls), they must be considered as preliminary results. 

*To whom correspondence should be addressed. 
Abbreviations: DHA, docosahexaenoic acid (22:6n-3); EPA, eicosa- 
pentaenoic acid (20:5n-3); GLC, gas-liquid chromatography; NMR, 
nuclear magnetic resonance; TMSS, tetrakis{trimethylsilyl)silane. 

MATERIALS AND METHODS 

Animals. Male Wistar rats (250-300 g) were housed 
individually and consumed rodent chow and tap water 
ad libitur~ The rat receiving the [U-a3C]EPA was injected 
with the anesthetic, Inactin (100 mg/kg i.p.), and a naso- 
gastric tube was inserted to inject the bolus of [U-13C] - 
EPA directly into the stomach. Control rats (n -- 4) were 
also anesthetized but received no injection. Only one rat 
was injected with [U-lZC]EPA because only a single 
89-mg sample was available and no previous studies of 
this type have been reported from which the dose required 
for detection by 13C NMR could have been determined. 

Lipid extraction~ To estimate the whole body fatty acid 
content of EPA and other n-3 fatty acids in the [U-13C] - 
EPA-injected rat compared with uninjected controls, all 
the rats were killed and the liver and carcass (whole 
body - liver) were weighed and homogenized. The total 
liver and carcass lipids were extracted into chloroform/ 
methanol (2:1, vol]vol) (13). Lipid extracts were saponified 
and the free fatty acids extracted. The total fatty acid ex- 
tracts were dried under nitrogen and weighed. Aliquots 
(80-100 mg) of each were weighed, combined with 10 mg 
internal standard [tetrakis(trimethylsilyl)silane (TMSS); 
Aldrich Chemical Ca, Milwaukee, WI] and dissolved in 
500/~L of deuterated chloroform (Silanor; MSD Isotopes, 
Montreal, Quebec, Canada) in 5-mm NMR tubes (Wilmad 
Glass Ca, Buena, NJ) for high resolution 13C NMR (5). 
The resonance for TMSS is 2.67 ppm downfield relative 
to that of the usual chemical shift reference, tetramethyl- 
silane at 0.00 ppm. TMSS was used as an internal stan- 
dard because it is crystalline at room temperature and has 
a spin-lattice relaxation time of 2.56 s. Thus, with suitable 
NMR acquisition conditions {5) it could be used to obtain 
quantitative 13C NMR data 
High resolution 13C NMR. All high resolution 13C 

NMR spectra were obtained using a broad band, 5-nnn 
probe in an AM300 WB spectrometer operated at 75.4 
MHz and 300 K (Bruker Canada, Milton, Ontario" Can- 
ada}. Quantitative signal acquisition conditions were used, 
including long relaxation delay, inverse gated IH decou- 
piing for suppression of nuclear Overhauser enhancement 
of ~3C resonances (see legend to Fig. 1 for details; also 
Refs. 5,10). Spectra were processed at the spectrometer 
or were down-loaded to an IBM AT-type computer for 
Fourier transformation, line-fitting of peaks (as required) 
and integration relative to the quantitative internal stan- 
dard, TMSS (5). Peak integrals were determined using the 
Marquardt-Levenberg routine (NMR-286 program; Soft- 
Pulse Software, Guelph, Ontario, Canada). 

Fatty acid analysis. Aliquots of the total fat ty acid 
extracts of liver and carcass were methylated using 
14% boron trifluoride in methanol (Sigma Chemical Ca, 
St. Louis, MO) at 90~ for 30 min in screw-capped glass 
tubes under nitrogen (5). The resulting fatty acid methyl 
esters were separated by capillary gas-liquid chromatog- 
raphy (GLC) on a 30 m by 0.25 ~an column (Durabond 23; 
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J&W ScientifiC Folson~ CA) using Hewlett-Packard GLC 
equipment (5890A with automated sample delivery and 
injection; Palo Alt~ CA). 

Data presentatio~ Natural abundance ~3C NMR data 
for fiver and carcass fipids from control rats have been ex- 
pressed as pg 13C/mg fiver or carcass lipid. The lipid ex- 
tracts contain mixtures of fat ty acids, and ~3C NMR 
does not usually distinguish between different acyl chain 
lengths so carbon positions in the fat ty acids have been 
designated from both ends of the molecule using the con- 
ventional abbreviations, "C" from the carboxyl end and 
"n" from the methyl end. 

RESULTS 

[U-18C]Eicosapentaenoic acid The main difference be- 
tween 13C NMR spectra of 95% pure EPA containing 
only natural abundance 13C and 98% [U-13C]-enriched 
EPA is the presence of multiplet peaks in the spectrum 
of [U-13C]EPA caused by 13C-13C coupling due to the 90- 
fold 13C enrichment at each carbon (Fig. 1}. The 13C-13C 
spfittings were either doublets (n-1 at 14.1 ppm) or mixed 
doublet pairs (n-2 carbon at 20.5 ppm; C-2 at 33.5 ppm; 
n-4 carbon at 127 ppm or n-3 carbon at 132 ppm). The 
multiplet at 20.5 ppm appears to be a triplet, but is ac- 
tuaUy two adjacent doublets. The 13C resonance for C-2 
of [U-13C]EPA results in a doublet of doublets because it 
is split once by C-1 and is also split by C-3. 

Resonances for several carbons with identical or nearly 
identical magnetic environments give larger, more com- 
plex peaks, ag., doubly allylic carbons at 25.5 ppm (which 
partially overlap with C-3 of EPA at 24.8 ppm and with 
C-4 of EPA at 26.5 ppm). If methylene-interrupted olefinic 
resonances are present (as in cis-polyunsaturated fatty 
acids), two envelope regions of olefinic resonances occur 
at about 128 {"inner" olefinic) and 130 ppm ("outer" 
olefinic). In the case of EPA and other n-3 fatty acids, the 
n-3 olefinic carbon resonance is affected by its close prox- 
imity to the n-1 carbon and, hence, this C=C resonance 
in EPA is shifted downfield from 130 to 132 ppm leaving 
the area at 130 ppm void of peaks (Fig. 1). 

High resolution lsC NMR. Part of the natural abun- 
dance z3C NMR spectrum of rat fiver fat ty acids is 
shown in Figure 2B. z3C spectra of the carcass extracts 
are not shown (the data are given later in Tables 2 and 
3). For the most part, 13C resonances in different n-3 
fat ty acids are the same or very close, but there are some 
unique resonances, ag., C-1 of DHA at 173.4 vs. 174 ppm, 
C-2 of EPA at 33.5 vs. 34ppm and C-7 of DPA at 
130.0 ppm (Table 1). Unfortunately, the C-2 resonance of 
EPA overlaps with C-2 of arachidonic acid, so unless 
arachidonic acid is present in very low amounts or EPA 
in high amounts, EPA itself cannot be readily distin- 
guished in z~C NMR spectra. 

The peak areas in the z3C natural abundance spectra of 
fiver and carcass fat ty acids have been quantitated 
against the integrated peak area of TMSS (Table 2). The 
natural abundance 13C NMR spectra of fiver and carcass 
fatty acids differed primarily at the olefinic carbons; the 
liver fat ty acids were more polyunsaturated, hence the 
larger value for the z3C/mg lipid at the "inner" olefinic 
resonances in the liver fatty acids. However, the carcass 
fatty acids were more monounsaturated, hence the larger 
value for 13C content of the "outer" olefinic resonances 
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34 32 ~ " 28 " ~6 ' 2~ " ~ ' ~ " 18 16 1~ " 
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FIG. 1. Partial higher resolution 13C nuclear magnetic resonance 
spectra of natural abundance (A), compared to 98% [U-13C]eicosa - 
pentaenoic acid (B), showing the major regions of interest. Peak iden- 
tification: 1, n-1 carbon; 2, n-2 carbon of n-3 fatty adds; 3, C-3 ca~ 
bou; 4, doubly allylic carbons; 5, C-4 carbon; 6, C-2 carbon; 7, n-4 car- 
bon of n-3 fatty adds; 8, "outer" olefinic carbons; 9, n-3 carbon of 
n-3 fatty acids; X, minor fatty acid impurities. Note that for [U-13C]- 
eicosapentaenoie add, most of the resonances are multiplets centered 
on the equivalent resonance of the natural abundance eicosapenta- 
enoic acid. Each free induction decay comprised 1000 sequentially 
added scans. A sweep width of 17,281 Hz and 16K data points were 
used. Operating parameters were: acquisition time, 0.475 s; relaxa- 
tion delay, 10.0 s; and excitation pulse width, 30 ~ 

(Table 2). "Outer" olefinic carbon resonances occur at 
~130 ppm and in rat fiver are mainly from C-9 and C-10 
of oleic acid and C-9 and C-13 of linoleic acid. "Inner" 
olefinic carbon resonances occur at about 128 ppm and 
are mainly from C-10 and C-12 of linoleic acid, as well as 
the 6 "inner" olefinic carbons of arachidonic acid and the 
10 "inner" olefinic carbons from DHA; monounsaturated 
fatty acids have no "inner" olefinic carbons. These 13C 
NMR data are confirmed by the fatty acid data obtained 
by GLC for fiver and carcass, which shows 37% of fiver 
total fatty acids were polyunsaturated compared to 30% 
in the carcass, but 35% were monounsaturated in the car- 
cass compared to 16% in the fiver (Table 3). 

13C spectra of the fiver fatty acid extracts from a con- 
trol rat (only natural abundance 13C) and from the rat 

LIPIDS, Vol. 28, no. 4 (1993) 



DETECTION OF [UJ3C]EICOSAPENTAENOIC ACID IN THE RAT 

A 11 
i i 

, 12, ~ 10 

7 5 1 

9 8 4 2 

275 

B 

1 2  11 

li , , i 
9 8 4 

C 11 

I I I ' 
132 1 3 0  1 2 8  126 

5 1 

' I I I I 
3 0  2 5  2 0  15 

( P P M )  

FIG.  2. Partial 13C nuclear magnetic resonance (NMR) spectrum of liver total fatty acids extracted from 
a rat orally injected with a bolus of 98% [U-13C]eicosapentaenoic acid 24 h previously (A), compared to a 
natural abundance 13C NMR spectrum from an uninjected control rat (13), with the difference between A 
and B shown as C. Peak identification: 1, n-1 carbon; 2, n-2 carbon of n-3 fatty acids; 3, n-2 carbon plus C-3 
of docosahexaenoic acid; 4, C-3 carbon; 5, doubly allyUc carbons; 6, allylic carbons; 7, aliphatic carbons; 
8, n-2 carbon; 9, C-2 carbon; 10, n-4 carbon of n-3 fatty acids; 11, "outer" olefinic carbons; 12, "inner" olefinic 
carbons; 13, n-3 carbon of n-3 fatty acids. Spectrometer operating conditions were as described in the legend 
to Figure 1, except that 5000 scans were obtained. Quantitative values shown in Table 4 are derived from 
Figures 2A and 2B; Figure 2C is for visual purposes only. 

TABLE 1 

13C Nuclcar Magnetic Resonances for Eicosapentaenoie Acid (EPA), 
Docosapentaenoic Acid (DPA) and Docosahexaenoic Acid (DHA) 
Relative to a Reference Standard at 0.00 ppm (adapted from Ref. 7} a 

Carbon number EPA DPA DHA 

C-1 173.99 174.14 173.45 
C-2 33.43 34.05 34.01 
C-3 24.80 24.88 22.81 
C-4 26.57 28.81 -- 
C-5 -- 29.27 -- 
C-6 -- 27.06 -- 
C-7 -- 130.00 -- 
Doubly allylic ~25.6 ~25.6 ~25.6 
Olefinic 128-129 128-129 128-129 
n-4 127.03 127.04 127.02 
n-3 132.02 132.02 132.00 
n-2 20.57 20.57 20.57 
n-1 14.29 14.27 14.28 

a"c" carbons are those numbered from the carboxyl carbon; "n" 
carbons are those numbered from the terminal methyl carbon. 

in jec ted  24 h prev ious ly  wi th  [U-13C]EPA were b road ly  
s imi lar  as they  b o t h  con ta ined  the  ~3C s igna ls  of l iver 
f a t t y  acids (Fig. 2). The  presence of a z3C-labeUed n-3 
f a t t y  acid(s) in  the  l iver increased  the  13C s igna l  in tens-  
i t y  a t  several  ca rbons  of the  liver, n o t a b l y  a t  the  n-1 car- 
bon  (14.1 ppm), the n-2 carbon  resonance of n-3 fa t ty  acids 

TABLE 2 

Quantitative Analysis of Selected Carbons of Rat Liver 
and Carcass Total Fatty Acids by Natural Abundance 
13C Nuclear Magnetic Resonance Spectroscopy 
(n = 4; mean "4- SD) a 

Chemical shift Fatty acid ~g 13C/mg lipid 
(ppm) carbon Liver Carcass 

14.1 n-1 36 + 3 44 +_ 2 
25.6 Doubly allylic 22 +_ 2 15 _+ 2 

31.5 n-3 (n-6) 9 + 1 10 + 2 
31.9 n-3 17 ----- 3 25 + 4 
34.0 C-2 20 +-- 1 33 +- 4 
~128 Olefinic ("inner") 58 + 5 30 --- 7 
~,,130 Olefinic ("outer") 23 +_- 3 43 +-- 5 

aDetermined relative to the peak area of a known amount of tetrakis- 
(trimethylsilyl)silane added as standard. 

(20.5 ppm) doub ly  allylic ca rbons  (25.6 ppm) a n d  a t  
" inne r "  olefinic ca rbons  (126-133 ppm;  Fig.  2). F r o m  C-7 
to the  me thy l  terminal ,  the  13C resonances  of all n-3 fa t ty  
acids are v i r t u a l l y  iden t ica l  (Table 1) so the  13C enrich- 
m e n t  observed for these carbons  does no t  d i s t ingu ish  EPA 
from other  n-3 f a t t y  acids which  m a y  have been  syn-  
thes ized  from i t  in  the  24 h af ter  the  [U-~3C]EPA was 
injected. 
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TABLE 3 

Fatty Acid Composition (%) of the Liver and Carcass in Control Rats 
Compared to a Rat Orally Injected with a Bolus 
of [U-13C]Eicosapentaenoic Acid (EPA) a 

Liver Carcass 

Control EPA Control EPA 

18:3n-3 0.4 _ 0.3 0.3 1.6 _ 0.3 1.0 
20:5n-3 0.6 _ O.1 0.7 0.2 • 0.04 0.2 
22:5n-3 1.1 • 0.4 1.1 0.5 ___ 0.1 0.4 
22:6n-3 5.2 ___ 0.4 6.2 1.1 • 0.2 0.8 

Sum n-3 7.3 • 0.9 8.4 3.3 • 0.3 2.4 
Sum n-6 29.9 • 2.1 29.7 27.1 • 3.1 23.4 
Sum mono 16.0 _ 2.3 15.3 34.8 • 2.7 41.2 
Sum sat 46.8 • 3.7 46.9 34.9 • 1.4 33.2 

aMean • SD, n = 4 in controls; n = 1 in the EPA group. Sum n-3 = 
(18:3n-3 + 20:5n-3 + 22:5n-3 + 22:6n-3). Sum n-6 = (18:2n-6 + 
20:3n-6 + 20:4n-6 + 22:4n-6 + 22:5n-6). Sum mono (monoun- 
saturated) = (16:1n-7 + 18:1n-9 + 20:1n-9). Sum sat (saturated) = 
(14:0 + 16:0 + 18:0). 

TABLE 4 

Increase in 13C Nuclear Magnetic  Resonance Signal Intensity (%) 
at Selected Carbons in Total  Fat ty  Acid Extracts  of the Liver 
and Carcass of a Rat Orally Injected 24 h Previously with a Bolus 
of 98% [U-t3C]Eicosapentaenoic Acid a 

t3C Signal intensity Chemical shift Fatty acid 
(ppm) carbon Liver Carcass 

14.1 n-1 +83 +9 
25.6 Doubly allylic +45 - 13 
~128 Olefinic ("inner") +245 +16 
~130 Olefinic ("outer") + 17 + 12 

aDetermined relative to the peak area of a known amount of 
tetrakis(trimethylsilyl)silane added as standard. Data are expressed 
as the increase above natural abundance 13C values in control 
animals. 

[U-lSC]EPA as possible in lipid extracts of fiver and car- 
cass so as to obtain information about possible oxidation 
compared with fiver and carcass accumulation of EPA and 
its long chain metabolites, especially DHA. This is im- 
portant  because recent data suggest tha t  >90% of dietary 
EPA is completely oxidized and therefore unavailable for 
metabolic or structural  flmctions (13,14). 

The high resolution 1~C NMR spectra showed that  24 h 
after injection, one or more ~sC-labelled n-3 fa t ty  acids 
were present in the fiver (Fig. 2). However, there was actu- 
ally very low ~3C mass enrichment, and EPA-specific ca~ 
boxyl terminal resonances virtually disappeared, which 
both agree with GLC data indicating minimal differences 
in EPA in the carcass or liver (Table 3). Thus, some of the 
weak t3C enrichment may have been from DPA or DHA, 
eg., at  C-3 of D H A  (22.5 ppm), aliphatic carbons including 
C-5 of DPA (29-30 ppm) and at the "outer" olefinic car- 
bons including C-7 of DPA (about 130 ppm). Some of 
the 13C enrichment at  29-30 ppm and 130 ppm could 
also have arisen from a small amount  of synthesis of 
monounsa tura ted  fa t ty  acids after degradat ion of 
[U-t3C]EPA. 13C enrichment at these resonances was very 
weak, so basing net production of 13C-enriched fatty acids 
on these data is speculative at this poinL Nevertheless, high 
resolution 13C NMR clearly has the potential to pr~ 
vide carbon-specific details of fa t ty  acid synthesis and 
degradation. 

Desaturation and elongation of E PA to D H A  is depend- 
ent on the age of the animal and is influenced by fasting, 
anesthetic use, D H A  and EPA level in the diet and the 
amount of substrate (EPA) given, so that  the present data 
are subject to these constraints. When more [U-~3C]EPA 
or other [13C]-labelled fa t ty  acids become available, 
several rats mus t  be studied in each group so that  more 
precise data  about  interanimal differences in metabolism 
of EPA and other fa t ty  acids can be obtained. Never- 
theless, we conclude that  ~3C NMR may be able to assist 
in further investigation of these variables affecting 
metabolism and degradation of polyunsaturated fa t ty  
acids. 

13C enrichment at the C-1 to C-4 resonances of EPA 
were markedly reduced relative to those in the [U-13C] - 
EPA itself {compare Figs. i and 2C). There were also three 
small ~3C resonances in the difference spectrum (Fig. 2C) 
which do not occur in [U-zSC]EPA itself: at 22.5 ppm, 
29.5-30.0 ppm and 129.5-130.5 ppm. Combined with the 
marked reduction in the C-1 to C-4 resonances, these 
changes suggest there may have been some conversion of 
the [U-13C]EPA to 13C-enriched DPA (13C enrichment at  
29-30 ppm and 130 ppm) or D H A  03C enrichment at  
22.5 ppm). The loss of the C-1 to C-4 resonances is consist- 
ent with this possibility, but  is also consistent  with par- 
tial degradation of the [U-lSC]EPA to 13C-enriched ace- 
rate from which saturated or monounsaturated fat ty acids 
could be synthesized which also have signals at  these 
chemical shifts. In contrast  to the fiver, 13C signal inten- 
sities for fa t ty  acid carbons of the carcass showed no con- 
sistent 13C enrichment from the [U-13C]EPA (Table 4). 

DISCUSSION 

Our aim in this s tudy was to use high resolution 13C 
NMR to monitor the presence of as many carbons of 
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Positional Distribution of n-3 Fatty Acids in Triacylglycerols 
from Rat Adipose Tissue During Fish Oil Feeding 
Claude Leray*, Thierry Raclot and Ren(~ Grosco las  
Centre d'Ecologie et de Physiologie Energ~tiques, CNRS, associ(~ ~ rUniversit6 Louis Pasteur, 67087 Strasbourg, France 

The present study was designed to investigate the metal> 
olism of the n-3 polyunsaturated fatty acids {PUFA) in 
adipose tissue and its dependence upon dietary factors. 
Changes in the positional distribution of the fatty acids 
in triaeylglycerols from retroperitoneal adipose tissue were 
studied as a function of time on rats fed for 4 wk a diet 
enriched with fish oil. The stereospecific analysis of tri- 
acylglycerols was based on random formation of rac~l,2- 
diacylglycerols by Grignard degradation. This was followed 
by synthesis of rat~phosphatidic acids and treatment with 
phospholipase Az. In the triacylglycerols of the f'mh oil 
diet, 57% of the total n-3 fatty acids were in position 3, 
Le, twc~thirds of 20:5n~3 and 22:5n~3 were esterified in sn-3 
position, whereas 22:6n-3 was equally distributed in posi- 
tions 2 and 3. After 4 wk of feeding fish oil, the fatty acid 
composition of adipose tissue triacylglycerois reached a 
steady state. Half of the n~3 fatty acids were found in posi- 
tion 3, namely 75% of 22:5n-3, 50% of 20:5n-3 and 18:4n-3 
and 45% of 22:6n-3, the latter being equally distributed in 
positions 2 and 3. This pattern of distribution resembled 
that found in triacylglycerols of the fish oil diet, except 
for a higher proportion of 20:5n-3 in adipose tissue in posi- 
tion 1 at the expense of position 3. Throughout the 4-wk 
period of fish oil feeding, the distribution pattern of minor 
n-3 fatty acids (18:4n-3 and 22:5n-3} in adipose tissue tri- 
acylglycerols remained unchanged. On the other hand, at 
the onset of fish oil feeding, 20:5n~3 and 22:6n-3 became 
concentrated in position 3, but thereafter 20:5n~3 was prc~ 
gressively incorporated into position 1 and 22:6n~3 into 
position 2. We thus conclude that n-3 fatty acids are dif- 
ferentially esterified in triacylglycerols of white adipose 
tissue. Despite the complex sequence of hydrolysis and 
aeylation steps involved, the positional distribution of n-3 
fatty acids was found to be similar in both the fish oil diet 
and the stored fat, in contrast to what was observed for 
nonessential fatty acids. 
Lipids 28, 279-284 (1993). 

The beneficial effects of dietary intake of marine polyun- 
saturated fatty acids (PUFA), especially 20:5n-3 and 22:6n-3 
(1}, have attracted considerable interest during the past 15 
yr. The results of ardmal and clinical studies have suggested 
that n-3 fatty acids may prevent or improve various path- 
ological conditions, including atherosclerotic vascular de= 
generation (2}, hyperlipidemia and hypercholesterolemia (3}, 
insulin-dependent diabetes {4) and endotoxic shock (5}, as 
well as cancer (6}. Adipose tissue is the reservoir of fatty 
acids, both nonessential and essential, including n-3 PUFA. 
However, the influence of n-3 PUFA on the overall metal> 
olism of adipose tissues is poorly understoo~ Moreover, the 
specific mechanisms controlling the storage and the mobi- 

*To whom correspondence should be addressed at Centre d'Ecologie 
et de Physiologic Energ6tiques, 23 rue Becquerel 67087 Strasbourg, 
France. 

Abbreviations: DB, double bond index; EDTA, ethylenediaminetetra- 
acetic acid; PUFA, polyunsaturated fatty acid(s); TLC, thin-layer 
chromatography; U/S, unsaturated]saturated fatty acid ratio. 

lization of n-3 PUFA are xmlmOWrL The regiospecific syn- 
thesis of triacylglycerols depends on the selectivity of the 
transacylases involved in the glycerophosphate pathway (7), 
but the fatty acid specificity of these enzymes is not well 
understoo~ The regiospecificity of hormone-sensitive lipase 
from rat adipose tissue has been documented (8}, but the 
effect of fatty acid chain length and unsaturation is not 
known (9). The positional specificity of this enzyme tegethe~ 
with a nonrandom distribution of n-3 fatty acids in adipose 
triacylglycerols may account for the differential mobiliza- 
tion of these fatty acids that has recently been observed 
(Raclot, T., and Groscolas R., unpublished data). A better 
understanding of the metabolism of n-3 PUFA in adipose 
tissue requires knowledge of the positional distribution of 
n-3 PUFA in triacylglycerols. The effect of the positional 
distribution of fatty acids in dietary triacylglycerols on the 
time dependency of their distribution in adipose tissue is 
also not know~ To gain insight into the metabolism of n-3 
PUFA in adipose tissu~ we have studied the specific dis- 
tribution of n-3 PUFA incorporated into triacylglycerols The 
triacylglycerols were purified from retroperitoneal adipose 
tissue in rats that were shifted from a basal diet to a fish 
oil diet for 1-4 wk The data were compared with those ol> 
tained on the distribution of these fatty acids in the dietary 
triacylglycerol~ 

MATERIALS AND METHODS 
Animals and diets. From weaning up to 8 wk of age" 12 
male Wistar rats were individually housed in a room hav- 
ing a 12 h light/dark cycle at a constant temperature of 
25~ The animals were kept on a basal diet {A04, UAR, 
Villemoisson, France} containing 3% lipids. When the 
animals reached a 227 _+ 8 g body weight, 9 rats were 
shifted to a semi'synthetic diet containing {g/kg): 450 
sucrose, 250 caseine, 45 agar-agar, 45 minerals (mix 205B, 
UAR}, 10 vitamins (mix 200, UAR}, 10 sunflower off, 190 
purified fish off (MaxEPA, R.P. Scherer, Beinheim, 
France}. The amount of sunflower oil was chosen to meet 
the daily requirement in essential 18:2n-6. The fish oil diet 
was prepared weekly in bulk and supplemented with a- 
tocopherol (300 mg/kg) as an antioxidant. The diet was 
divided into daily rations and kept at -20~ The fatty 
acid composition of the triacylglycerols of the diets is 
shown in Table 1. The phospholipid fraction present in the 
basal diet {17% of its total lipid moiety} was shown to have 
the same fat ty acid composition as the triacylglycerol 
fraction. 

Extraction and separation of lipids. Animals were 
killed by cervical dislocation at 9 am. Three rats fed the 
basal diet were killed at the onset of the experiment. 
Animals fed the fish oil diet were killed after 1 wk {280 
+_ 3 g), 2 wk (331 _ 22 g) or 4 wk {388 _ 26 g) of feeding 
{three rats at a time}. These time periods were chosen 
based on results of preliminary studies which showed that 
the n-3 PUFA content in triacylglycerols of adipose tissue 
reached a steady-state level after 2 wk of feeding the fish 
oil enriched diet. Adipose tissue samples from retroperi- 
toneal fat depots were immediately excised, and their total 
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lipids were extracted (i0). Total lipids were similarly ex- 
tracted from three pooled aliquots of the basal and the 
fish off diets. The triacylglycerols were isolated by silicic 
acid column chromatography, using CHC13 for elution 
and were purified by thin-layer chromatography (TLC) on 
silica gel G (Merck, Darmstadt, Germany) using hex- 
ane]diethyl ether/acetic acid (70:30"1, by vol) as the develol> 
ing solvent. Ethyl gallate was added to all solvents ( 2 5  
mg/L) to minimize autoxidation, and reactions were car- 
ried out under nitrogen. 

Generation ofdiacylglycerols. A procedure based on the 
Grignard degradation of about 10 mg of triacylglycerols 
was used as previously reported (11) without modificatiom 

Preparation ofphosphatidic acid. The first step of the 
diacylglycerol derivatization procedure (11) was performed 
with the following modifications. An ice-cooled solution 
of diacylglycerols (about 2 mg) in 0 . 2  mL of CHC13 was 
added slowly to 2 mL of a chilled phosphorus oxychloride 
solution (CHC13/pyridine/POCl3; 9.5:9.5:1, by vol) with 
stirring, and the mixture was allowed to stand for 10 min 
at 0~ and for 50 min at 20~ After the addition of 4 
mL of CHC13, 2 mL of 0.5 M sodium hydrogen carbonate 
and 0.4 mL of 0.5 M ethylenedismlnetetraacetic acid 
(EDTA), the mixture was vortexed for 2 h and then cen- 
trifuged. The lower phase was evaporated, and the dried 
product dissolved in a mixture of CHCIJmethanol (1:1, 
voYvol) and partitioned with one volume of water. After 
evaporation of the solvent under nitrogen, the phospha- 
tidic acid was purified by TLC (12). 

Hydrolysis of phosphatidic acid. A procedure using 
snake venom phospholipase A 2 (13) was used with the 
following modifications. Phosphatidic acid (1-1.5 mg) was 
vortexed for 2 h at 25~ with 2 mL of diethyl ether and 
1 mL of Tris buffer (50 mM Tris, 4 mM CaCI2, pH 7.5) 
containing 5 units of Crotalus atrox phospholipase A2 
(Sigma, St. Louis, MO) dissolved in 20 ~L buffer. The 
hydrolysis products were isolated by TLC (12). Released 

fat ty acids (R~ = 0.83) would then reflect the fatty acid 
composition at the sn-2 position and lysophosphatidic 
acid (Rf = 0.49) is representative of the fat ty acid com- 
position at the sn-1 position of the triacylglycerols. The 
composition of the sn-3 position was calculated as 3 • 
(triacyl) - (sn-1 + sn-2 position). 

The accuracy of the method was checked by the analysis 
of synthetic 1,3-dioleoyl-2-palmitoyl-rac-glycerol. A con- 
tamination not exceeding 2% (absolute) by fatty acids 
migrating from positions 1 and 3 to position 2 was ob- 
served, which is consistent with other procedures reported 
( 1 3 , 1 4 ) .  Reproducible results were obtained by the method 
described although there remain large relative errors for 
minor components in position 3. Therefore, mole percent- 
ages lower than 0.5 mol% in positional distribution were 
omitted. 

Fatty acids analysis. Fatty acids were converted to 
methyl esters by BF3-catalyzed transmethylation (15) 
and analyzed by gas-liquid chromatography using a 
Chrompack CP9000 chromatograph equipped with a polar 
capillary column (AT-WAX, 60 m, i.d. 0.25 mm, Alltech). 
All solvents and chemicals were of reagent grade as sup- 
plied by Merck or Sigma. Results are given as means _+ 
SEM. The Student's t-test was used to compare signifi- 
cant differences among means. 

RESULTS 

Dietary triacylglycerols. The composition and positional 
distribution of fatty acids in the triacylglycerols of the 
basal and fish oil diets are given in Table 1. For the basal 
diet, it was observed that the major fat ty acid, 18:2n-6, 
showed no marked preference for any of the three glycerol 
positions. A similar trend was also observed in the fish 
oil diet. In this diet, most of the n-3 PUFA (18:4, 20:5 and 
2 2 : 5 )  were preferentially esterified (to the extent of 6 5 %  

TABLE 1 

C o m p o s i t i o n  a n d  P o s i t i o n a l  D i s t r i b u t i o n  of  F a t t y  A c i d s  in T r i a c y l g y c e r o l s  f r o m  B a s a l  and  F i s h  Oi l  D i e t  a 

Basal diet Fish oil diet 
Fatty position position 
acid All 1 2 3 All 1 2 3 
14:0 1.0 I . I  1.9 b 8 .6  9.3 16.5 - -  
16:0 16.9 24 .3  11.5 14.1 21.1 25 .4  33 .5  4.3 
18:0 2.0 4.0 1.7 - -  3.7 6.2 2 .0 2.8 
18:1n-9 21.2  21 .0  18.8 22 .4  10.3 13.2 5.2 12.5 
20:1n-9 1.1 1.1 1.0 1.3 1.5 1.7 0.7 2.0 
16:1n-7 0 .9  1.2 1.5 - -  I0 .0  12.8 7.4 9.9 
18:1n-7 1.5 2.9 I . I  - -  3 .6  5.9 1.7 3.1 
18:2n-6 48.5  37 .8  54 .2  50 .6  5.4 4.6 4 .9  6.6 
18:3n-3 3.8 3.0 3.4 4.5 0.7 0.8 - -  0 .8  
18:4n-3 0 .2  - -  - -  - -  3 .6  3.9 1.3 5.6 
20:4n-3 0 .0  - -  - -  - -  0 .9  1.0 - -  1.4 
20:5n-3 0 .8  - -  0 .6  1.4 15.9 8.7 7.8 31 .0  
22:5n-3 0.0 - -  - -  - -  1.6 0 .6  1.0 3.3 
22:6n-3 1.0 - -  0 .7  1.9 9 .4 2.0 13.4 12.8 

S u m  n-3 5.8 3.0 4.7 7.8 32.1 17.0 23.5 54 .9  

aMol % in each position. Values are from one representative analysis of a pool of three samples of each diet. 
Columns do not total 100% as fatty acids contributing less than 1 tool% in the three positions were not 
included. "All" includes fatty acid composition of all the triacylglycerols of the diet. 

bLess than 0.5 tool% for the positional distribution data 
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TABLE 2 

Fatty Add Composition of Trlacylglycerols in Retroperitoneal Adipose  Tissue  from Rats 
Fed B a s a l  and F i s h  Oil D i e t s  a 

Fatty Basal Fish oil diet 

acid diet 1 wk 2 wk 4 wk 

14:0 1.9 + 0.1 3.8 --  0.2 4.9 + 0.1 5.6 _ 0.2 
16:0 28.9 +-- 0.2 31.7 -- 0.7 32.8 + 0.4 30.0 ___ 0.3 
18:0 3.6 +-- 0.1 3.5 • 0.1 4.1 __. 0.2 4.6 +_ 0.1 
18:1n-9 25.4 __. 0.4 21.6 + 0.5 18.8 +_- 0.4 18.8 + 0.6 
16:1n-7 7.2 • 0.1 9.0 + 0.4 9.0 + 0.2 8.7 • 0.1 
18:1n-7 3.0 ----- 0.1 3.2 • 0.1 3.3 • 0.2 4.1 • 0.1 
18:2n-6 24.9 • 0.7 16.4 • 0.9 11.5 • 0.1 11.1 • 0.4 
18:3n-3 1.5 • 0.1 0.9 --+ 0.1 0.8 • 0.1 0.8 • 0.1 
18:4n-3 0.1 + 0.0 0.7 • 0.1 1.2 + 0.1 1.5 + 0.1 
20:4n-3 _ O  0.3 • 0.1 0.5 • 0.1 0.6 • 0.1 
20:5n-3 0.2 + 0.0 2.8 + 0.3 4.5 • 0.2 4.4 +_ 0.5 
22:5n-3 0.4 • 0.1 1.1 • 0.2 1.4 • 0.4 1.4 • 0.1 
22:6n-3 0.6 • 0.1 2.5 • 0.3 3.9 • 0.1 4.3 • 0.2 

Sum n-3 2.8 • 0.1 8.3 • 0.8 12.3 • 0.3 13.0 • 0.9 

aMol % of total fatty acids. 
bLess than 0.1 mol %. 

Mean _.+ SEM of three experimental values. 

for 20:5) in position 3. On the other hand, 22:6n-3 was 
bound almost exclusively in positions 2 and 3. Despite the 
low amount of n-3 PUFA in the basal diet, a trend toward 
preferential esterification of 20:5 and 22:6 in position 3 
was observed. 

Adipose tissue triacylglycerols. Feeding of the fish oil 
diet rapidly increased the concentration of the n-3 fatty 
acids in white adipose tissue (Table 2), except for 18:3n-3 
whose concentration was significantly (P < 0.02) lowered 
after one week of feeding. The broad fatty acid composi- 
tion of the adipose tissue triacylglycerols resembled Chat 
of the dietary triacylglycerols. Thus, after 4 wk, the high 
contents of the n-3 PUFA found typically in the fish oil 
diet were also observed in adipose tissue triacylglycerols. 
Similarly, the diet and the fat store shared low contents 
in n-9 monounsaturated fatty acids and in n-6 PUFA. The 
positional distribution of the main fat ty acids in the tri- 
acylglycerols from the rat adipose tissues is given in Table 
3. In rats fed the basal diet, each position of the triacyl- 
glycerols showed a discrete fatty acid patterm Fatty acids 
at position 1 were highly saturated (unsaturated]saturated 
rati~ U/S = 0.8), about half of the 16:0 and 18:0 contents 
being found in this positiorL Fatty acids at position 3 were 
significantly {P < 0.001) more unsaturated (U/S = 2.4) 
than those at position 1; monoenoic acids {mainly 18:1n-9) 
and n-3 PUFA were preferentially esterified in this posi- 
tion. The highest degree of unsaturation (U/S = 4.6) was 
found at position 2, owing to a high concentration of 
18:2n-6. A similar pattern was observed for the double 
bond index (DB), for which the order of increasing values 
corresponded to positions 1, 3 and 2, respectively. In rats 
fed the fish oil diet during 4 wk and having reached a 
steady-state fatty acid composition, the positional distri- 
bution of the saturated fatty acids remained closely simi- 
lar to that observed in rats fed the basal diet. Of the mono- 
enoic fat ty acids, only 18:1n-9 was significantly affected; 
the amount of this acid at position 3 had decreased by 
one-half after 4 wk (P < 0.01 vs. basal diet). Although the 
18:2n-6 content decreased more than twofold {P < 0 . 0 0 1  
vs. basal diet) in triacylglycerols, the distribution pattern 
of this fatty acid remained unchanged with a high con- 
centration in position 2 (between 50 and 70% of the total 

amount). Thus, despite the large increase in n-3 PUFA 
after 4 wk of feeding with the fish oil diet, the distribu- 
tion of the other fatty acids at positions 1, 2 and 3 of gly- 
cerol was not markedly modified. The greatest extent of 
saturation was found at position 1 and the lowest at posi- 
tion 2. The main n-3 PUFA in adipose tissue triacylgly- 
cerols showed three different distribution patterns (Table 
3, Fig. 1): (i) 22:5 was mainly concentrated at position 3 
(75%), the remaining part being equally distributed be- 
tween positions 1 and 2; (ii) 18:4 and 20:5 were found main- 
ly at position 3 (50%), only 15% being found at  position 
2; (iii) 22:6 was equally distributed among positions 2 and 
3 after 2 wk, with only 15% being found at position 1. In 
summary, when a steady fat ty acid composition was 
reached, half of the total n-3 PUFA was found at position 
3, the remaining part being equally distributed between 
positions 1 and 2. However, the proportion of each n-3 
PUFA at position 3 decreased in the sequence 22:5 > 20:5 
= 18:4 > 22:6 > 18:3, with only 18:3 and 22:6 showing a 
significant accumulation at position 2. From Table 4, it 
is evident that there is a close resemblance between tri- 
acylglycerols of the adipose tissue and those of the diet. 
Nevertheless, a higher esterification of 20:5 at position 1 
was noted in adipose tissue, at the expense of position 3. 
It was observed that the time-dependent distribution of 
the minor n-3 PUFA of the fish oil diet (18:4 and 22:5) re- 
mained unchanged during the feeding period (Fig. 1). In 
contrast, the patterns displayed by the major n-3 PUFA 
(20:5 and 22:6) (Fig. 1) changed in the course of feeding 
from i to 4 wk. At the onset of feeding with fish oil, 20:5 
and 22:6 accumulated preferentially in position 3. The final 
level of these n-3 fatty acids in position 3 was already 
reached one week after the diet was changed, thus leading 
to an increase in DB in this position reaching its highest 
value Later, after 2 and 4 wk of feeding, 20:5 and 22:6 
were progressively incorporated into positions 1 and 2, 
respectively. 

DISCUSSION 

Positional distribution of  n-3 PUFA in adipose tissue tri- 
acylglycerols as a function of their distribution in the diet. 

LIPIDS, Vol. 28, no. 4 (1993) 
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C. LERAY E T  AL. 

TABLE 4 

Positional Distribution of Major n-3 Polyunsaturated Fatty Acids 
in Triacylglycerols from Fish Oil Diet (D) and White Adipose 
Tissue (WAT) of Rats Fed This Diet for Four Weeks a 

Position 

1 2 3 
Fatty 
acid D WAT D WAT D WAT 

20:5n-3 18 33 16 14 66 53 
22:6n-3 7 15 48 40 45 45 
18:4n-3 36 26 12 17 52 57 
22:5n-3 12 11 20 14 68 75 

aMol% for each fatty acid, the sum of the three positions being 100. 
Fatty acids are arranged according to their decreasing content 
in the fish oil diet. 
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FIG. I. Positional distribution as a function of time of n-3 fatty  acids 
in retroperitoneal adipose t issue triacylglycerols from rats fed a fish 
oil diet. For each fat ty  acid, the sam of the three columns at each 
time represents i ts  total  amount (in mol%) in triacylglycerols (data 
recalculated from Table 3). 

The incorpora t ion of f a t ty  acids in to  tr iacylglycerol  stores 
is s t i l l  poor ly  unders tood .  Several  factors  ma y  be  involv- 
ed in  the  cont ro l  of the  pos i t iona l  d i s t r i b u t i o n  of n-3 fat- 
t y  acids in  adipose t i s sue  tr iacylglycerols,  i nc lud ing  their  
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immediate availability through intestinal absorption (16) 
and the specificity of acyltransferases (17) as well as of 
lipolytic enzymes (9,18). The structure of dietary triacyl- 
glycerols should also be taken into account. Recent studies 
(19,20) have demonstrated that fatty acids located at posi- 
tion 2 in dietary fish oil tend to remain in this position 
in circulating triacylglycerols. This is unexpected in view 
of the hydrolytic action of pancreatic lipase in the intesti- 
nal lumen and the complex processing of absorbed lipids 
in mucosal cells. The finding of a selective inhibitory ac- 
tion of 20:5n-3 on the rate of hydrolysis of triacylglycerols 
in fish off chylomicron by lipoprotein lipase (21) suggests 
that fatty acids may be selectively directed toward the 
peripheral tissues. These observations may have impor- 
tant implications for the incorporation of n-3 fatty acids 
into adipose tissue stores. Several reports have been 
published on the positional distribution of fatty acids in 
fish oils (16,18,22-25). Only two of these studies were con- 
ducted with the Grignard reagent (16,22), which elimi- 
nates biases due to the well-known fatty acid specificity 
of pancreatic lipase (18). In 1963, a typical fish pattern 
with accumulation of polyenoic acids at position 2 of 
triacylglycerols was described (23), but this pattern would 
appear to be provisional rather than firmly established. 
The distribution of the two main n-3 fatty acids presented 
here for MaxEPA oil (20:5 mainly in position 3 and 22:6 
in positions 2 and 3) is in marked contrast to that reported 
for menhaden oil (22) (20:5 mainly in positions 2 and 3, 
whereas 22:6 is principally located in position 2). This 
distribution is also different from that reported for a com- 
mercial preparation consisting largely of sardine oil (16) 
(20:5 evenly distributed among all three positions). 

Previous studies on the distribution of n-3 fatty acids 
in triacylglycerol stores (23-27) have not involved de- 
fined diets. Hence, no information is available on the rela- 
tionship between the structures of dietary n-3 enriched 
oils and those of the stored triacylglycerols. Animals fed 
the basal diet in the present study had adipose tissue 
triacylglycerols with the essential fatty acid 18:2n-6 main- 
ly in position 2. The nonessential fatty acids of exogenous 
and endogenous origin were equally distributed between 
the two other positions, with 16:0 and 18:1n-9 being found 
mainly in positions 1 and 3, respectively. This distribu- 
tion is similar to that previously reported for the rat and 
other mammals (25,28,29). After feeding fish oil, the tri- 
acylglycerol composition was profoundly modified, leading 
to a decrease in the 18:2n-6 content with compensation 
by an increase in the n-3 fatty acids. The distribution pat- 
tern of the n-3 fatty acids rapidly changed and thereafter 
remained stationary after a feeding period of two weeks. 
With respect to 20:5, 22:5 and 22:6, the resulting pattern 
was different from that reported in rat and mink fed with 
a mackerel diet (25) and from the pattern observed for wild 
polar bear and seal (25). No conclusion can be drawn from 
these differences since no information on the molecular 
structure of the dietary triacylglycerols was obtained in 
these studies. Our observation of a close resemblance be- 
tween the position of n-3 fatty acids in triacylglycerols 
of the fish oil diet and those of the rat adipose tissue sug- 
gests that certain biosynthetic pathways in fish and rat 
may be similar. Unfortunately, no further light has been 
shed on this question by studies on mammals fed various 
marine oils (23,24,26). However, rat enterocytes purported- 
ly transfer triacylglycerols to the lymph with a positional 

distribution of n-3 fatty acids similar to that of the con- 
sumed fish oil (20). Further studies of the metabolic chain 
following feeding with fish oil or fatty acid ethyl esters 
(19) are clearly necessary. 

Incorporation of n~  PUFA into adipose tissue triacyl- 
glycerols as a function of specific mechanisms. The rapid 
incorporation of the main n-3 fatty acids (20:5 and 22:6) 
observed in position 3 or adipose tissue triacylglycerols 
after feeding rats with the fish oil diet suggests that the 
enzyme diacylglycerol acyltransferase has a high selectivi- 
ty for these fatty acids. This enzyme is known to play a 
key role in the final step of triacylglycerol synthesis (17). 
However, specific acylation in this position under our ex- 
perimental conditions may also reflect in part the com- 
position of the changing adipocyte acyl-CoA pool. The 
relative importance of enzyme properties vs. substrate 
availability remains to be determined. The observation of 
the delayed and concomitant channelling of 20:5 and 22:6 
into positions 1 and 2 indicates that the two acylating en- 
zymes along the glycerol-3-phosphate pathway have a 
much lower affinity for n-3 than for nonessential fatty 
acids. Nevertheless, our results suggest some specificity 
of the 1- and 2-acylglycerophosphate acyltransferases for 
20:5 and 22:6, respectively. As was previously suggested 
for adipose tissue (7,17,25,30) and liver (31,32), the relative 
affinity and thus the competition of different polyun- 
saturated fatty acids for acylation into triacylglycerols 
may be an important factor for the asymmetric distribu- 
tion. As for saturated fatty acids in rats fed coconut oil 
(33), it can be postulated that the delayed changes in 20:5 
and 22:6 at positions 1 and 2 may also arise from an in- 
termolecular rearrangement of triacylglycerol fatty acids. 
The extent of this intracellular remodelling is not yet 
certain, but  the present results may be of help in d e  
signing future experiments on n-3 PUFA recycling in the 
pool of adipocyte triacylglycerols. The existence of a 
monoacylglycerol pathway in adipose tissue (34) and 
the recent demonstration of a partial retention of fish 
oil structure in chylomicron triacylglycerols (19) illustrate 
the diversity of mechanisms involved in depot fat re- 
modelling. 

Since interconversions of triacylglycerols and phospho- 
lipids through diacylglycerols are well documented, adi- 
pocyte membrane phospholipids are likely to contribute 
to the formation of diacylglycerols. These intermediates 
may be secondarily acylated to form highly unsaturated 
triacylglycerol species. The rapid incorporation of dietary 
n-3 PUFA into adipose tissue phospholipids (Leray et aL, 
unpublished data) is consistent with a contribution of 
membrane phospholipids in adipose triacylglycerol bio- 
synthesis. From our observations and the reported simi- 
larity between the structures of the 1,2-diacylglycerol 
moiety in rat liver triacylglycerols and in phosphatidyl- 
choline (32), one still needs to answer the question to what 
extent adipose lipid stores are influenced by cellular phos- 
pholipids. In conclusion, the present study has shown that 
considerable amounts of n-3 PUFA can be stored in rat 
adipose tissue and that these fatty acids are differential- 
ly esterified in triacylglycerols. Since the positional distri- 
bution of n-3 PUFA in the fish oil ingested is similar to 
that of the lipid stores, further information on their rela- 
tionships would be desirable It could be obtained through 
studies with natural and randomized fish oil or n-3 PUFA 
ethyl esters as the diet. 
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Relationship Between Mouse Liver A9 Desaturase Activity 
and Plasma Lipids 
Roberto J. de Antueno*, Richard C. Cantrill, Yung-Sheng Huang, Michele Elliot and David F. Horrobin 
Efamol Research Institute, Kentville, Nova Scotia, B4N 4H8 Canada 

This study was undertaken to investigate the total plasma 
fatty acid composition and the relationship between 
plasma triacylglycerol (TG) levels and liver A9 desaturase 
activity in mice fed n-3 and/or n-6 fatty acid or hydro- 
genated coconut oil (HCO) (maximum 25 mg/g) supple 
mented diets. Generally, plasma TG levels and A9 desatm~ 
ase activity were inversely correlated with the ratio of the 
sum of long chain n4~ fatty adds to 18"~n4~ and to the ratio 
of the sum of long chain n~3 fatty acids to 18:n~3, but they 
were positively correlated with the ratio of products and 
substrates (18:1/18:0) of the enzyme in plasma total lipids. 
The n-3 fatty acid (mainly 20:5n-3) enriched diet, when com- 
pared to the HCO diet at 21 d, caused a significant reduc~ 
tion in plasma TG levels but not in A9 desaturase activi- 
ty. However, a marked reduction in plasma TG content 
(50-60%) and A9 desaturase activity (55-70%) was oh. 
served when both 20:5n-3 and 18:3n-6 were supplemented 
in the diet. The plasma TG levels and h9 desaturase ac- 
tivity rose again when the animals were fed the HCO diet 
or chow. The results suggest that low dose supplementa- 
tion of a mixture of n~3 (mainly 20:5n~3) and n4] (18:3n4]) 
fatty acids modified both plasma TG content and liver A9 
desaturase activity, in parallel. 
Lipids 28, 285-290 {1993). 

Both n-3 and n-6 polyunsaturated fatty acids modulate 
plasma lipid composition and hepatic lipid metabolisn~ 
There also is considerable evidence that the n-3 fatty acids, 
present in fish oil, can reduce plasma triacylglycerol {TG) 
levels in normal and hyperlipidemic subjects {1,2) even with 
high linoleic acid intake {3). This effect has been attributed 
to the fact that n-3 fatty acids may inhibit very low densi- 
ty lipoprotein (VLDL) TG synthesis (2,4), promote the clea~ 
ance of VLDL from the circulation (5) and reduce hepatic 
lipogenic enzyme activity (6). Moreover, it has been reported 
that n-3 fatty acids suppress fatty acid synthesis in isolated 
rat hepatocytes (7) and reduce A9 desaturase activity in vivo 
(8,9). In contrast, polyunsaturated fatty acids of the n-6 
serie~ such as linoleic acid (18:2n-6) or its desaturation pr~ 
duct 7-1inolenic acid (18:3n~), do no reduce plasma TG levels 
either in healthy or hypertriglyceridemic patients (3,10,11). 

We have shown in a previous study that diets supple 
mented with 18:3n~ together with n-3 fatty acids (mainly 
20:5n-3) increase the levels of these fatty acids and their 
metabolites in liver micresomes (12). We have suggeCted that 
the increase in long chain n-3 and n-6 fatty acid metabolites 
might be responsible for the inhibition of micresomal h9 
desaturase activity (12). However, the combined effect of a 
mixture of these n-3 and n-6 free fatty acids on plasma TG 

*To whom correspondence should be addressed at Efamol Research 
Institute, P.O. Box 818, Kentville, Nova Scotia, B4N 4H8 Canada 

Abbreviations: EPA, eicosapentaenoic acid; FA, fatty acid; FAME, 
fatty acid methyl ester; GLA, plinolenic acid; HCO, hydrogenated 
coconut off; HPLC, high-performance liquid chromatography; P/S, 
polyunsaturated to saturated fatty acid ratio; PUFA, polyunsaturated 
fatty acids; TG, triacylglycerols; VLDL, very low density lipoproteim 

levels was not ~xamined. The present paper describes the 
relationships between plasma TG levels and liver h9 de  
saturase activity and between plasma fatty acid composi- 
tion and desaturase activity in mice fed n-3 and n-6 fatty 
acid supplemented diet~ 

MATERIALS AND METHODS 

Chemicals. All organic solvents and chemicals were of 
reagent grade and obtained from British Drug House Inc 
(Toront~ Ontari(~ Canada). Fatty acid standards were ptm 
chased from Nu-Chek-Prep (Elysian, MN). [1-14C]Palmitic 
acid (more than 98% radiochemical purity; 9 mCi/mmol) 
was purchased from New England Nuclear (Boston, MA) 
and used without further puriiicatio~ )-Linolenic acid con- 
centrate and fish off concentrate were obtained from 
Callanish Ltd. {Isle of Lewis, Scotland). The free n-3 and 
n-6 fatty acids were prepared by urea inclusion, saponifica- 
tion and further purification by silicic acid chromatog- 
raphy following procedures described elsewhere {13). 

Animals and diets. Female FVB mice (28-days-old) were 
obtained from Charles River Canada Breeding Labora- 
tories (Montreal, Quebec~ Canada). Animals were housed 
three per cage in a temperatur~controlled environment 
(22 +_ 2~ with a 12 h light/dark cycle All mice were 
adapted for 1 wk to Rodent Laboratory Chow N~ 5001 
diet {Ralston Purina C~, St. Louis, MO) and water ad 
libitum. Mice were then weighed and randomly allocated 
to one of the experimental groups. All diets were prepared 
using Rodent Laboratory Chow N~ 5001 supplemented 
with 25 mg/g hydrogenated coconut oil {HCO) (Teklad Test 
Diets, Madison, WI) or replaced with mixtm~ of n-6 and 
n-3 free fatty acid concentrates. When diets were sup 
plemented with 18:3n-6 and 20:5n-3 alone or in a mixture, 
these fatty acids were maintained at comparable levels. 
The saturated and other unsaturated fatty acids were also 
kept at similar levels. The final fatty acid composition of 
each of these diets is shown in Table 1. 

Three different experimental feeding schedules were 
used. In Experiment 1, mice were fed a diet rich in both 
eicosapentaenoic acid (EPA) and y-linolenic acid (GLA) 
(diet EPAJGLA), rich in EPA only (diet EPA), rich in GLA 
only (diet GLA) or supplemented with HCO in place of 
both n-3 and n-6 fatty acids (diet HCO) for 21 d. In Ex- 
periment 2, mice were fed either diet EPA/GLA or HCO 
for 7 d and then crossed over onto the other diet for 14 
d. In Experiment 3, mice were fed diets EPA/GLA, EPA, 
GLA, or HCO for 7 d and then switched back to chow 
for a washout period of 14 & All diets were fed ad libitum. 
Fresh diets were prepared every second day with free fat- 
ty  acids that  were kept under Ns at -20~ 

Every 7 d, at least three mice from each experiment 
were put under ether anesthesia, and blood was drawn by 
cardiac puncture into heparinized syringes before sacrific~ 

Isolation of hepatic microsomes. Nonfasted mice were 
sacrified at 9 mn~ to avoid circadian variations in enzyme 
activity (14) and to obtain the maximum activities of liver 
desaturases {14,15). Microsomes were isolated by differen- 
tial ultracentrifugation as previously described {16). The 
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TABLE 1 

Fatty  A d d  Composition of Diets a 
Diets 

Fatty acid EPA/GLA EPA GLA HCO CHOW 

12:0 trace trace trace 19.0 trace 
14:0 1.3 1.3 1.2 7.2 1.3 
16:0 9.2 9.2 9.2 10.1 9.3 
16:1 4.3 5.2 1.8 1.8 1.9 
18:0 2.8 3.0 2.8 3.7 2.8 
18:1 11.5 13.6 11.7 11.6 11.7 
18:2n-6 15.4 16.0 15.9 16.4 15.1 
18:3n-6 10.3 0.2 14.3 0.1 trace 
18:3n-3 2.2 2.1 2.1 2.0 2.2 
18:4n-3 1.5 1.6 0.4 0.4 0.4 
20:4n-6 0.4 0.4 0.2 0.2 0.2 
20:5n-3 12.1 13.9 1.2 1.2 1.2 
22:4n-6 0.6 0.8 0.3 0.3 0.3 
22:5n-3 0.9 1.0 0.9 0.1 0.1 
22:6n-3 2.6 3.4 1.3 1.3 1.3 

Total 75.1 71.7 63.3 75.4 47.8 

avalues shown are in mg/g diet calculated from gas chromatog- 
raphic analysis. EPA, eicosapentaenoic acid; GLA, ),-linolenic acid; 
HCO, hydrogenated coconut oil; CHOW, Purina Rodent Chow, No. 
500. 

microsomal pellet was suspended in 0.25 M sucrose and 
62 mM phosphate buffer solution and kept frozen at 
-80~  until used. The protein concentration was mea- 
sured by the method of Lowry et as {17) with bovine serum 
albumin as standard. 

Desaturase assays. The activity of A9 desaturase was 
determined by measuring the conversion of [1-14C]16:0 
(palmitic acid} to [1-14C] 16:1n-7 (palmitoleic acid}. Reac- 
tions were started by adding microsomal protein (5 mg} 
to pre-incubated tubes containing 0.25 ~Ci of 16:0 {final 
concentration 53.3 ~M} and ATP {1.30 raM}, NADH {0.87 
raM) and coenzyme A {0.06 mM} as described {18}. After 
15 rain incubation in a shaking water bath (37~ the 
reactions were stopped with 2 mL 10% {wt/vol) KOH in 
ethanol. Lipids in the incubation mixture were saponified 
at 80~ for 45 min under N2. After acidification, fat ty 
acids were extracted with hexane and then methylated 
with BF 3 in methanol at 90~ for 30 min {19}. 

Lipid analysis. Lipids were extracted from plasma with 
chloroform]methanol (2:1, vol]vol} according to the method 
of Folch et al. {20}. The composition of fat ty acid methyl 
esters {FAME} in plasma lipids was determined by gas- 
liquid chromatography as described previously (21). Radio- 
labelled FAME from the desaturase studies were ana- 
lyzed by high-performance liquid chromatography (HPLC) 

TABLE 2 

essentially according to the method of Narce et aL (22). 
The HPLC equipment {Waters Associates, Milford, MA) 
included a variable wavelength UV-vis monitor (set at 205 
nm}, a radioisotope detector {model 171, Beckman, Fuller- 
ton, CA, with 96% efficiency for 14C detection) and an 
ultrasphere ODS column 25 cm X 4.6 mm i.d. (5 p parti- 
cle size, Beckman). FAME were separated isocratically 
with acetonitrile/water (95:5, vol]vol) at a flow rate of 1 
mL/min and were identified by comparison with authen- 
tic standards. 

Plasma TGs were measured enzymaticaUy on a Cobas- 
Bioanalyzer {Roche Analytical Instruments Inc, Nutley, 
N J) using the La Roche MA-Kit. 

Statistical analysis. The results are expressed as means 
+_ SD. Significance was assessed by one-way analysis of 
variance and multiple range tests using the SPSS-PC+ 
software package (SPSS Inc, Chicago, IL). Regression 
analysis of desaturase activity and plasma TG content 
or fat ty acid ratios was made using the least-square 
method. 

RESULTS 

Table 2 shows that mouse body weight, the liver 
weight/body weight X 100 ratio and food consumption 
were not affected by n-6 or n-3 long chain fatty acid enrich- 
ed diets or the HCO diet at the end of the 3-week feeding 
period. These parameters were also not significantly dif- 
ferent among different dietary groups at any other time 
of sacrifice This indicated that the amounts and ratios 
of n-3 and n-6 fatty acids added to the diets were 
acceptable 

Figure 1, panel A shows the time-dependent changes 
in plasma TG from mice initially fed the HCO diet for 7 
d and then changed to the EPA/GLA diet or to chow for 
a period of 14 d. Panel B shows the plasma TG levels in 
animals fed the EPA/GLA diet for either 21 d or for 7 d 
and then changed to either chow or HCO diet for 14 more 
days. The plasma TG content in all animals fed the 
EPA/GLA diet was reduced by 50-60% (Fig. 1, panels A 
and B). Replacing the EPA/GLA diet at day 7 with the 
HCO diet or chow for 14 more days led to a significant 
increase (maximum 81% from day 7 values) in plasma TG 
levels (Fig. 1, panel B). No significant changes in the 
plasma TG levels were observed in animals initially fed 
either the EPA or GLA diet or when replaced with chow 
(Fig. 1, panels C and D, respectively). 

When the 18:1/18:0 ratios of plasma total lipids from 
all animals fed different diets were plotted against plasma 
TG content, a positive relationship was observed {Fig. 2, 
panel A). In contrast, plasma TG levels were negatively 

Effect of Different Diets on Food Intake, Body Weight and Liver Weight a 

Food intake Body weight b Liver weight/body weight b 
Diet (g/d) (g) • 100 

HCO 3.70 +_ 0.49 23.66 --- 2.08 6.50 + 0.60 
EPA/GLA 2.89 + 0.33 20.80 + 3.36 6.10 + 0.60 
EPA 3.12 _ 0.35 20.86 --- 2.34 6.30 + 0.30 
GLA 3.31 +- 0.20 21.37 + 2.07 6.10 + 0.40 
Chow 3.67 + 0.46 21.41 --- 1.41 6.00 + 0.80 
aEach value represents the mean + SD from at least three mice fed the diets for 21 d. 
bDifferences were not significant among all diets. For abbreviations, see Table 1. 
At time zero, body weight: 19.66 +_ 2.13 g, liver weight/body weight X 100:6.10 +_ 0.60. 

LIPIDS, Vol. 28, no. 4 (1993) 



A9 DESATURASE ACTIVITY AND PLASMA LIPIDS 

287 

E 3 

2 

1 

A L  
J- . c o  

Chow 

J- ~A~'Ca..a If 

S 

A �9 �9 �9 

�9 ~ ''m~ II~ �9 �9 n 0 .71 

. . t . . . . ;  " "  
1 

1.5 

i B �9 

H C O  1 �9 �9 �9 �9 �9 
: .  - . . .  . 

J- eDA/e.A ~ ~ "  . ~ 7S 
0.5 �9 I 1  �9 �9 �9 

0 

, , . ,_ ,0f 

c 
~ I  , is  �9 

1" 

EPA / ~ ' ~  ~ A  4o o < 0.01 

I """ 
�9 , r ~ - �9 �9 n-O.@l 

�9 " ~ .  

0 

Chow i 
T . . . . ~ 1 7 6 1 7 6 1 7 6  

T * ~  QLA  

t 

0 7 1 4  21  

DAYS 

FIG. 1. Plasma triacylglycerol levels of mice fed n-3 and n-6 polyun- 
saturated fatty acid supplemented diets. Mice were fed one of the 
fallowing diets as described in Material and Methods: A, 
hydrogenated coconut oil (HCO); A, eicosapentaenoic acld]r-linolenic 
acid {EPA/GLA); M, EPA; n, GLA; e, Chow. Diets fed continuous- 
ly throughout the experiment are denoted by solid lines. Diets chang- 
ed on day 7 are indicated by dotted lines. Each value represents the 
mean +_ SD of at least three mice. aSignlficantly different from 7~lay 
values (panel A) or (~day values (panel B) at P < 0.01. 

correlated to the ratio of the sum of long chain n-6 fatty 
acids/18:2n-6 or the ratio of the sum of long chain n-3 fat- 
ty acids/18:3n-3 {Fig. 2, panels B and C, respectively). 

Liver A9 desaturase activity was readily affected by 
dietary modification. Feeding mice with the EPA/GLA 

o , i ~ , 
~.A~t#t T@ (m~ 

FIG. 2. Relationships between plasma fatty adds (FA) and triacyl- 
glyeemis fiG). Correlations were calculated by linear regression 
analysis using data obtained from mice in all dietary groups at all 
times of sacrifiee (n = 75). Total n~  and n~3 fatty acids were related 
to thelz cocvmponding pmcumurs 18:2n~ and 18:3n~3, respectively, 
in order to normalize the differences found in plasma 18:2n~ and 
18:3n-3 coutent.  

diet for 7 to 21 d reduced A9 desaturase activity by 55 to 
70% (Fig. 3, panels A and B). In mice previously fed the 
EPA/GLA diet, HCO feeding gradually increased the A9 
desaturase activity;, however, feeding chow for 14 d return- 
ed the A9 desaturase activity to day zero values. Feeding 
the HCO, EPA or GLA enriched diets throughout had no 
significant effect on A9 desaturase activity (Fig. 3, panels 
A, C and D, respectively). 

Correlations between liver A9 desaturase activity and 
different fatty acids of plasma total lipids were also ana- 
lyzecL Enzyme activity was positively correlated with the 
ratio of 18:1/18:0 (Fig. 4, panel A1 whereas it was negative- 
ly correlated with the ratio of the sum of long chain n-6 
fatty acids to 18:2n-6 or the ratio of the sum of long chain 
n-3 fatty acids to 18:3n-3 {Fig. 4, panels B and C, respec- 
tively). 

D I S C U S S I O N  

Lawson and Hughes (23) have previously shown that free 
fatty acids were more efficiently absorbed than their re- 
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FIG. 3. Percent change of 69 desaturase activity of mice fed n-3 and 
n-6 polyunsaturated fat ty  acid supplemented diets. Mice were fed 
one of the following diets as described in Materials and Methods: 
&, hydrogenated coconut oil (HCO); A, eicosapentaenoic acid/p 
linolenie acid (EPA/GLA); I ,  EPA; [7, GLA; e ,  Chow. Diets fed con- 
tinuously throughout the experiment are denoted by solid lines. Diets 
changed on day 7 are indicated by dotted lines. Each value represents 
the mean ___ SD of at least three mice. A9 Desaturase activity at day 
zer~ 180 • 30 pmo|/min per mg of micresomal protein, aSignificantly 
different from 7-day values (panel A) or 0-day values (panel B) at 
P < 0.01. 

spective esters. Recently, Chautan et  aL (24) have sug- 
gested that the plasma TG lowering effect of fish oil is 
partially due to incomplete hydrolysis of fish oil TGs by 
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FIG. 4. Relationships between plasma fat ty acids (FA) and hepatic 
A9 desaturase activity. Correlations were calculated by linear regres- 
sion analysis as described in Figure 2. A9 Desaturase activity is ex- 
pressed as pmol of substrate converted/rain per mg of microsomal 
protein. 

pancreatic lipase and reduced intestinal absorption of fat- 
ty acids. Therefore, we provided polyunsaturated n-3 and 
n-6 fatty acids in free fatty acid form in an attempt to 
maximize absorption. In the present study, the amounts 
of HCO or n-3/n-6 fatty acids added to the diets (2.5% by 
weight) were considerably lower than those used by other 
investigators (ranged from 8 to 20%) (9,25,26). Never- 
theless, the dietary levels of n-3 and n-6 PUFAs were ade- 
quate to induce significant changes in the hepatic activi- 
ty of A9 desaturase and several plasma lipid parameters 
(Figs. 1 and 3) without reducing the animals' body weight 
as reported elsewhere for higher fat intake (27). 

The observed changes in plasma 18:1/18:0 ratio could 
not be attributed to differences in dietary 18:0 and 18:1 
levels because the levels of 18:1 and 18:0 and the 18:1/18:0 
ratios were similar in all diets tested (Table 1). Since the 
18:1/18:0 ratio in plasma lipide was significantly and 
positively correlated with hepatic A9 desaturase activity 
(Fig. 4), it indicates that the plasma 18:1/18:0 ratio may 
reflect the liver A9 desaturase activity. 
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TABLE 3 

Plasma TG Content and Liver A9 Desaturase Activity v s .  Different Dietary 
PUFA Content a 

Dietary group 
HCO GLA EPA EPA/GLA 

TG 2.0 _+ 0.2 2.0 __+ 0.5 1.5 _+ 0.4 b 0.9 _ 0.2 b,c 
A9 140.5 + 27.5 139.0 +_ 4.6 146.5 ----- 10.6 b 64.7 _ 4.1 b,c 

Dietary 
PUFA 29.2 57.8 54.9 61.2 
P/S 0.6 2.8 2.9 3.4 
aEach value represents the mean +_ SD from three animals fed various supplemented 

diets for 21 d. TG, plasma triacylglycerol content, in raM. A9, A9 desaturase activity 
is expressed as pmoYmin per mg microsomal protein. PUFA, percentage of total polyun- 
saturated fatty acids. P/S, polyunsaturated to saturated fatty acid ratio. For abbrevia- 
tions, see Table 1. 

b, csignificantly different (P < 0.05} from the HCO or EPA {or GLA) diet values, 
respectively. 
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I t  has been shown previously tha t  dietary n-3 fa t ty  
acids can lower plasma TG levels and hepatic A9 desatur- 
ase activity (1,2,8}. In the present s tudy we observed tha t  
the ratios of post-A6 desaturat ion products  to the parent  
acids in plasma lipids {n-3 fat ty  acids/18"3n-3 and n-6 fa t ty  
acids/18:2n-6) were negatively correlated with both plasma 
TG levels and A9 desaturase activity {Figs. 2 and 4). How- 
ever, only the EPA/GLA diet was significantly effective 
in reducing both  plasma TG levels and hepatic A9 de- 
saturase act ivi ty when compared either to t ime zero 
values {Figs. 1 and 3) or to those from the HCO diet at  
the end of the s tudy  (Table 3). The EPA diet, when com- 
pared to the HCO diet at  21 d, caused a significant reduc- 
tion in plasma TG levels bu t  not  in A9 desaturase activi- 
ty  {Table 3}. These findings suggest  tha t  the TG and A9 
desaturase activity-lowering effect of 20:5n-3, when given 
at  low dose, requires the concomitant  presence of n-6 
PUFAs to be fully expressed. 

These diet-induced differential effects may be related 
to the dietary PUFA levels and P/S rat i~ Results shown 
in Table 3 indicated tha t  increasing the PUFA content  
2-fold and the I~S ratio 5-fold in the GLA diet, when com- 
pared to the HCO diet, did not  affect plasma TG levels 
and A9 desaturase activities at the end of the s tudy {21 
d). These findings suggest  that ,  under the experimental  
conditions used, the absolute PUFA levels or P/S ratios 
were not  major factors in influencing plasma TG levels 
and A9 desaturase activity. On the other  hand, the TG 
levels were reduced by 25% when animals were fed the 
EPA diet (Table 3} in spite of the fact tha t  this diet had 
the same PUFA content  and P/S ratio as the GLA diet. 
A fur ther  increase in PUFA content  by only 11.5% and 
17.2% in P/S ratio in the EPA/GLA diet significantly 
reduced both  plasma TG and A9 desaturase act ivi ty by 
55%. Again, this suggests tha t  20:5n-3 may lower TG 
levels and A9 desaturase activity only in combination with 
18:3n-6. Whether  these effects are confined to this strain 
of mouse or whether  higher concentrat ions of 20:5n-3 in 
the diet could produce the changes documented here re- 
mains to be elucidated. 

There are numerous mechanisms, such as modifications 
in peroxisomal and mitochondrial fa t ty  acid oxidation 
{28,29} or in fa t ty  acid and TG synthesis  (30), tha t  have 

been proposed to explain the effect of n-3 fa t ty  acids on 
plasma TG levels. Insulin may also play a role in the TG- 
lowering effect of n-3 fa t ty  acids. Otto e t  aL (25) have 
shown tha t  n-3 fa t ty  acid enriched diets decreased con- 
comitant ly  both  plasma insulin and TG levels. Insulin 
may also modify A9 desaturase activity and, consequently, 
the ratio of monoenoic to saturated fa t ty  acids in the liver 
(31,32). In the present study, the levels of n-3 fa t ty  acids 
were inversely related with the plasma TG levels as well 
as with the A9 desaturase act ivi ty (Figs. 2 and 4). These 
results are in agreement with the hypothesis tha t  dietary 
n-3 fa t ty  acids affect insulin levels or their receptors {25). 
However, it should be noted tha t  the combined TG lower- 
ing and A9 desaturat ion suppressive effects of n-3 long 
chain fa t ty  acids reported in this s tudy were observed only 
in the presence of 18:3n-6. Since 18:3n-6 is an indirect 
precursor of eicosanoids (33), which are known to affect 
insulin secretion and binding (34-36}, it is possible tha t  
this fa t ty  acid may also contr ibute synergistically to the 
effects of n-3 fa t ty  acids through insulin action. Addi- 
tional investigations are needed to explore this possibility. 

In summary, our data  show tha t  dietary supplementa- 
tion with low doses of n-3 fa t ty  acids {mainly 20:5n-3) and 
18:3n-6 in combination, but  not  alone, caused a simul- 
taneous reduction in plasma TG content and liver A9 de- 
saturase activity. TG levels were positively correlated with 
the plasma 18:1/18:0 ratio but negatively correlated with 
the levels of n-6 and n-3 long chain PUFAs. It is suggested 
that these effects may be caused by a common factor {such 
as insulin} which is modulated by the presence of both 
18:3n-6 and 20:5n-3 and/or their metabolites. 
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Age-Related Changes in A6 and A5 Desaturase Activities in Rat 
Liver Microsomes 
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aunit~ de Recherche de Nutrition Cellulaire et M~tabolique, Universit~ de Bourgogne, 21000, Dijon and bLaboratoire de Nutrition et 
S6curit4 Alimentaire, INRA, 78350 Jouy en Josas, France 

Age-related changes in A6 desaturation of [1-1~]a-lino - 
lenic acid and [1J4C]linoleic acid and in A5 desaturation of 
[2-14C]dihom~y-iinolenic acid were studied in liver micro- 
somes from Wistar male rats at various ages ranging from 
1.5 to 24 moll. Desaturase activities were expressed both 
as specific activity of liver microsomes and as the capaci- 
ty  of whole fiver to desaturate by taking into account the 
total amount of liver microsomal protein. A6 Desaturation 
of a-linolenic acid increased from 1.5 to 3 mon and then 
decreased linearly up to 24 mon to reach the same desatura- 
tion capacity of fiver measured at 1.5 mon. The capacity 
of fiver to desaturate linoleic acid increased up to 6 mon 
and then remained constant, whereas microsomal specific 
activity was equal at 1.5 and 24 mon of age. The capacity 
of fiver to convert dihomo-y-finolenic acid to arachidonlc 
acid by A5 desaturation decreased markedly from 1.5 to 
3 mon. It then increased to reach, at 24 mon, the same level 
as that observed at 1.5 mon. Age-related changes in the 
fatty acid composition of liver microsomal phospholipids 
at the seven time points studied and of erythrocyte lipids 
at 1.5 and 24 molt were consistent with the variations in 
desaturation capacity of fiver. In particular, arachidonic 
acid content in old rats was slightly higher than in young 
rats whereas contents in linoleic and docosahexaenoic acids 
varied little throughout the life span. The results suggest  
that, in liver, the activity of desaturases may be regulated 
in the course of aging to maintain a constant level of 
pol3mnsaturated fatty acids in cellular membranes. 
Lipids 28, 291-297 {1993). 

Arachidonic acid (20:4n-6} and docosabex~enoic acid 
(22:6n-3), which are the major polyunsaturated fatty acids 
of phospholipids in mammalian cells, are formed, principal- 
ly in fiver, from the precursors linoleic acid (18:2n-6) and a- 
linolenic acid (18:3n-3), respectively The essentiality of these 
precursors depends on their capacity to be A6 desaturated 
and then transformed to 20:4n-6 and 22:6n-3 by chain 
elongation and A5 desaturation (20:4n-6), and by another 
elongation and A4 desaturation (22:6n-3). Desaturation and 
elongation are alternative reactions, but the desaturation 
processes are rate-limiting whereas the elongation steps are 
rapid (1-3}. The hepatic A6 desaturas~ which is the regu- 
latory enzyme in the pathway involved in the biosynthesis 
of polyunsaturated fatty acids of the n-6 and n-3 series, con- 
verts 18:2n-6 to y-finolenic acid (18:3n-6) and 18:3n-3 to 
stearidonic acid {18:4n-3). Another important enzym~ the 
A5 desatttras~ is responsible for the biosynthesis of the ma- 
jor precursors of eicosanoids of series 2 and 3, i.e, 20:4n-6 
from dihomc~y-linolenic acid (20:3n-6} and eicosapentaenoic 
acid (20:5n-3) from eicosatetraenoic acid (20:4n-3}. It also con- 
trols the balance between the precursors of eicosanoids of 

series 1 and 2 compounds (20:3n-6 and 20:4n-6, respective 
ly), which have contrasting actions. 

Several studies have shown that the in vitro fatty acid 
desaturase activities in fiver microsomes are modified with 
aging. Peluffo and Brenner (4) showed that, in rat fiver, A6 
desaturation of 18:2n~ and 18:3n-3 was decreased at 12 mon 
of ag~ when compared to desaturation at 3 morL Bordoni 
et  aL (5) demonstrated that the A6 desaturase activity 
toward 18:2n-6 decreased with the age of rats (between 1 
and 22 mon}. A linear correlation was proposed between ac- 
tivity and ag~ In another study, these authors showed that 
the decrease in the A6 desaturation of 18:3n-3 activity began 
later than did desaturation of 18:2n-6 (6}. These results were 
obtained on Wistar rats fed a chow diet throughout their 
life Choi et  aL (7) found a significant agedependent decrease 
in the A6 desaturation activity of 18:2n-6 between young 
{3-week~)ld} and adult (8-month-old) rats, but they did not 
confirm their results in a second study {8}. Recently, Biagi 
et  rd (9) showed that the A6 desaturation rate of 18:2n-6 in 
Wistar rats of 12 mon was only 44% of that found in young 
animals (3-month~ld) after 1 mon of a semisynthetic diet 
containing soybean oil The decrease with age in the rate 
of 18:3n-3 A6 desaturation was much less. Bourre et  ed {10) 
found a 40% decrease in the A6 desaturation of 18:2n-6 in 
livers of mice between 4 and 17 mo~ In studies using rat 
fiver microsomes, the changes observed in the fatty acid 
compositions generally correlated with the impairment of 
A6 desaturation, suggesting a possible effect of age on the 
biosynthesis of prostaglandins and their metabofites. 

These previous studies dealt only with A6 desaturation 
of 18:2n-6 or 18:3n-3 and often were limited to few time 
points No study involved A5 desaturatiorL Moreover, results 
were expressed only as specific activity of A6 desaturation 
in fiver microsomes. The A6 desaturation capacity of whole 
fiver was not determinecL 

We therefore undertook a more complete survey of the 
evolution with age of A6 and A5 desaturation in rat fiver. 
For this purpose, Wistar rats were fed the same balanced 
semisynthetic diet during their life sparL The A6 desatura- 
tion of 18:2n-6 and of 18:3n-3 and the A5 desaturation of 
20:3n-6 were determined in fiver microsomes at seven time 
points ranging from 1.5 to 24 mon. Results were expressed 
both as specific activity and as total capacity of the fiver 
to desatumte The fatty acid composition of fiver microsomal 
phosphofipids was also determined to evaluate whether 
changes (if any) in the fatty acid profiles with age could be 
accounted for by modLfi" cations in desaturation specific ac- 
tivity or capacity. Data dealing with adult rats (3, 6, 9 mon 
of age) were reported in a preliminary study {11). The pr~ 
sent paper describes the complete study carried out on 
young, adult and old rats. 

*To whom correspondence should be addressed at Unith de Recher- 
che de Nutrition Cellulaire et M~tabolique, Facult~ des Sciences 
Mirande, Universith de Bourgogne, BP 138 21004 Dijon Cedex, 
France. 

Abbreviation: Prot, protein. 

MATERIALS AND METHODS 

A n i m a l s  and  diet. Weanling male Wistar rats were ran- 
domized into groups of three rats and housed in stainless- 
steel cages in a well-ventilated room maintained at 22~ 
on a 12-h fight/dark cycle They were fed a balanced diet 
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containing (g/kg): casein, 220; DL methionine, 1.6; cellu- 
lose, 20; starch, 440; sucrose, 218; mineral mixture, 40; 
vitamin mixture, 10; oil mixture (50% palm oil plus 50% 
rapeseed oil), 50. In 100 g of diet, linoleic acid (18:2n-6) 
and a-linolenic acid (18:3n-3) represented 945 and 188 mg, 
respectively (n-6/n-3 rati(~ 5.0). The fatty acid composition 
of the diet lipids is shown in Table 1. The diet was stored 
at 4-6~ and rats were fed ad libitum. Rats were main- 
tained on this diet up to 1.5, 3, 6, 9, 12, 18 and 24 mon 
of age at the Laboratoire de Nutrition et S~curit~ Alimen- 
taire (INRA, Jouy en Josas, France). For the 1.5 mort 
study, only one group of six rats was used. For the other 
six ages (3 to 24 mon), two groups of three rats were used 
at two different periods (generally summer and winter) of 
the same year or of two different years in order to mini- 
mize the effect of season on the desaturation rate (4). 

Chemicals. [1-14C]Linoleic acid (58 mCi]mmol, 99% 
radiochemical purity) was purchased from CEA (Gif sur 
Yvette, France). [1-14C]a-Linoleuic acid and [2-~4C]dihomo- 
y-linolenic acid (56 mCi]mmol, radiochemieal purity, 96%) 
were purchased from the Amersham Radiochemical Cen- 
tre (Amersham, United Kingdom). Each substrate was 
diluted in ethanol with unlabelled fatty acid to a specific 
activity of 10 mCi/mmol. Coenzymes, biochemicals and 
other chemicals were purchased from Sigma Chemical Ca 
(St. Louis, MO). 

Preparation of  rnnicrosornal fractions. All experiments 
were performed starting at 7:30 a.m. to avoid any circa- 
dian variation in desaturase activity (12) and on night- 
fed animals in order to obtain the maximum desaturation 
activity (2). 

The rats were anesthetized with sodium pentobarbital 
(6 mg per 100 g of body weight). They were exsanguinated 
by drawing blood from the abdominal aort~ The liver was 
excised, rinsed with ice-cold saline solution and weighed. 
About 3.5 g of liver were homogenized at 4~ in a Potter- 
Elvejhem homogenizer with 6 vol of 0.25 M sucrose in 0.05 
M buffer phosphate (pH 7.4). The homogenate was cen- 
trifuged at 13000 • g (Model J-21B centrifuge, J-21 rotor, 
Beckman, Lyon, France) for 20 rain to sediment ceil frag- 
ments, mitochondria and nuclei. The supernatant was 
recentrifuged (L8-55 Ultracentrifuge, Ti 60 rotor, Beck- 
man) at 105000 X g for 60 min, and the microsomal pellet 
was resuspended in 0.4 mL of supernatant and 0.8 mL of 
sucrose buffer. The amount of microsomal protein was 
determined by the method of Layne (13). 

Desaturation assays. Incubations were performed in 
open flasks at 37~ for 15 rain using a shaker water bath 
with a total volume of 2.1 mL incubation medium con- 
taining 72 mM phosphate buffer, pH 7.4, 4.8 mM MgC12, 
0.5 mM coenzyme A, 3.6 mM adenosine 5'-triphosphate, 
1.2 mM reduced nicotinamide adenine dinucleotide phos- 
phate and 120 nmoI, 120 nmol and 80 nmoI of labelled 
18:3n-3, 18:2n-6 and 20:3n-6 (30 ~L of ethanolic solution), 
i.e., about 57, 57 and 38 ~M, respectively. At time 0, 5 mg 
of microsomal protein was added to the incubation 
medium. Incubations were stopped after 15 rain by ad- 
ding 15 mL of chloroform]methanol (1:1, voFvol). Lipids 
were transmethylated in methanolic BF 3 according to 
Slover and Lanza (14). 

The substrate and desaturation product were separated 
by high-performance liquid chromatography as described 
by Narce et aL (15), using a Waters Chromatograph Model 
6000A and a Model 401 differential refractometer (Wa- 

TABLE 1 

Fatty Acid Composition of Dietary Lipids a 

Fatty acids Mole % 
14:0 0.2 
16:0 7.7 
16:1n-7 0.3 
18:0 2.9 
18:1n-9 57.3 
18:1n-7 2.3 
18:2n-6 20.1 
18:3n-3 4.0 
20:0 1.1 
20:1n-9 1.5 
22:0 1.8 
24:0 0.8 
Saturated 14.5 
Monounsaturated 61.4 
Polyunsaturated 24.1 
n-6/n-3 ratio 5.0 

aMixture of rapeseed and peanut otis. 

ters Associates, Milford, MA). The 250 • 4 mm i.d. col- 
umn packed with LiChrospher 100 RP-18 (4 ~ particles), 
protected by a LiChrosorb RP-18 precolumn, was pur- 
chased from Merck (Darmstadt, Germany}. The fatty acid 
methyl esters were collected at the detector outlet, and 
their radioactivity was measured directly in the solvent 
by liquid scintillation counting with a Packard Model A 
3000CD spectrometer (Packard Instruments, Rungis, 
France). The conditions permitted a good separation of 
the different polyunsaturated fat ty acid methyl esters, 
and the desaturation product was eluted before its 
substrat~ avoiding its contamination by the highly 
radioactive substrate. 

Specific activity was expressed as pmol of radioactive 
fatty acid converted to desaturation product per rain and 
per mg microsomal protein. For each animal, the desatura- 
tion capacity of whole liver was calculated by taking into 
account the total amount of microsomal protein in liver. 
It was expressed as nmol of substrate converted per min 
and per whole liver. 

Preparation oferythrocytes. Erythrocytes were isolated 
from blood according to Rao et al (16). Blood was collected 
from the abdominal aorta using heparin mixed with buf- 
fered saline solution (NaC1, 141 raM; KC1, 10 mM; 
MgC12, 1 mM; CaC12, 1.3 mM; NaH2PO4, 5 mM) in the 
proportion 1:5 (vol]vol). The suspension was gently shaken 
and centrifuged at 2500-3000 • g for 7 min. The pellet 
was resuspended in the saline solution and recentrifug- 
ed. The operation was repeated three times. 

Fatty acid analysis. Lipids from an aliquot of liver 
microsomes and from the remaining pellet containing 
erythrocytes were extracted with dimethoxymeth- 
ane]methanol (4:1, vol/vol) according to Delsal (17). Micro- 
somal phospholipids were obtained by silicic acid column 
chromatography according to Hirsch and Ahrens (18). Fat- 
ty  acids were transmethylated (14), and the fat ty acid 
methyl esters were analyzed by gas-liquid chromatog- 
raphy using a Packard Model 417 chromatograph equip- 
ped with a laboratory made 30 m • 0.3 mm i.d. glass 
capillary column coated with Carbowax 20M. Analyses 
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were carried out at  180~ at a nitrogen flow rate of 1 
mL/min. The esters were detected with a flame-ionization 
detector. Peak areas were measured using a Delsi Model 
Enica 21 comput ing integrator (Delsi Instruments ,  
Suresnes, France). Results are expressed as mole % of total 
fa t ty  acids of the lipid fraction. 

Statistical analysis. The results are expressed as means 
+_SD of six rats  (1.5 mon) or of three rats in two different 
groups (3 to 24 mon). The graphs were traced using the 
means of the six rats for each age. After analysis of vari- 
ance using the Fischer multiple range test, means were 
compared in the seven groups of age according to the least 
significant difference and classified in decreasing order. 
Means assigned different superscript letters were signifi- 
cantly different (P < 0.05). The fa t ty  acid compositions 
of erythrocyte lipids and liver microsomal phospholipids 
were compared at 1.5 and 24 mon by means of Student 's  
t-test. 

RESULTS 

Body weights, liver weights and liver microsomal protein 
concentrations at the seven time points studied are 
reported in Table 2. Body weight increased from 1.5 to 9 
mon without any great difference between the two groups 
of three rats at 3, 6 and 9 mon of age. However, for the 
subsequent time points (12, 18 and 24 mon), body weight 
varied greatly between the two groups at each age~ Liver 
weights also increased with age from 1.5 to 9 mon but  
more slowly than did body weights. As a consequence, the 
ratio of liver weight to body weight decreased from 1.5 
to 6 mon. In the older rats, liver weight increased propor- 
tionally to body weight so that  the liver weight/body 
weight ratio remained constant.  The microsomal protein 
concentration was relatively constant, even in the two dif- 
ferent groups (of the same age) of old rats so that  the 
rnicrosomal protein content of whole liver followed roughly 
the increase in liver weight. 

The age-related specific activity of liver microsomes and 
capacity of whole liver to convert a-linolenic acid (18:3n-3) 

to stearidonic acid (18:4n-3) by A6 desaturation are 
reported in Figure i. Both specific activity and liver 
capacity increased from 1.5 to 3 mon, but the latter in- 
creased more (2.8-fold) than did the former (1.3-fold). After 
3 mon, the two parameters decreased with age but the 
specific activity decreased more rapidly than did liver 
capacity. At 24 mon, the specific activity of A6 desatura- 
tion of 18:3n-3 was 60% of that observed at 1.5 mon, while 
the liver capacity had returned to the initial level. 
The parameters for the A6 desaturation of linoleic acid 

(18:2n-6) to 7-1inolenic acid (18:3n-6) are reported in Figure 
2. The specific activity of microsomes showed some varia- 
tions with age, with relatively large differences occurring 
between groups at each age. However, the desaturation 
rate remained essentially constant  between 1.5 and 24 
mon. Paralleling the increase in total microsomal protein 
content, the liver capacity to desaturate linoleic acid in- 
creased from 1.5 to 6 mon, reaching a plateau between 6 
and 24 mon. At  24 mon, the capacity was twice tha t  
measured at 1.5 mon. 

The age-related specific activity of liver microsomes and 
the capaci ty of whole liver to convert dihomo-7-1inolenic 
acid (20:3n-6) to arachidonic acid (20:4n-6) by A5 desatura- 
tion are reported in Figure 3. The specific activity de- 
creased markedly (6.5-fold) between 1.5 and 3 mon and 
then increased very slightly up to 24 mon to reach a value 
2.5-fold lower than that  at the earliest age studied. The 
capacity of the liver to desaturate also decreased between 
1.5 and 3 mon but  more slowly (2.4-fold) than did specific 
activity. From then on it increased, and, at 24 mon, the 
capacity of the liver to desaturate 20:3n-6 to 20:4n-6 was 
not  significantly different from tha t  found at 1.5 mon. 

Figure 4 illustrates the age-related percentages of 
linoleic acid, of arachidonic acid, its product of A6 and A5 
desaturations, and of docosahexaenoic acid in liver 
microsomal phospholipids. The percentage of 18:2n-6 did 
not  change between 1.5 and 24 mon. The percentage of 
20:4n-6 increased slightly, with some variations, reaching 
a higher value at 24 mon (32.2%) than at 1.5 mon (26.2%). 
Consequently, the 20:4/18:2 ratio increased from 3.4 (1.5 

TABLE 2 

Age-Related Changes in Body Weight, Liver Weight and Liver Microsomal Protein a 

Age Microsomal 
(mon) n Body weight (g) Liver weight (g) protein (mg/g liver) 

1.5 6 150 • 7 t 6.8 ___ 0.6 e 16.1 _ 1.7 c 

3 3 340 • 35 11.8 -!-_ 0.8 18.6 __. 4.5 
3 313 ___ 9 327 _ 27 e 11.2 • 0.5 11.4 • 0.7 d 19.1 • 5.4 19.1 • 3.4 b 

6 3 393 • 28 11.7 _ 0.7 19.3 • 0.6 
3 430 + 5 411 + 27 d 13.7 +_ 0.4 12.7 • 1.2 c'd 13.4 + 0.1 15.4 • 2.2 c 

9 3 448 • 5 13.1 • 0.4 15.1 • 1.5 
3 510 • 36 479 + 40 c,d 15.3 • 1.2 14.2 • 1.5 b,c 19.1 • 2.3 17.1 +_ 2.8 c 

12 3 600 • 54 18.2 • 1.3 17.5 • 1.3 
3 410 • 23 505 • 110 b,c 12.4 • 1.3 15.3 • 3.6 b 18.9 • 2.7 18.2 • 2.0 b,c 

18 3 563 • 7 14.6 • 1.0 17.4 • 2.4 
3 491 • 37 527 • 57 b,c 13.2 • 2.1 13.9 • 1.7 b'c 17.9 • 1.9 17.9 +_ 2.0 b'c 

24 3 608 • 57 15.6 • 1.3 17.3 • 3.2 
3 474 _+ 21 540 • 82 b 12.6 • 0.2 14.1 ___ 1.9 b'c 14.5 • 0.9 15.8 • 2.7 b,c 

aResults are means • SD for n = three or six animals in each group. After analysis of variance (Fisher 
multiple range test), means of the six rats per age were compared in each column according to the least 
significant difference and classified in decreasing order. Means assigned different superscript letters (b-f) 
were significantly different (P < 0.05). 
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FIG. 1. Age~rslated changes in A6 desaturation of a-linolenie acid 
(18:3n-3) in liver microsomes expressed both as specific activity of 
liver microsomes (A) and activity of whole liver or capacity OB). 
Results are means _+SD obtained from one group of six rats (1.5 mon) 
or two groups of three rats at all other ages. After analysis of variance 
using the Fisher multiple range test, means of the six rats for each 
age were compared according to the least significant difference and 
classified in decreasing order. Means assigned different superscript 
letters were significantly different (P < 0.05). Prot, protein. 
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FIG. 2. Age-related changes in A6 desaturation of linoisic acid (18:2u4}) 
in liver microsomes expressed both as specific activity of liver 
microsomes (A) and activity of whole liver or capacity (B). Results 
are means +SD obtained from one group of six rats (1.5 mon} or two 
groups of three rats at all other ages. After analysis of variance us- 
ing the Fisher multiple range test, means of the six rats for each 
age were compared according to the least significant difference and 
classified in decreasing order. Means assigned different superscript 
letters were significantly different (P < 0.05). Prot, protein. 

mon) to 3.8 (24 mon). The percentage of 18:3n-3 remained 
very low (c~ 0.3%) (unreported results) and constant,  while 
tha t  of 22:6n-3 decreased between 1.5 and 3 mon and then 
increased slightly to reach, at  24 mon, wha t  had been the 
1.5-mon value. 

The f a t ty  acid composi t ion of ery throcyte  lipids (most- 
ly phospholipids) in 1.5- and 24-month-old rats  is reported 
in Table 3, together  with the composi t ion of liver micro- 
somal  phospholipids a t  the  same ages. The proport ion of 
18:2n-6 in erythrocytes  was the same at  the two ages 
studied, whereas the proport ion of 20:4n-6 was higher in 
older rats.  The percentage of 22:6n-3 in erythrocyte  lipids 
was sl ightly lower in 24-month-old rats,  bu t  the level of 
total  n-3 f a t ty  acids was not  significantly different at  the 
two ages studied. The mos t  s t r ik ing difference in the fat- 
t y  acid profiles of e ry throcyte  lipids and microsomal  
phospholipids is the higher percentage of 22:6n-3 and a 
lower percentage of palmit ic  acid (16:0) in the  latter. Dif- 
ferences in the n-6 f a t ty  acids were not  pronounced. 

D I S C U S S I O N  

The aims of this s tudy  were to invest igate age-related 
changes in various desaturase  activit ies of ra t  liver 
microsomes and to determine if these changes in tu rn  in- 
duced alterations in the phospholipid f a t ty  acid composi- 
t ion of erythrocytes  and liver microsomes. The la t ter  sup- 
por t  the different desaturases  and their  associated pro- 
teins, and the  former  are rich in arachidonic acid. 

Our da ta  on the effects of age on A6 desatura t ion rates 
with 18:2n-6 and 18:3n-3 as substrates  conflict with those 
reported by Hrelia  e t  al. (6). These authors  observed a 
decrease of 55% in the specific act iv i ty  of A6 desaturase  
for 18:2n-6 between 1 mon and 22 or 25 mon. However, 
the A6 desaturat ion rate of 18:3n-3, much higher than  tha t  
of 18:2n-6 a t  all ages, decreased from the end of 12 mon 
until  25 mon. We observed a pronounced decrease in the 
A6 desaturat ion of 18:3n-3 between 9 and 24 mon, whereas 
the A6 desaturation of 18:2n-6 was modified little through- 
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FIG. 3. Age-related changes in A5 desaturatiou of dihomo-y-linolenic 
acid (20:3n~6) in liver micrceomes expressed both as specific activi- 
t y  of liver microsomes (A) and activity of whole liver or capacity 
(]3). Figures are means ___SD obtained from one group of s ix rats (1.5 
mon) or two groups of three rats at all other ages. After  analysis 
of variance using the Fisher multiple range test, means of the six 
rats for each age were compared to the least significant difference 
and classified in decreasing order. Means assigned different 
superscript letters were significantly different (P< 0.05). Prot, 
protein. 

out the fife span. Moreover, the 18:2n-6 and 18:3n-3 A6 
desaturat ion specific activities we observed at  1.5 mon 
(c~ 100 pmol/min/mg microsomal protein) were similar. 
Several differences between the experimental  conditions 
used may in par t  explain these discrepancies. Hrelia e t  
al. (6) used rats  fed a chow diet throughout  their fife span 
and the fiver microsomal preparations were frozen until  
use. Bourre e t  al. (10) also found a decrease with aging 
in A6 desaturation, bu t  mice were used and desaturat ion 
measurements were done on liver homogenates. In our ex- 
periments, rats received a semisynthetic diet, and incuba- 
t ions were done immediately using fresh microsomes. In 
addition, we used a higher substrate concentration (57 ~M 
instead of 40/~M used by Hrelia e t  al. (6)). 

The differences in desaturat ion activities we observed 
between the two series of three animals, between 3 and 
24 mon, were due in par t  to seasonal variations, as was 
previously shown for 6-month-old ra ts  (11). To compen- 
sate for the seasonal variations of desaturat ion (4), we 
used two groups of animals at two different periods of the 
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FIG. 4. Age-related changes in percentages of major polyunsaturated 
fatty acids in liver mic~somai  phospholipids. Results are means from 
six rats at each age After anAlysiS of variance using the Fisher multi- 
ple range test, the means w e r e  coml]~red according to the least signifi- 
cant difference and classified in decreasing order. Means assigned 
different superscript letters were significantly different (P < 0.05). 

year. However, in the course of the experiment, another 
factor of variation appeared between the two groups: the 
fiver weight in relation to the body weight. The desatura- 
tion rates varied in reverse order to the liver weight. So 
in 2-month-old rats, the amount  of 18:2n-6 trans- 
formed by A6 desaturation was found equal to 71 _ 11 and 
93 +_ 4 pmol]min/mg microsomal protein in liver weighing 
18.2 and 12.4 g, respectively. At  certain ages, the effects 
of season and fiver weight added and caused great  varia- 
tions between groups. At other  ages, they compensated 
and the deviations were low. Bu t  within each group the 
variations between animals were not  great. 

No s tudy  has yet  been reported on the age-related 
changes in A5 desaturase activity. Only da ta  relative to 
the 20:3n-6/20:4n-6 ratio in liver lipids as a function of age 
have been reported, suggesting depressed A5 desaturase 
activity (19) or, on the contrary, a possible increase of this 
act ivi ty (20). Our results demonstrate  tha t  the specific A5 
desaturase act ivi ty toward 20:3n-6 was 5.5 times higher 
than the A6 desaturase activity toward 18:2n-6 or 18:3n-3 
at 1.5 mon. 

The fa t ty  acid composition of fiver microsomal phos- 
phofipids and erythrocyte lipids reflected desaturation ac- 
tivities. The constant  levels of 18:2n-6 and 20:4n-6 in fiver 
microsomes after  3 mon are in agreement with the un- 
changed desaturation capacity of fiver relative to 18:2n-6 
and the increased capacity relative to 20:3n-6 in adult and 
aged animals. Despite some variations in desaturation ac- 
tivities, the 20:4n-6/18:2n-6 ratio varied little with age (3.4 
to 3.8) except at 12 mon (4.5). These ratios were consis- 
t en t  with the observed changes in bo th  A6 and A5 de- 
saturat ion capacities. The changes in desaturat ion rates 
associated with the development of animals occur prin- 
cipally in the early stages of fife 

The capacity of liver to convert  18:3n-3 to 18:4n-3 by 
A6 desaturat ion decreased with age, whereas the level of 
22:6n-3 in microsomal phosphofipids increased between 
3 and 24 mon. An explanation for this may be tha t  the 
decrease in A6 desaturase could be compensated for by 
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TABLE 3 

Fatty  Acid Composition (mole %) of Erythrocyte Lipids and Liver Microsomal 
Phospholipids at 1.5 and 24 Months of A ge  a 

Fatty Erythrocytes Microsomes 

acids 1.5 mon 24 mon 1.5 man 24 mon 

14:0 1.0 __ 0.2 1.0 • 0.2 0.6 + 0.1 0.4 • 0.1 
16:0 27.2 + 0.8 25.0 • 0.2 b 18.6 + 1.0 16.2 • 0.9 c 
16:1n-7 2.0 -- 0.9 2.1 _ 0.6 2.5 + 0.6 2.0 • 0.3 
18:0 12.1 • 0.5 15.6 • 0.1 d 13.6 + 0.9 13.2 • 2.5 
18:1n-9 13.9 -!-_ 0.7 12.1 • 1.0 c 9.7 + 1.0 9.3 _ 1.2 
16:2n-6 6.2 • 0.1 5.9 • 0.4 7.8 + 0.9 8.6 -- 0.8 
18:3n-6 0.6 -- 0.1 0.7 • 0.3 0.3 • 0.1 0.4 • 0.1 
18:3n-3 - -  -- 0.2 + 0.1 0.2 • 0.1 
20:0 0.6 + 0.1 0.5 +--- 0.2 --  --  
20:2n-6 0.6 • 0.1 -- 1.1 + 0.3 0.3 + 0.1 d 
20:3n-6 0.5 ----- 0.1 0.8 • 0.1 b 1.3 + 0.2 1.2 • 0.2 
20".4n-6 24.9 • 1.2 26.9 • 0.7 c 26.2 • 1.9 32.3 • 1.3 d 
20:5n-3 0.4 ----- 0.1 0.7 • 0.4 1.2 • 0.2 1.3 ----- 0.4 
22:0 0.7 • 0.1 0.4 • 0.2 c -- -- 
22:4n-6 1.8 • 0.2 1.5 • 0.1 b 0.3 ,,, 0.1 0.2 • 0.1 
22:5n-6 -- -- 1.1 • 0.3 0.4 • 0.2 d 
22:5n-3 1.7 + 0.1 2.2 + 0.2 c 0.9 • 0.2 0.4 ----- 0.2 c 
22:6n-3 4.6 ... 0.4 3.3 • 0.9 c 12.9 • 1.2 12.5 • 1.1 
24:0 0.5 • 0.1 0.4 _ 0.2 c 0.4 ,,, 0.4 -- 

total n-6 34.5 • 1.1 35.8 • 0.8 e 38.0 • 1.0 43.4 +--- 2.0 d 
total n-3 6.7 ,,, 0.4 6.3 • 1.5 15.2 + 1.5 14.4 -- 1.5 
n-6/n-3 5.2 • 0.1 5.8 • 1.0 2.5 + 0.4 3.0 • 0.4 c 

aIn erythrocytes and microsomes means _ SD for n = six rats 
1.5 and 24 mon using the Student's t-test. 

bp < 0.05. 
cp < 0.01. 
dp < 0.001. 

were compared between 

an increase  in the  A5 de sa tu r a t i on  rate, as obse rved  in the  
n-6 series, and/or by  an  increase  in A4 d e s a t u r a t i o n  and  
e longa t i on  rates,  as r epo r t ed  r ecen t ly  by  M i m o u n i  et  aL 
(21). On the  o the r  hand, an  age~dependent  decrease  in the  
peroxisomal  22:6n-3 retroconversion,  a decreased turnover  
ra te  and  an increased  i nco rpo ra t i on  in to  phospho l ip ids  
m a y  also exp la in  t h a t  t he  22:6n-3 levels  in l iver  micro- 
somes  and  in e r y t h r o c y t e s  are ma in ta ined ,  desp i te  a 
decrease  in t he  56 n-3 d e s a t u r a t i o n  rate,  

A l t h o u g h  A6 and  A5 d e s a t u r a t i o n  ac t iv i t i e s  are low in 
h u m a n  liver (22-24), several s tudies  indicated t h a t  few dif- 
ferences  ex i s t  be tween  e lder ly  and  y o u n g  sub j ec t s  w i t h  
respect  to  the  n-6 and  n-3 f a t t y  acid compos i t ion  of s e rum 
(25,26), e r y t h r o c y t e  (27) and  p l a t e l e t  (28) phosphol ip ids .  
I t  can  t h u s  be  a s s u m e d  t h a t  in humans ,  as in rats ,  t he  
desa tu ra t ion  ac t iv i t ies  are r egu la ted  to  ma in t a in  cons t an t  
t he  p o l y u n s a t u r a t e d  f a t t y  acid levels  in m e m b r a n e  phos-  
pholipids.  In  par t icular ,  t he  de sa tu r a t i on  ra te  could  be  in- 
c reased  to c o m p e n s a t e  for an  inc reas~  w i t h  aging,  in 
pe rox ida t ion  reac t ions  in membranes .  However,  th i s  com- 
pensa t ion  migh t  d i sappear  in different  pathophysiological  
s i t u a t i o n s  such  as hype rcho le s t e ro l emia  or  d i abe te s  or  
mod i f i ca t i ons  of n u t r i t i o n a l  condi t ions ,  l e ad ing  to  a 
decrease  in p o l y u n s a t u r a t e d  f a t t y  acid  c o n t e n t  in t i s sue  
l ipids and  i m p a i r m e n t  of  e icosanoid  produc t ion .  
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Effect of Ag-Tetrahydrocannabinol and Merthiolate on Acyltransferase 
Activities in Guinea Pig Liver Microsomes 
Ketan Badiani, Xiaoli Lu and Gilbert Arthur* 
Department of Biochemistry and Molecular Biology, Faculty of Medicine, University of Manitoba, Winnipeg, Manitoba, Canada R3E 0W3 

Ag-Tetrahydrocannabinol (THC) and merthiolate have 
been utilized as lysophospholipid acyltransferase jnhibi- 
tots in metabolic studies. However, their effects on acyl- 
transferases other than lysophosphatidylcholine=cy143oA 
acyltransferase (LPCAT) are not known. We have there- 
fore investigated the effectiveness of THC and merthio- 
late in inhibiting the acylation of lysophosphatidylcho- 
fine, lysophosphatidylethanolamine, lysophosphatidyl- 
serine, lysophosphatidylinositol (LPI) and lysophospha- 
tidic acid (LPA) in guinea pig fiver microsomes using 
oleoyl-CoA and arachidonoyl-CoA as acyl donors. THC 
inhibited LPCAT and lysophosphatidylethanolamine: 
acyl-CoA acyltransferase (LPEAT) by 40-50%, but had 
no effect or only slightly increased the activities of the 
other acyltransferases when assayed with oleoyl-CoA as 
the acyl donor. The results obtained with arachidonoyl- 
CoA were similar to those with oleoyl-CoA, with the ex- 
ception of a 40% inhibition of lysophosphatidyiserine'~cyl- 
CoA acyltransferase (LPSAT) at concentrations of 50 ~M 
or higher. At similar concentrations, merthiolate was more 
effective than THC in inhibiting the acyltransferases ex- 
amined. Selective effects on the acyltransferases were 
observed at low concentrations of merthiolate (20 pM or 
less). Thus, LPCAT was most susceptible, followed by 
LPI acyltransferases, LPSAT, LPEAT and lysophospha- 
tidic acid~cyl-CoA acyltransferases (LPAAT). The pres- 
ence of LPA did not affect the inhibition of LPCAT by 
merthiolate. Thus the resilience of LPAAT to merthiolate 
inhibition was not due to chelation of the compound by 
the acidic lysolipid. Thiol reagents including N-ethyl- 
maleiAmide, 5,5'-dithio-b/s-nitrobenzoic acid, iodoacetate, 
/~mercaptoethanol and dithiothreitol had little or no ef- 
fect on the acyltransferases relative to eqnimolar concen- 
trations of merthiolate. The above results indicate that 
merthiolate is a much more effective inhibitor of lysophos- 
pholipid;acyl-CoA acyltrnngferases than is THC, and that 
the selectivity exhibited by merthiolate may be due to 
direct and specific interaction with the acyltransferases. 
Lipids 28, 299-303 (1993). 

A limiting step in the synthesis of eicosanoids and related 
compounds is the availability of unesterified fatty acids 
(1). Although these fatty acids are released from phospho- 

*To whom correspondence should be addressed at Department of 
Biochemistry and Molecular Biology, University of Manitoba, 770 
Bannatyne Avenue, Winnipeg, Manitoba, Canada R3E 0W3. 

Abbreviations: DMF, dimethylformamide; DTNB, 5,5'-dithio-bis- 
nitrobenzoic acid; D2"r, dithiothreitol; EDTA, ethylenediaminetetra- 
acetic acid; LPA, lysophosphatidic acid; LPAAT, lysophosphatidic 
acid:acyl-CoA acyltransferase; LPC, lysophosphatidylcholine; 
LPCAT, lysophosphatidylcholine:acyl-CoA acyltransferase; LPE, 
lysophosphatidylethanolamine; LPEAT, lysophosphatidylethanol- 
~mlne:acyl-CoA acyltransferase; LPI, lysophosphatidylinositol; 
LPIAT, lysophosphatidylinositol:acyl-CoA acyltransferase; LPS, 
lysophosphatidylserine; LPSAT lysophosphatidylserine:acyl-CoA 
acyltransierase; NEM, N-ethylmaleiamide; PA, phosphatidic acid; 
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phos- 
phatidylinositol; PS, phosphatidylserine; THC, Ag-tetrahydrocan - 
nabinol; TLC, thin-layer chromatography. 

lipids by the action of phospholipases, increasing evidence 
suggests that acyltransferases play a key role in control- 
ling the quantities of fatty acids available for eicosanoid 
synthesis (2-4). In order to investigate the effectiveness 
of agonists in stimulating the release of fatty acids or 
quantitation of fatty acids released, it is desirable to in- 
hibit the enzymes that metabolize the released fatty acids, 
namely, the cyclooxygenases, lipoxygenases and acyltrans- 
ferases. Inhibitors are available to block the cyclooxy- 
genase and lipoxygenase pathways (5). A number of com- 
pounds, including some local anesthetics, have been shown 
to inhibit lysophosphatidylcholine:acyl-CoA acyltrans- 
ferase {LPCAT) in vitro (6-8). Some of these also appear 
to inhibit LPCAT in vivo (6), but the effect of these inhib- 
itors on the acylation of other lysophospholipids in vitro 
or in vivo is not known. A recent study reported the inhib- 
ition of LPCAT and lysophosphatidylethanolamine:acyl- 
CoA acyltransferase (LPEAT) by methyl lidocaine in vitro 
and in the isolated perfused hamster heart, but  only 
moderate inhibition was obtained with a relatively high 
concentration (2 raM) of the local anaesthetic {8). 

Agents generally regarded as acyltransferase inhibitors 
in vivo are A9-tetrahydrocannabinol (THC) (9-12) and the 
thiol reagents merthiolate (thimerosal, 4) and p-hydroxy- 
mercuribenzoate (2,3). THC (10 pM) inhibited LPCAT ac- 
tivity by 80% in lymphocyte membranes (9). Merthiolate 
was equally effective in inhibiting LPCAT in macrophage 
membranes (4), but a higher concentration of p-mercuri- 
benzoate (100 wM) was required to achieve a similar effect 
on the enzyme in macrophages, human lung fibroblasts 
or mouse liver membranes (2,3). Although these com- 
pounds may be effective inhibitors of LPCAT, this does 
not guarantee their effectiveness against other lysophos- 
pholipid:acyl-CoA acyltransferases. In the absence of such 
information, their utilization as general acyltransferase 
inhibitors may be inappropriate. Nevertheless, THC for 
example, is frequently cited as an acyltransferase inhibitor 
without mention of its possible limitations, despite con- 
fiicting reports on its effectiveness in inhibiting LPCAT 
in vivo (3,11,13). In view of this, the present study was 
undertaken to investigate the effect of THC and mer- 
thiolate on the acyltransferases involved in the acylation 
of lysophosphatidylcholine (LPC), lysophosphatidyleth- 
anolamine (LPE), lysophosphatidylinositol (LPI), lyso- 
phosphatidylserine (LPS) and lysophosphatidic acid (LPA) 
to form the parent phospholipids in guinea pig liver mem- 
branes. The specificity of merthiolate in inhibiting acyla- 
tion processes was also investigated by comparing its ef- 
fectiveness to that of other thiol reagents. 

MATERIALS AND METHODS 

Oleoyl-CoA, arachidonoyl-CoA, dimethylformamide 
(DMF), iodoacetate" N-ethylmaleiamide (NEM), 5,5'- 
dithio-bis-nitrobenzoic acid (DTNB), {~mercaptoethanol 
and merthiolate were obtained from Sigma Chemical Co. 
(St. Louis, MO). LPC (pig liver), LPE (pig liver), LPS 
{beef brain), LPI (pig liver) and LPA {egg lecithin) and 
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phospholipid standards were purchased from Serdary 
Research Laboratories (London, Ontaric~ Canada). [1-]4(]] - 
Oleoyl-CoA and [1-14C]arachidonoyl-CoA were the prod- 
ucts of Du Pont (Mississauga, Ontari~ Canada). Tetra- 
hydrocannabinol was generously provided by Health and 
Welfare Canada {Ottawa, Ontari~ Canada). Guinea pigs 
{250-300 g) were obtained from Charles River Canada Inn 
(St. Constant, Quebec, Canada). Dithiothreitol (DTT) was 
purchased from BDH {Toronto, Ontaria Canada). What- 
man K6 thin-layer chromatographic {TLC) plates and all 
other chemicals and solvents {reagent grade) were obtain- 
ed from Baxter Canlab {Winnipeg, Manitoba, Canada). 

Preparation ofmicrosomes. Microsomes were prepared 
from guinea pig liver by differential centrifugation (14) 
and the protein content was measured by the method of 
Lowry et aL {15). 
Acyltransferase assays. LPCAT was assayed in a reac- 

tion mixture containing 100 mM Tris-HCl (pH 8.5), 92 
acyl-CoA {specific radioactivity of oleoyl-CoA, 0.6 pCi] 
~nnol; arachidonoyl-CoA, 1.5 pCi//~nol), 142 ~M LPC and 
50 ~g guinea pig liver microsomal protein in a total volume 
of 500 ~L. Microsomes in buffer and water were prein- 
cubated at room temperature for 20 rain with the drugs 
prior to the addition of the lysophospholipid and radio- 
labelled acyl-CoA to initiate the reaction. THC was dis- 
solved in DMF, and the required concentrations were 
added in a volume of 5 ~L. Control tubes had 5 pL DME 
Incubation was for 20 rnin at 25~ Lysophosphatidyl- 
inositol:acyl-CoA acyltransferase (LPIAT), lysophospha- 
tidylserine:acyl-CoA acyltransferase (LPSAT) and lyso- 
phosphatidic acid:acyl-CoA acyltransferase (LPAAT) were 
assayed with 142 wM of the appropriate lysophospholipid 
in place of LPC above. The concentration of acyl-CoA re- 
quired for optimal activity of LPIAT, LPSAT and LPAAT 
was 46 W'VI. LPEAT was assayed with 46 #M acyl-CoA and 
214 ~M LPE. These conditions were established as op- 
timal for measuring this activity. In experiments to in- 
vestigate the effect of LPA on LPCAT activity, the r~ 
quired quantity of LPA was added to the assay after the 
20 min preincubation with merthiolate prior to the addi- 
tion of LPC and initiation of the reaction by the addition 
of radiolabelled acyl-CoA. All reactions were stopped by 
the addition of 3 mL chloroform]methanol (2:1, vol]vol) 
followed by I mL KCI (0.9%). After mixing, the two phases 
were clarified by centrifugation. Aliquots of the lower 
phase were removed for TLC analysis. All phospholipids 
were separated on activated Whatman K6 plates with the 

solvent system chloroform]methanol/water/acetic acid 
(50"37.5:2:3.5, by vol; Ref. 161. The radioactivity associated 
with the phospholipid bands was measured by scintilla- 
tion counting using a Beckman LS 3801 Scintillation 
Counter (Palo Alto, CA). 

Statistics. Statistical significance of differences was 
assessed by comparing the means by Student's t-test. Dif- 
ferences were considered to be significant if P < 0.01. 

RESULTS 

The specific activities of the enzymes in guinea pig liver 
microsomes that catalyze the acylation of LPC, LPE, LPS~ 
LPI and LPA were measured with optimal concentrations 
of oleoyl- or arachidonoyl-CoA as acyl donors {Table 1). 
All these enzyme activities were present in the microsomal 
fraction. The activities of LPCAT, LPEAT, LPSAT and 
LPIAT were higher with arachidonyl-CoA as the acyl 
donor than with oleoyl-CoA. The only exception was 
LPAAT, which was 1.3-fold higher with oleoyl-CoA than 
with arachidonoyl-CoA. This observation may reflect a 
functional difference between the LPAAT, which is in- 
volved in de n o v o  phospholipid biosynthesis vs.  the other 
activities which are involved in the remodelling pathways 
responsible for the asymmetric distribution of polyun- 
saturated fat ty acids at the glycerol sn -2  position of 
phospholipids (17). 

The effects of THC on the acyltransferase activities 
were assessed with oleoyl-CoA and arachidonoyl-CoA as 
acyl donors {Table 2). The activity of LPCAT assayed with 
oleoyl-CoA was not affected by up to 20 ~M THC. At 
50 ~M THC the activity was inhibited 50% with no fur- 
ther decrease at 100 ~M. The effect of THC on the acyla- 
tion of LPC with arachidonoyl-CoA was similar to those 
obtained with oleoyl-CoA. The lack of inhibition of LPCAT 
activity at low concentration of THC {10 ~M) is at odds 
with previous reports of severe inhibition of LPCAT by 
10 ~ I  THC {9,18). Therefor~ we investigated whether this 
might be due to the different pre-incubation conditions 
used in the current and in previous {9,18) studies. The 
effect of 10 ~M THC on guinea pig heart microsomal 
LPCAT was investigated by pre-incubating the micro- 
somes for 30 rain at 37~ with THC dissolved in dimethyl- 
sulfoxide Under these conditions the LPCAT activity was 
till unaffected. 

LPEAT activity assayed with oleoyl-CoA or arachi- 
donoyl-CoA as the acyl donor was unaffected by 10 ~M 

TABLE 1 

Specific Activities of Acyltransferases in Guinea Pig Liver Microsomes with Oleoyl-CoA 
or Araehidonoyl-CoA as Acyl Donors a 

Ac~ Acylaccep~r 
donor LPC LPE LPS LPI LPA 

18:I-CoA 152 • 23 302 • 32 199 • 29 244 • 30 694 • 82 
20:4-COA 1337 • 92 598 • 61 625 • 123 613 • 66 528 • 48 

aAcyltransferase activities were measured using acyl acceptors and acyl donors as in- 
dicated. The concentrations of substrates for each acyltransferase are indicated in the 
Materials and Methods section. The specific activities are expressed in nmol phospholipid 
formed/Idmg protein. The values represent the means --- SD of three experiments each 
carried out in duplicate. LPC, lysophosphatidylcholine; LPC, lysophosphatidylethanol- 
amine; LPS, lysophosphatidylserine; LPI, lysophosphatidylinositol; LPA, lysophos- 
phatidic acid. 
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TABLE 2 

Effect of ag-Tetrahydrocannabinol (THC) on Acyltransferase Activity with Oleoyl-CoA or Arachidonoyl-CoA as Acyl Donors 
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Acyl-CoA acyl~ans~raeeactivi~es(% control~ 

LPC LPE LPS LPI LPA 

[THC]~M 18:1 20:4 18:1 20:4 18:1 20:4 18:1 20:4 18:1 20:4 

0 100 100 100 100 100 100 100 100 100 100 
10 103 • 6 102 • 2 96 • 6 106 ~ 4 132 c • 2 107 • 3 98 • 8 99 • 5 106 • 4 106• 7 
20 93 • 8 nd b 89c • 2 nd 132 c • 5 nd 9 0 •  6 nd 110 c • 3 nd 
50 45 c • 5 42 c • 6 47c•  7 63 c •  13 128 c •  2 58 c •  2 100• 4 95 • 4 109 c •  4 112 • 15 

100 47 c • 7 31 b • 4 40c•  2 28 c ~  5 132 c •  5 55 c •  5 1 0 4 •  82 c •  3 112 c •  7 154 c •  10 

aValues represent the mean • SD of three independent experiments carried out in triplicate. 
bnd, Not determined. Abbreviations as in Table 1. 
CIndicates values with significant differences from controls with a P value of at least P < 0.01. 

THC, bu t  increasing concentrat ions of the drug  resulted 
in a progressive decrease in act ivi ty  until, a t  a concen- 
t ra t ion of 100 ~M, the ac t iv i ty  was inhibited by 60% 
(Table 2). LPSAT activity was activated by approximately 
30% at  all concentrat ions of T H C  examined with oleoyl- 
CoA as the acyl donor. In  contrast ,  LPSAT assayed with 
arachidonoyl-CoA was unaffected by  10 ~VI T H C  but  was 
inhibited about  40% at  concentrations of 50 ~ or higher. 
Acylation of L P I  was unaffected by  the concentrat ion 
range of T H C  used in our studies, irrespective of the acyl 
donor. LPAAT act ivi ty  was either ac t ivated {10-50%) or 
not  affected by  T H C  with either oleoyl-CoA or arachi- 
donoyl-CoA as acyl donor. 

The effect of merthiola te  on the acyl transferases  was 
invest igated in a fashion similar to tha t  of THC using 
oleoyl-CoA or arachidonoyl-CoA as acyl donors {Table 3). 
The degree of inhibition of LPCAT by  merthiola te  was 
similar with either oleoyl- or arachidonoyl-CoA. At  a con- 
centrat ion of 10 ~M, about  90% of the act ivi ty  was in- 
hibited. L P I A T  was also quite sensit ive to the inhibitory 
effect of merthiola te  irrespective of the acyl donor used 
in the assay. In  cont ras t  to LPCAT or LPIAT, acylat ion 
of LPS  with  bo th  oleoyl- or arachidonoyl-CoA was rela- 
t ively resilient to inhibition by merthiolate  a t  low concen- 
t ra t ions  of the drug  (<20 ~M), bu t  greater  than  90% in- 
hibition of LPSAT act iv i ty  was observed in exper iments  
wi th  100 ~ merthiolate.  L P E A T  and LPAAT were also 
quite resistant  to inhibition by merthiolate, especially the 
la t ter  activity. A differential effect of merthiola te  on 

L P E A T  and LPAAT with different acyl donors was ob- 
served a t  the lower concentrat ions of the  drug. L P E A T  
assayed with oleoyl-CoA was inhibited 30% by 10 ~M me~ 
thiolate while acylation with arachidonoyl-CoA was in- 
hibited 70% by the same concentration of merthiolata  The 
degree of inhibition obtained with  bo th  acyl donors was 
similar at  higher concentrations of merthiolat~ A modest  
act ivat ion of LPAAT (10-20%) was observed with mer- 
thiolate concentrations of 10 or 20 WM when arachidonoyl- 
CoA was used as the acyl donor. Acylation of LPA with 
oleoyl-CoA was inhibited about  15% at  the same concen- 
t ra t ions  of mer th io la t~  LPAAT assayed with ei ther acyl 
donor was inhibited between 60-70% by 100 ~ I  mer- 
thiolate~ One possible explanat ion for the inabili ty of low 
concentrat ions of merthiola te  to inhibit  LPAAT could be 
the binding of the mercurial  group of merthiola te  to the  
negat ively charged LPA. Such a reaction would decrease 
the effective concentrat ion of merthiolate  in the assay. To 
investigate this possibility, we examined the effect of vary- 
ing concentrat ions of LPA on inhibition of LPCAT by 
merthiolate.  The results  which are displayed in Table 4 
show no effect of LPA on the inhibition of LPCAT by 
merthiolate.  

We also invest igated the specificity of merthiolate  in 
inhibition of the acyltransferases by comparing i ts  effects 
wi th  those of eq,, imolar concentrat ions (20 ~M) of the  
following thiol reagents: NEM, DTNB, iodoacetate, f~mer- 
captoethanol  and DTT (Table 5). Merthiolate  was clearly 
the mos t  effective inhibitor of all the acyltransferase 

TABLE 3 

Effect of Merthiolate on Acyltransferase Activities with Oleoyl-CoA or Arachidonoyl-CoA as Acyl Donors 

Lysophospholipid:acyl-CoA acyltransferase activities (% control} a 
LPC LPE LPS LPI LPA 

[Merthiolate]pM 18:1 20:4 18:1 20:4 18:1 20:4 18:1 20:4 18:1 20:4 

0 I00 100 100 100 I00 100 100 100 I00 100 
10 11 b • 2 12 b _  4 67 b _  7 33 b • 4 40 b__- 3 42 b--  6 16 b • 2 15 b • 4 83 b • 5 123 b _  7 
20 4 b • 1 4 b__- 2 36 b___ 4 26 b • 2 34 b__ 7 34 b--- 5 7 b • 3 7 b _  1 87 b _  6 113 b__- 5 
50 3 b • 2 I b • 1 32 b _  6 15 b--  6 23 b _  4 25 b -  6 6 b___ 4 3 b • 2 39 b _  10 62 b • 9 

I00 2 b_+ 1 2b • 1 21 b___ 5 18 b • 4 8 b • 2 5 b • 1 4 b__. 2 3 b • 1 37 b--- 9 31 b • 6 

aValues represent the means _+ SD of three independent experiments carried out in triplicate. Abbreviations as in Table 1. 
bIndicates values with significant differences from controls with a P value of at least P < 0.01. 
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TABLE 4 

Effect  of LP A on Inhibition of LPCAT Act iv i ty  by Merthiolate 

LPCAT activity 
Additives (% control} a 

None 
20 ~M Merthiolate 
20 ~VI Merthiolate + 35 ~M LPA 
20 ~M Merthiolate + 71/~M LPA 
20 ~M Merthiolate + 142 ~M LPA 

100 
8 + 4  
5 + - - 2  
4 + 2  
3 + _ 1  

aValues represent the mean + SD of two independent experiments 
carried out in triplicate. LPA, lysophosphatidic acid; LPCAT, 
lysophosphatidylcholine:acyl-CoA acyltransferase. 

reactions. Lit t le  inhibition of any acyltransferase activi- 
t y  was observed with  the five compounds  examined with  
the exception of a 24 and 37% decrease in LPCAT and 
LPSAT, respectively, by N E M  and a 12-16% decrease in 
LPCAT and LPSAT by DTNB. 

DISCUSSION 

In  this s tudy  we have examined the effectiveness of T H C  
and merthiolate  on the acylation of LPC, LPE,  LPS, L P I  
and LPA in guinea pig liver microsomes. The results 
clearly demons t ra te  t ha t  T H C  does not  inhibit all m i c r a  
soma] acyltransferases and even sl ightly act ivates  some 
of the enzymes. Of those activities inhibited (LPCAT and 
LPEAT), high concentrat ions of 50 ~ or more were re- 
quired to achieve significant inhibition. The lack of inhibi- 
tion of LPCAT at  low concentrations of THC was surpris- 
ing in view of the effectiveness of the  d rug  in inhibit ing 
the lymphocyte  membrane  enzyme (9). Al though we can- 
not  offer an explanat ion to account  for the differences in 
effectiveness of THC in the present  s tudy  and those of 
previous studies wi th  lymphocyte  membranes  (9), the 
possibili ty t h a t  the LPCAT in different t issues may  not  
be identical and may  respond differently to the d rug  can- 
not  be ruled out. Thus  in ra t  islets, LPCAT act iv i ty  was 
inhibited by only 20% after 30 re_in incubation with 20 wM 
T H C  (11). These values are in the range of those obtained 

in the present  s tudy  ra ther  than  those reported for 
lymphocyte  membrane  (9). 

I t  is also not  clear why T H C  has a differential effect 
on the LPSAT act iv i ty  assayed with oleoyl-CoA or 
arachidonoyl-CoA as acyl donors. Nevertheless, these re- 
suits  may  be an indication t ha t  the drug  may  interact  
directly with the  enzyme. I f  the  effect was media ted  
through per turba t ion  of the environment,  one would not  
expect  the effect of the d rug  to be dependent  on the acyl 
donor. Another  possible explanat ion is the existence of 
different enzymes tha t  catalyze the acylation of LPS with 
different acyl donors (19). 

Merthiolate  proved to be a more effective inhibitor of 
acyltransferase reactions in the guinea pig liver micro- 
somes than  THC, result ing in greater  inhibition of the en- 
zyme activities at  comparable concentrations of THC. At  
low concentrations (20 bdV[), merthiolate not only exhibited 
some specificity toward the different acyltransferases 
(LPCAT = L P I A T  > LPSAT = L P E A T  > LPAAT), hu t  
was also able to discriminate between the activit ies with 
different acyl donors for LPA and LPE.  These observa- 
t ions were surpr is ing as merthiola te  is a sulfhydryl 
reagent  and would be expected to react  nonspecifically 
with the enzymes. The ineffectiveness of other sulfhydryl 
reagents  in inhibit ing the various acyl transferase ac- 
tivities suggests  tha t  the effectiveness of merthiolate may 
be unrelated to i ts  reducing properties. In  macrophages,  
N-ethylmaleiamide was unable to inhibit  LPCAT under  
conditions where merthiolate (10 ~/[) inhibited the activ- 
i ty by 70% (4). The differential sensi t ivi ty of various acyl- 
t ransferases  to merthiolate  and the demonst ra t ion  tha t  
this cannot be at tr ibuted to chelation of the drug by acidic 
lysolipids sugges t  t ha t  merthiola te  may  interact  directly 
and specifically with the enzymes. 

The inabili ty of THC to inhibit  some acyltransferases 
and the modera te  inhibition it had on other  activit ies 
would suggest  t ha t  if employed solely for the purpose of 
inhibiting the acylation of fa t ty  acids released by agonlsts, 
a subs tant ia l  amount  of the released f a t ty  acid could 
be reacylated in the presence of the drug, thereby result- 
ing in an underes t imat ion of the quant i t ies  of f a t ty  
acids released. On the other  hand, low concentrat ions of 

TABLE 5 

Effect of Thiol Reagents on Aeyltransferase Activities with Oleoyl4~oA as the Aeyl Donor 

Lysophospholipid:acyl-CoA acyltransferase activity 
{% control) a 

Additive (20 ~M) LPC LPE LPS LPI LPA 

None 100 100 100 100 100 
Merthiolate b 4 c +_ I 36 c +- 4 34 c _+ 7 7 c _ 3 87 c +_ 6 
DTT 101 +_ 7 110 --- 8 93 + 2 102 __- 9 101 _ 4 
~-Mercaptoethanol 104 +- 11 110 + 7 103 + 5 102 + 15 96 + 8 
DTNB 88 c +-- 7 102-- 8 84 c + 4 99----- 8 106__- 3 
Iodoacetate 99 + 12 103 + 5 107 + 8 108 +- 9 104 + 5 
NEM 76 c _ 11 90 +- 8 63 c + 10 92 + 10 105 _+ 8 

aValues represent the mean +_ SD of two independent experiments carried out in triplicate. 
Abbreviations as in Table 1. DTT, dithioreitol; DTNB, 5,5"-dithio-bis-rdtrobenzoic acid; 
NEM, N-ethylmaleiamide. 

bValues for merthiolate were obtained from Table 3. 
c Indicates values with significant differences from controls with a P value of at least 

P < 0.0t. 
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m e r t h i o l a t e  were ve ry  effect ive inh ib i to r s  of t he  a c y l a t i o n  
of L P C A T  a n d  LPIAT,  a n d  h ighe r  c o n c e n t r a t i o n s  of mer-  
t h i o l a t e  i n h i b i t e d  t h e  a c t i v i t y  of t h e  o t h e r  l y s o p h o s p h o -  
l ip id :acy l -CoA a c y l t r a n s f e r a s e s  in  vitro. 
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Because different strains of hamsters vary in their suscep 
tibility to gallstones, the relationship between plasma 
Hpoproteins, hepatic cholesterol, bile Hpids and bile acid 
prof'fle was examined during gallstone induction in st~in~ 
of male Syrian hamsters from Charles River Lakeview 
(CHR), Biobreeder FIB (BIO) and Harlan Sprague- 
Dawley (HAR). Gallstones were induced by feeding a 
purified diet containing 0.4 or 0.8% cholesterol for 5 wk. 
Basal plasma total cholesterol w a s  similar, but the hype~ 
cholesterolemia induced by dietary challenge was signif- 
icantly lower in CHR than in HAR and BIO hamsters. 
Cholesterol-fed CHR hamsters transported cholesterol 
mainly in HDL (47%), whereas VLDL-C + IDL-C pre- 
dominated in BIO and HAR hamsters, and their HDL 
trRn~ported only 28 and 38%, respectively. HAR hamsters 
accumulated the most hepatic cholesterol, revealed the 
highest cholate/eheno ratio, the lowest glycine/taurine 
ratio and hydrophobieity index. HAR also developed the 
fewest cholesterol gallstones {23%), while 64% of CHR 
and 58% of BIO hamsters had cholesterol gallstones and 
34% of BIO hamsters developed pigment stones. Dou- 
bling dietary cholesterol from 0.4 to 0.8% doubled the in- 
cidence of cholesterol gallstones but exerted minimal im- 
pact on other parameters compared to strain differences. 
Thus, different strains of hamsters vary considerably 
with respect to biliary cholesterol, bile acid profile and 
formation of cholesterol gallstones associated with dif- 
ferences in plasma lipoprotein profiles. 
Lipids 28, 305-312 (1993). 

Syrian hamsters are commonly used as a model for human 
lipid metabolism and cholelithiasis because hamster cho- 
lesterol and bile acid metabolism have certain similarities 
to humans (1,2). Furthermore, the hamster model is useful 
because cholesterol gallstones are readily induced by 
dietary manipulations (3-9). In the original studies by 
Dam (3), gallstones were induced most consistently by 
feeding hamsters a fat-free, glucose-rich diet. Other diet 
models have evolved that include a modest level of but- 
terfat with or without dietary cholesterol {4-9). Whereas 
Dam's model is associated with essential fatty acid defi- 
ciency and results in abnormal physiology, other diet 
models are nutritionally more adequate. Our current 
purified diets are fomnlated with a modest level of fat (5%) 
and a moderate amount of dietary cholesterol (0.4%) (8). 

A complicating factor in hamster gallstone studies is 
the high incidence of pigment stones, which seem to be 
enhanced by feeding hamsters purified diets (3,8,10). 
Hamsters from different commercial sources also differ 

*To whom correspondence should be addressed at Foster Biomedical 
Research Laboratory, Brandeis University, Waltham, MA 02254. 

Abbreviations: BIO, Biobreeder F1B strain; CHR, Charles River 
Lakeview strain; HAR, Harlem Spragu~Dawley strain; HDL, high 
density lipoprotein; HI, hydrophobicity index; HPLC, high- 
performance liquid chromatography; IDL, intermediate density 
lipoprotein; LDL, low density lipoprotein; LI, lithogenic index; TC, 
plasma total cholesterol; VLDL, very low density lipoprotein. 

in their susceptibility to cholesterol gallstones (6), and dif- 
ferences in the metabolism of cholesterol, hepatic and 
biliary lipids as well as lipoprotein cholesterol distribu- 
tion have been reported for different strains (11-15). For 
example, the hybrid F1B hamster (Biobreeder) develops 
a unique cholesterolemic response to dietary cholesterol 
and saturated fat that renders it susceptible to fatty 
streak formation (16,17). In addition, a purified choles- 
terol-free diet containing 5% fat as a standard American 
fat blend (18) produced differences in plasma and biliary 
lipids, including the bile acid profile, in four strains of 
hamsters [Charles River Lakeview (CHR), Biobreeder 
F1B (BIO), Harlan Spragne-Dawley (HAR) and Sasco] 
commonly used to study lipid metabolism. 

In previous studies (7,8), hamsters fed a cholesterol- 
supplemented diet developed lithogenic bile and choles- 
terol gallstones in association with a lipoprotein profile 
that was characterized by an elevated very low density 
lipoprotein (VLDL)-cholesterol pool. Whether or how 
plasma lipoproteins modulate biliary cholesterol satura- 
tion and bile acid composition in the pathogenesis of cho- 
lesterol gallstones is poorly understood (19). Further, 
despite the importance of the hydrophobic/hydrophilic 
character of individual bile acids on cholesterol solubili- 
ty (20), biliary cholesterol and phospholipid secretion (21) 
and bile acid synthesis (22), the impact of the 
physicochemical properties of dihydroxy vs. trihydroxy 
bile acids on bile lipid changes and cholesterol gallstone 
formation are not well defined in v iva  

To further examine this relationship and to identify the 
most susceptible model, we challenged three strains of 
hamsters (CHR, BIO and HAR) with a gallstone-inducing 
diet providing 0.4 or 0.8% dietary cholesterol while assess- 
ing plasma, hepatic and biliary lipids with particular em- 
phasis on the individual bile acid profile Our hypothesis 
was that the relationship between plasma lipoproteins, 
hepatic cholesterol and the bile acid profile would differ 
substantially during gallstone induction in hamsters r~ 
ported to differ in their susceptibility to gallstones (6,7,13) 

MATERIALS AND METHODS 
Animals  and diets. Thirty-six golden Syrian hamsters 
(Mesocricetus auratus), approximately 25-35 d old weigh- 
ing 50-70 g were obtained from three different sources, 
namely Charles River Breeding Labs [Wilmington, MA 
(Lakeview strain)], Biobreeder Inc [Watertown, MA 
(Hybrid F1B hamster)] and Harlan Sprague-Dawley (In- 
dianapolis, IN). Animals in each strain were randomly 
assigned to two groups (n = 5-7) and fed either of two 
purified diets containing 5% butter and either 0.4 or 0.8% 
cholesterol (Table 1) for 5 wk. The composition of the diet 
was in g/kg dry weight: casein 200, cornstarch 350, 
glucose 200, cellulose 100, wheat bran 50, fat 50, Ausman- 
Hayes mineral mix 6, Hayes-Cathcart vitamin mix 12, 
cholesterol 4 or 8, respectively, and choline chloride 3. The 
composition of the mineral and vitomin mix were detailed 
previously {10). Hamsters were housed in groups of 3-5 
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TABLE 1 

Body Weight Gain and Liver, Cecal and Perirenal Adipose Fat Weight 
in Three Strains of Hamsters Fed Gallstone-Inducing Diets 
Containing 0.4% or 0.8% Dietary Cholesterol a for Five Weeks b 

CHR BIO HAR 

Food received, g/d 
Food consumed, g/d 
Initial body weight, g 
Terminal body weight, g 
Weight gain/day, g 
Liver weight, % body wt 
Cecum weight, % body wt 
Perirenal fat weight, % body wt 

25. 
20-+ 3 19_ 3 20 + 3 
69+- 4 c 66+- 2 d 52_+ 3c, d 

117 +- 10 110 +_ 11 122 + 15 
1.5 +- 0.3 c 1.3 _ 0.2 d 2.2 +_ 0.4c, d 
5.1 +- 0.2 4.7 __- 0.5 4.9 _+ 0.5 
1.1 - 0.2 1.3 + 0.3 1.2 _+ 0.2 
0.7 +_ 0.1 c 0.7 +- 0.1 d 0.5 + O.lC, d 

a Statistical analysis [two, factorial analysis of variance (ANOVA)] revealed no effect of 
dietary cholesterol so data were combined. 

bValues are means +_ SD for 11-13 hamsters. CHR, Charles River Lakeview strain; BIO, 
Biobreeder F1B strain; HAR, Harlan Sprague-Dawley strain. 

c, dMeans sharing a common superscript are significantly different (P < 0.05). 

animals per cage with a bedding of wood chips kept in 
a temperature-controlled environment with a 12-h light/ 
dark cycle {lights on 18:00 h). Hamsters were fed starch- 
gel diets ad libitum (25 g wet wt per hamster daily), and 
the food intake was monitored on a daily basis. Water was 
provided ad libitum. Body weights were monitored on a 
weekly basis. All protocols and procedures were approved 
by the Brandeis University Animal Care and Use Com- 
mitte~ Waltham, MA. 

Plasma lipids and lipoprotein analysis. Blood was 
drawn upon arrival {baseline} and at the end of 5 wk. Prior 
to blood sampling, hamsters were fasted overnight (18 h) 
individually in wire-bottomed cages. Blood samples were 
collected under light anesthesia into an ethylenediamlne~ 
tetraacetic acid wetted syringe by cardiac punctur~ and 
plasma was separated immediately by centrifugation at 
12,000 • g for 5 min. Total plasma cholesterol, high den- 
sity lipoprotein (HDL)-cholesterol and triglycerides were 
determined by enzymatic assays {Sigma kit Na 352 for 
cholesterol and No. 336 for triglycerides, Sigma Chemical, 
St. Louis, MO). HDL-cholesterol was assayed following 
Mg2+-phosphotungstate precipitation of lipoproteins con- 
taining apo B and apo E using HDL-cholesterol Reagent 
Set | (Boehringer Diagnostics, Indianapolis, IN) according 
to the procedure described by Weingard and Daggy (23). 
At 5 wk, plasma from 2-3 hamsters from each strain with 
similar cholesterol and triglyceride concentrations were 
pooled for plasma lipoprotein isolation. Lipoproteins were 
separated by density-gradient ultracentrifugation (24) in 
a Beckman L5-50 ultracentrifuge (Beckman Instruments, 
Palo Alt~ CA) using a SW-41 rotor at 35,000 rpm and 
15~ for 24 h with each tube stained with minimal Sudan 
Black to visualize lipoproteins (25). Three lipoprotein 
fractions were isolated, VLDL plus intermediate density 
lipoprotein (IDL) {d < 1.019 g/L}, low density lipopr~ 
tein (LDL) 11.019 < d <1.055 g/L) and HDL {1.055 < d < 
1.21 g/L). Each lipoprotein fraction was dialyzed exten- 
sively against 0.15 M NaC1 {pH 7.4) containing 100 mM 
butylated hydroxytoluen~ Cholesterol, triglycerides and 
phospholipids were determined using enzymatic assays 
{Sigma kit No. 352 for cholesterol and Na 336 for 

triglycerides and Wako phospholipids B kit for phospho- 
lipids, Wako Chemicals, Richmond, VA). Protein concen- 
tration was determined according to the Lowry proce- 
dure (26). 

Necropsy and gallstone evaluation. After 5 wk, ham- 
stem were exsanguinated under anesthesia, and the liver, 
cecum and perirenal adipose fat excised, blotted and 
weighed. A portion of each liver was removed and frozen 
for hepatic cholesterol analysis. Gallbladder bile was aspir- 
ated for analysis of biliary lipids and bile acids prior to 
inspection for gallstones. The gallbladder was dissected 
from the liver, opened under a dissecting microscope 
and examined along with the remaining gallbladder bile 
for gallstones under regular and polarized light by light 
microscopy as previously described (10}. 

Bile analysis. Bile lipids were isolated using a modified 
Folch extraction {27). Ten ~L of gallbladder bile was ex- 
tracted with 3 mL chloroform]methanol (2:1, vol]vol) and 
0.75 mL of 1.12% KC1 solution. Biliary cholesterol was 
measured using an enzymatic assay (Wako free cholesterol 
C kit, Wako Chemicals} in an aliquot of the evaporated 
chloroform layer redissolved in 2-propanol. Biliary phos- 
pholipid concentration was determined in diluted gallblad- 
der bile (1:10) by an enzymaticJcolorimetric procedure 
using the Wako phospholipids B kit. Biliary bile acid con- 
centration was determined as conjugated bile acids using 
an isocratic high-performance liquid chromatography 
IHPLC) procedure adapted from Rossi et aL (28). The 
mobile phase consisted of methanol/0.01 M KH2PO4 
(75:25, voYvol) to which 4.2 mL/L of 5 N NaOH was added 
before the pH was adjusted to pH 5.35 by adding about 
1 mL of 85% H3PO4. The individual bile acid profile was 
analyzed using an aliquot of the methanol/KC1 layer from 
the Folch extract, evaporated under a stream of nitrogen 
and redissolved in the mobile phase A standard contain- 
ing 60 mmo]]L of taurine and glycine conjugates of cholic 
acid, chenodeoxycholic acid, deoxycholic acid and litho- 
cholic acid (Sigma Chemical Ca) was used to calculate 
the individual bile acid concentrations. Total bile acid 
concentration was calculated as the sum of individual 
bile acids (taurine and glycine conjugates of cholate~ 

LIPIDS, Vol. 28, no. 4 (1993) 



307 

BILE ACIDS, LIPOPROTEINS AND GALLSTONES 

chenodeoxycholate and lithocholate) as determined by 
HPLC. Taurine and glycine conjugates of ursodeoxycholic 
acid were present only in trace amounts  and therefore not 
included in the calculation. 

The lithogenic index (LI) was calculated according to 
published procedures (29) based on the relative molar 
ratios of lipid components  and total  lipid concentrat ion 
using a computerized version of cholesterol solubility 
{30,31). The bile acid hydrophobici ty index (HI) for each 
bile sample was determined by mult iplying hydrophc~ 
bicity indices of individual bile acids (glycine and tanrine 
conjugates) by the tool fraction of each bile acid and sum- 
ruing the products  (32). 

Hepatic cholesterol analysis. Hepat ic  cholesterol was 
extracted by grinding a 100-rag port ion of liver with an- 
hydrous sodium sulfate and extract ing three times with 
chloroform]methanol (2:1, vol]vol). The liquid phase was 
evaporated to dryness and redissolved in chloroform. An 
aliquot was evaporated and redissolved in 2-propanol 
alcohol for analysis of free cholesterol by HPLC (33). Total 
cholesterol was determined enzymatically after hydrolysis 
with alcoholic KOH for 1 h as adapted from Tercyak (34), 
using the Wako free cholesterol C kit  for cholesterol 
analysis. 

Statistical analysis. Statistical differences between the 
three strains and the two diets were calculated using 
a two, factorial analysis of variance (ANOVA) followed 
b y  Scheffe's F-test utilizing a SuperANOVA statist ical  
software package (Abacus Concepts, Ina,  Berkeley, CA). 
When no significant diet effect was found, data from both 
diets were combined to evaluate strain differences. 

RESULTS 

Growth. All hamsters  were healthy and showed normal 
daffy weight gain. Ad libitum food consumption per ham- 
ster  averaged 19.5 g per day {10.8 g dry  weight) with no 
apparent difference between strains or the two diets. HAR 
hamsters  began with a significantly lower body weight 
{Table 2}, bu t  final body weights were not  different be- 
tween the three strains and were not  affected by the level 
of dietary cholesterol. Accordingly, HAR hamsters were 

considerably more feed-efficient and gained significantly 
more daffy weight than CHR and BIO hamsters, but their 
perirenal fat weighed significantly less than that of the 
two other strains {Table 1). 
Plasma lipids and lipoprotein profila No apparent dif- 

ference in plasma total cholesterol (TC) was found initial- 
ly between the three hamster strains which had an average 
plasma cholesterol concentration of 149 +32 mg/dL. 
However, BIO hamsters showed the lowest initial high 
density lipoprote'm~holesteml (HDL-C) {Table 2). Not stm 
prisingly TC progressively increased in all hamsters fed 
the cholesterol-supplemented diets. After 5 wks, the TC 
differences between 0.4% vs. 0.8% dietary cholesterol was 
+18, +24, and -8% respectively, for CHR, BIO and 
HAR. Since the dietary cholesterol effect was not signifi- 
cant, the cholesterol groups were combined to evaluate the 
strain effect. On this basis CHR hamsters revealed sig- 
nificantly lower TC and HDL-C concentrations. However, 
HDL-C expressed as percent of TC did not differ between 
strains. 

Initial plasma triglyceride {TG) concentrations differed 
significantly between strains with the highest TG found 
in BIO hamster~ while H A R hamsters were intermediate 
and CHR hamsters  were lowest {Table 2). After 5 wks, 
TG did not  differ as a function of strain or level of dietary 
cholesterol although CHR hamsters demonstrated some- 
what  lower values. 

The distribution of cholesterol and TG in VLDL + IDL, 
LDL and H D L {pooled dietary data) revealed striking dif- 
ferences between strains {Table 3). Cholesterol-fed CHR 
hsm.qters transported most of their cholesterol in the HDL 
fraction {47 _ 3%), whereas BIO and H A R  hamsters car- 
ried cholesterol mainly in the VLDL + IDL fraction (51 ___ 
3% and 46 _ 8%, respectively). The percent distr ibution 
of low density lipopmtein-cholesterol (LDL-C) did not  dif- 
fer significantly between the three strains {CHR, 18%; 
BIO, 21%; and HAR, 15%). The differences in the choles- 
terol distribution were further  apparent in the LDL/HDL 
and the VLDL + IDL]HDL ratios {Table 3). BIO hamsters 
had a significantly higher LDL/HDL cholesterol ratio (1.9 
times higher) than H A R and CHR hamsters and also had 
a significantly higher VLDL + IDL/HDL cholesterol ratio 

TABLE 2 

Plasma Lipid Concentration in Three StrninA of Hamsters Fed Gallstone-Induclng Diets 
Containing 0.4% or 0.8% Dietary Cholesterol a for Five Weeks b 

CHR BIO HAR 

Plasma cholesterol, mg/dL 
Initial 147 + 16 146 + 15 153 +_- 50 
5 wks 387 +- 78 c,d 610 +_ 198 c 548 +_- 120 d 

HDL-cholesterol, mg/dL 
Initial 93 ----- 17 c 61 + 8 c,d 87 ----- 15 d 
5 wks 158 - 29~b 188 + 36 a 198 +- 40 b 

Triglycerides, mg/dL 
Initial 161 -- 33~ d 350 +_ 67c, e 239 --_. 55 a~e 
5 wks 470 -+ 241 740 + 540 696 -_. 396 

a Statistical analysis (two-factorial ANOVA) revealed no dietary cholesterol effect so data 
were combined. HDL, high density lipoprotein. See Table 1, footnote b for other 
abbreviations. 
bValues are mean + SD for 11-13 hamsters. 
c,d, eMeans sharing a common superscript are significantly different (P < 0.05). 
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TABLE 3 

Lipoprotein Cholesterol and Triglyeeride Concentrations Following Gradient Ultracentrifuge Separation 
of Plasma from Three Strains of Hamsters Fed Gallstone-Inducing Diets Contnlning 0.4 or 0.8% Cholesterol a 
for Five Weeks b 

CHR BIO HAR 

mg/dL plasma 
Cholesterol 

VLDL + IDL 141 • 47~ e (35) c 368 • 23 d (51) 271 • 77 e (46) 
LDL 70 • 2 d (18) 147 • 11 d,e (21) 88 • 31 e (15) 
HDL 183 • 28 (47) 200 • 30 (28) 223 • 20 (39) 

LDL/HDL ratio 0.39 • 0.06 d 0.75 • 0.17d, e 0.39 • 0.11 e 
(VLDL -I- IDL)/HDL ratio 0.76 • 0.19 d 1.88 • 0.40d, e 0.39 • 0.11e 

Triglycerides 
VLDL + IDL 429 • 137 (92) 697 • 6 (85) 698 _+ 243 (91) 
LDL 17 • 3 (4) 93 • 36 (12) 42 • 40 (5) 

aStatistical analysis (two-factorial ANOVA) revealed no effect of dietary cholesterol so data were com- 
bined. Abbreviations: See Table 1. VLDL, very low density lipoprotein; IDL, intermediate density 
lipoprotein; LDL, low density lipoprotein; HDL, high density lipoprotein. 

bValues are mean • SD. Plasma from 2-3 hamsters was pooled for each lipoprotein isolation (n = 2-4). 
cValues in parentheses represent percent distribution. 
d, eMeans sharing a common superscript are significantly different (P < 0.05). 

which was 2.5 times higher than in CHR and 1.6 times 
higher than in H A R  hamsters (Table 3). 

Hepatic and biliary lipids. The level of added dietary 
cholesterol did not influence hepatic cholesterol accumula- 
tion, but  total and esterified cholesterol concentrations 
in liver were significantly higher in H A R  hamsters com- 
pared to CHR or BIO hamsters. Free cholesterol concen- 
trations did not differ between the three strains of ham- 
sters and accounted for 10-15% of the TC (Table 4). 

The biliary lipid composition expressed as mol% of bile 
acids, phospholipids and cholesterol, was significantly af- 
fected by strain and level of dietary cholesterol (Table 5). 
Specifically, BIO hamsters had the highest mol% biliary 
cholesterol, and all hamsters fed 0.8% dietary cholesterol 
had approximately 30% more biliary cholesterol than 
hamsters fed 0.4% cholesterol. In like manner, H A R  
hamsters had the highest mol% bile acids when fed 0.4% 
dietary cholesterol, but  this difference between strains 
disappeared at 0.8% dietary cholesterol. By contrast,  
mol% biliary phospholipids was only higher in CHR 

hamsters at  0.4% dietary cholesterol (Table 5). The LI  was 
not  affected by the level of dietary cholesterol, but  BIO 
hamsters revealed the highest LI  for both  diets. 

Bile acid profila Total bile acid concentration (mM) was 
not affected by the level of dietary cholesterol, but  at 0.4% 
cholesterol intake H A R  hamsters had a significantly 
higher total bile acid concentration than either CHR or 
BIO h~m.qters (Table 5). The composition of individual bile 
acids expressed as percentage of the total bile acid con- 
centration revealed considerable differences between the 
three hamster  strains (Table 6) with H A R  hamsters 
demonstra t ing the highest percentage of cholate (49 +_ 
8%) followed by BIO hamsters (40 __ 6%) and CHR ham- 
sters (31 +_ 7%). In contrast,  total cheno was highest in 
CHR hamsters (61 +_ 7%) but  was similar (45 -+_ 7 and 
42 __ 7%) in BIO and H A R  hamsters. As a result, the 
cholate/cheno ratio was lowest in CHR hamsters and 
highest in the H A R  hamsters. A significant strain effect 
existed also for taurocholate with the highest percentage 
in H A R  hamsters, and lowest in CHR hamsters, whereas 

TABLE 4 

Hepatic Cholesterol Concentration in Three StralnR of Hamsters Fed Gallstone-Inducing 
Diets Contalnig 0.4 or 0.8% Dietary Cholesterol a for Five Weeks 

CHR BI0 HAR 

Liver weight (g) 5.9 • 0.5 5.2 • 0.8 5.9 • 0.7 

mg/g liver 

Total cholesterol 34 • 9 c 31 +_ 8 d 45 • 7c, d 
Free cholesterol 3.9 • 0.4 4.5 • 0.9 4.3 • 0.4 
Esterified cholesterol b 30 • 9 c 26 • 7 d 41 • 7c, d 

a Statistical analysis (two-factorial ANOVA) revealed no effect of dietary cholesterol so 
data were combined. Abbreviations: See Table 1. 

bCalculated as the difference between total and free cholesterol. Values are mean • SD 
for 11-13 hamsters. 

c, dMeans sharing a common superscript are significantly different {P < 0.05). 
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TABLE 5 

Biliary Lipid Concentration of Gallbladder Bile from Three Hamster  Strains Fed Gallstone-Inducing Diets 
Containing 0.4 or 0.8% Dietary Cholesterol for Five Weeks a 

309 

Diet 

0.4% cholesterol 0.8% cholesterol 

CHR BIO H A R  CHR BIO H A R  

mM 

Bile acids 82 • 12 e 87 • 17/ 147 • 51e, f 121 • 37 111 • 18 103 • 35 
Phospholipids 13 + 3 12 • 3 17 • 5 19 • 3 15 • 2 16 +_- 5 
Cholesterol b 8 • 2 9 • 2 8 • 2 12 • 6 16 • 4 10 • 2 

mol% 

Bile acids b 79 + 2 e 80 • 2f 85 • 2e, f 79 • 3 78 • 3 79 • 3 
Phospholipids 13 • 2 e 11 • 1 e 10 • 2 13 + 2 11 • 2 12 _ 1 
Cholesterolb 8 • I e 9 • If 5 • le, f 7 • 2g 12 • 3g 9 • 2 

Total lipids, g/dL 5.3 • 0.8 e 5.6 • 1.3f 8.8 • 3e, f 7.9 • 2.3 7.3 • 1.0 6.7 • 2.2 

Lithogenic index 1.9 • 0.4 e 2.2 • 0.3f 1.3 • 0e, f 1.6 +_ 0.4// 2.7 • 0.7g, h 1.9 • 0.6 h 

Gallstone incidence 

Chol. stones/crystals 3/5 (60%) 2/6 (33%) 0/7 4/6 (67%) 4/6~67%) 
Mixed stones 0/5 216 c (33%) 0/7 0/6 1/6 a (17%) 
Pigment stones 0/5 1/6 (17%) 2/7 (29%) 0/6 1/6 (17%) 
No stones 2/5 (40%) 1/6 (17%) 5/7 (71%) 2/6 (33%) 0/6 

3/8 {50%) 
0/6 
0/6 
3/6 {50%) 

aValues are mean • SD for 5-7 hamsters. See Table 1 for abbreviations. 
bSignificant diet effect was observed. 
CMix of 8 pigment stones {0.2-0.8 ram) and cholesterol crystals. 
dMalrdy cholesterol (Chol.) stones and crystals with 3 pigment stones (0.2 ram). 
e,f,g, hMeans within a diet group sharing a common superscript are significantly different (P < 0.05). 

TABLE 6 

Bile Add  Profile in Gallbladder Bile from Three Hamster Strains Fed Gallstone-Inducing 
Diets Containing 0.4 or 0.8% Dietary Choleeterola for Five Weelm b 

CHR BIO HAR 

% distribution 

Taurocholate 15 • 4c, d 20 • 4 c,e 33 --- 6 d,e 
Glycocholate 16 • 5 19 • 5 16 + 10 
Taurocheno 40 • 8 33 • 7 38 • 8 
Glycocheno 21 • 4c, d 12 • 5 c,e 4 • 2 d,e 
Taurodeoxycholate 3 • 2c, d 8 • 2 c 7 • 3 d 
Glycodeoxycholate I • 2 2 • i 1 • 1 
Taurolithocholate 0.5 • 0.8 c 1.4 • 1.0 c,d 0.5 • 1.0 d 
Glycolithocholate 3 • 2 4 • 5 1 • 2 

ratios 

Cholate/cheno 0.5 • 0.2c, d 0.9 + 0.3 c,e 1.2 • 0.4a~ e 
Glyine/taurine 0.7 • 0.2 c 0.6 • 0.2 d 0.3 • 0.3c, d 
Primary/secondary 12.4 • 3.6 c 6.1 • 2.6 c,d 11.5 + 4.8 d 

Hydrophobicity index 0.37 • 0.03 c 0.34 • 0.05 d 0.27 • 0.04c, d 

aStat ist ical  analysis (two-factorial ANOVA) revealed no effect of dietary cholesterol so 
data were combined. See Table 1 for abbreviations. 
bValues are mean • SD for 11-13 hamsters. 
c,t~eMeans sharing a common superscript are significantly different (P < 0.05). 

g l y c o c h o l a t e  w a s  n o t  a f f e c t e d  by  s t r a in .  T a u r o c h e n o  w a s  
t h e  p r e d o m i n a n t  b i l e  a c i d  a n d  w a s  u n a f f e c t e d  b e t w e e n  
s t r a ins ,  w h e r e a s  g l y c o c h e n o  was  5.2 t i m e s  h i g h e r  in  C H R  
t h a n  in  H A R  h a m s t e r s  a n d  1.7 t i m e s  h i g h e r  t h a n  in B I O  
h a m s t e r s .  A h i g h e r  p e r c e n t a g e  of  t a u r o d e o x y c h o l a t e  w a s  

o b s e r v e d  in B I O  a n d  H A R  h a m s t e r s  c o m p a r e d  to  C H R  
h a m s t e r s .  A s  a r e su l t ,  t h e  r a t i o  of  p r i m a r y  to  s e c o n d a r y  
b i le  a c i d s  w a s  lower  in  B I O  h a m s t e r s  t h a n  in  C H R  o r  
H A R  h a m s t e r s .  

A s i g n i f i c a n t  s t r a i n  e f f e c t  a n d  a s t r a i n - d i e t  i n t e r a c t i o n  
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were noted in the glycineJtanrine conjugation pattern 
(Table 6). HAR hamsters had a significantly higher per- 
centage of taurine~conjugated bile acids (78 +_ 12%) than 
CHR and BIO hamsters (59 _+_ 6% and 63 _+ 9%, respec- 
tively). Correspondingly, glycine conjugation was signifi- 
cantly lower in HAR hamsters (22 ___ 12%) while CHR and 
BIO hamsters conjugated 41 __ 6% and 37 +_ 9% of their 
bile acids with glycine. As a result, the glycine/taurine 
ratio was lowest in HAR hamsters, highest in CHR ham- 
sters with BIO hamsters being intermediat~ 

The HI, a measure of the hydrophobic/hydrophilic 
balance of biliary bile acids, was lowest in HAR ham- 
sters and significantly increased in both CHR and HAR 
hamsters. 

Gallstone incidence. Examination of gaUbladders after 
5 wk revealed a striking difference in gallstone incidence 
attributed to both the strain of hamsters and the level of 
dietary cholesterol (Table 5). Overall, HAR hamsters pro- 
ved least susceptible to cholesterol gallstones with only 
3 of 13 hamsters (both diets combined) developing cho- 
lesterol stones and only when fed 0.8% dietary cholesterol 
Two of 7 HAR hamsters fed 0.4% dietary cholesterol 
formed pigment gallstones. Cholesterol stones or crystals 
were present in 3 of 5 CHR hamsters fed 0.4% and in 4 
of 6 CHR hamsters fed 0.8% dietary cholesterol. No pig- 
ment stones were found among CHR hamsters (Table 5). 
In BIO hamsters fed 0.4% cholesterol 2 of 6 hamsters 
developed pure cholesterol stones, whereas 3 of 6 hamsters 
formed pigment stones, two of which were mixed with 
cholesterol crystals. Feeding 0.8% dietary cholesterol in- 
creased the incidence of cholesterol stones among BIO 
hamsters with 5 of 6 hamsters developing cholesterol 
stones {in one case 3 small pigment stones were mixed 
with cholesterol stones and crystals) {Table 5). 

DISCUSSION 

Recently we described significant differences in plasma 
and biliary lipids and the bile acid profile in four strains 
of Syrian hamsters maintained on a similar, but choles- 
terol-free purified diet {18). For the current study three 
of these strains (CHR, BIO and HAR) were selected based 
on distinct differences in lipoprotein and biliary lipid com- 
position detected during the previous study {18). Sasco 
hamsters, although susceptible to cholesterol gallstones 
(6,7), were not included because previous comparisons 
have found them to be slightly less susceptible than CHR 
hamsters under our conditions (7; unpublished observa- 
tions}. Challenges with a cholesterol-enriched diet have 
revealed differences in hepatic cholesterol accumulation 
and lipoprotein and bile acid profiles that appear to af- 
fect the incidence of cholesterol gallstones, with CHR 
hamsters being the most susceptible strain. 

Liver cholesterol and gallstone incidence. Hepatic cho- 
lesterol accumulation was affected by strain. Surprisingly 
no substantial effect of dietary cholesterol (0.4 vs. 0.8%) 
was evident, suggesting that a plateau was reached with 
0.4% dietary cholesterol or that the 5-wk period was too 
brief to allow a difference to develop. Although HAR 
hamsters accumulated significantly more hepatic choles- 
terol than BIO and CHR hamsters, the LI and incidence 
of cholesterol gallstones tended to be lowest in this strain. 
In contrast, CHR hamsters, with the lowest hepatic 
cholesterol concentration, developed the most cholesterol 

gallstones. Overall, no correlation existed between the 
hepatic cholesterol concentration (both free and total) and 
either the lithogenic index or the absolute (raM) or relative 
(tool%) biliary cholesterol concentrations. This corrobo- 
rates previous findings {35-37) emphasizing the lack of 
relationship between hepatic cholesterol concentration 
and biliary cholesterol saturation. Thus, increased liver 
cholesterol accumulation can lead to supersaturated bile 
with minimal or no cholesterol gallstone formation, as 
demonstrated by HAR hamsters. On the other hand, the 
lack of hepatic cholesterol accumulation is typically found 
in the EFAD model where bile supersaturation and gaU- 
stone formation are prevalent (8). 

Biliary lipids in relation to gallstones. Although all 
hamsters developed supersaturated bile and an LI ex- 
ceeding 1.0, HAR hamsters maintained higher mol% bile 
acids and lower mol% biliary cholesterol resulting in the 
lowest LI. The LI of BIO hamsters was 1.5 times higher 
than HAR and 1.4 times higher than CHR hamsters, but 
the cholesterol gallstone incidence was practically equal 
for BIO and CHR hamsters (58% vs. 64% for the com- 
bined diets) and lowest for HAR hamsters (23%). When 
the same strains of hamsters were maintained on a puri- 
fied cholesterol-free diet, CHR hamsters revealed signifi- 
cantly higher mol% biliary cholesterol and phospholipids 
and the lowest mol% bile acids with slightly supersatu- 
rated bile (LI of 1.0 +_ 0.2) suggesting the onset of biliary 
cholesterol saturation even without dietary cholesterol 
(18). Thus, the LI per se is not necessarily a good predic- 
tor of cholesterol gallstone incidenc~ Factors such as anti- 
nucleating proteins (38), mucus production (39) or nuclea- 
tion time presumably differ between hamster strains. 

Lipoproteins and lithogenesis. Although all three 
strains of hamsters developed hyperlipemia in response 
to both levels of dietary cholesterol (0.4% vs. 0.8%), BIO 
and HAR hamsters had a markedly higher cholesterol- 
emic and triglyceridemic response to the cholesterol- 
enriched diets than CHR hamsters. A similar sensitivity 
of the BIO hamster to dietary cholesterol and saturated 
fat was reported previously (16). Strain differences in the 
cholesterol lipoprotein distribution between CHR, BIO 
and HAR hamsters revealed that VLDL and IDL choles- 
terol were greatly expanded at the expense of HDL 
cholesterol (7,8). In the absence of dietary cholesterol the 
VLDL + LDL/HDL-cholesterol ratio was below 1.0 in all 
three strains (HAR, 0.4; CHR, 0.5; BIO, 0.8) (18), whereas 
this ratio increased after cholesterol feeding to 2.6 in BIO 
hamsters and to 1.5 and 1.6 in CHR and HAR hamsters, 
respectively. 

Bile acid profile and gallstones. In the absence of dietary 
cholesterol, total cholate accounted for 50% of the total 
bile acids in CHR and 60% in BIO and HAR hamsters 
(18). Adding dietary cholesterol (this study) depressed the 
percent cholate to a different extent in the three hamster 
strains. Consequently, total chena normally representing 
20% of the total bile acids in HAR, 30% in BIO and 46% 
in CHR hamsters, increased in all three hamster strains. 
In fact, cholesterol-fed CHR hamsters with the highest 
incidence of cholesterol gallstones demonstrated the 
highest percentage of cheno (61%) and the lowest percent- 
age of cholate (31%), and the lowest cholate/cheno ratio 
(0.5), consistent with our previous results under the same 
dietary conditions (37). The shift in the bile acid profile 
was less pronounced in HAR hamsters, the only hamsters 
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with a cholate/cheno ratio tha t  remained above 1.0 and 
which developed the least  cholesterol gallstones. H A R  
hamsters  fed a cholesterol-free diet maintained a cholate/ 
cheno ratio of 3.3 (18). 

The decline in the cholateYcheno ratio has been described 
previously under  a var ie ty  of gallstone~inducing dietary 
conditions in hamsters (6,37,40,41 ). However, the strlklng 
strain differences in the cholate]cheno ratio and suscep- 
tibili ty to cholesterol gallstones emphasize the probable 
genetic influence on the relationship. Studies in rats  (42) 
and hamsters (43) have led others to suggest  tha t  dietary 
cholesterol depresses 12a-hydroxylase activity, the key en- 
zyme in cholate synthesis. However, extensive hepatic 
cholesterol accumulation does not  necessarily depress 
cholate in hamster  bile (37). In fact, HAR hamsters herein 
had the greatest cholate profile despite having the greatest 
hepatic cholesterol accumulation, providing fur ther  evi- 
dence tha t  cholesterol feeding and liver cholesterolper se  
are not  causally related to depressed 12-OHase activity. 
Differences in lipoprotein and bile acid distr ibution ol> 
served in the three hamster  strains in this s tudy support  
the hypothesis (19) tha t  circulating lipopretein cholesterol 
precursor pools, rather  than  hepatic cholesterol, exert  the 
pr imary modulat ing effect over the bile acid profile 

Compared to a similar diet without  cholesterol (18), the 
cholesterol content of the present diet increased the cheno 
pool, and taurochenodeoxycholic acid was the predomi- 
nant  bile acid. The glycine~taurine ratio did not  differ be- 
tween the three strains, and bile acids were equally con- 
jugated with both  amino acids. The cholesterol challenge 
decreased the glycine]taurine ratio in all three strains 
al though to a different extent.  H A R  hamsters  demon- 
s trated the biggest shift in the conjugation pat tern  (from 
1.1 to 0.3) whereas the change was less pronounced in 
CHR hamsters  (from 1.0 to 0.7). 

Our data  suggest  tha t  the hydrophilic/hydrophobic 
balance between glycine and taurine-conjugated tri- and 
dihydroxy bile acids, calculated as the HI  (32), was the 
best  predictor of cholesterol gallstones. Usually, hamsters 
fed chow or a cholesterol-free purified diet have an H I  b e  
tween +0.22 and +0.27 (18,32,37), but  this index has been 
depressed as low as +0.14 by cholestyrsmlne" which 
totally prevented cholesterol gallstone formation (37). The 
H I  increased in all our hamster  strains during cholesterol 
feeding in parallel with gallstone induction. Thus, H A R 
hamsters  with a high-normal HI  (+0.27) had the lowest 
gallstone incidence, whereas the large number of choles- 
terol gallstones in CHR hamsters  was associated with a 
1.5-fold increase in H I  to +0.37. BIO hamsters  were in- 
termediat~ both for HI  (+0.34) and cholesterol gallstones. 
Taken together, the results suggest  a strong relationship 
between the cheno/cholate rat i~ HI  and cholesterol 
gallstone formation. I t  is noteworthy tha t  the bile acid 
contr ibut ing most  to the HI,  i.e., deoxycholic acid, has 
been associated with the pathogenesis of gallstones in 
humans (44). 

In summary, differences in lipoprotein and biliary lipid 
composition, including the LI  and HI,  and cholesterol 
gallstone formation were observed during dietary choles- 
terol challenge of three strains of hamsters. Comparison 
of these parameters suggests tha t  CHR hamsters are more 
prone to cholelithiasis under these dietary conditions than 
the two other  strains examined, bu t  a clear link between 
specific lipopreteins and gallstones was not  obvious. Thus, 

the source (environmental and nutritional) and genetic 
background of the animals are impor tan t  variables when 
cholesterol metabolism and cholelithiasis are evaluated in 
this species. 
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Fish oils containing different levels of polymers of tri- 
acylglycerols formed during autoxidation were incubated 
with pancreatic lipase to establish whether these poly- 
mers are substrates for lipase hydrolysis. With oils con- 
taining low amounts (less than 4%) of triacylglycerol 
polymers as substrates, both triacylglyccrols and poly- 
mers of triacylglycerols were almost completely hydro- 
lyzed, and fatty acid monomers and monoacylglycerols 
were the major lipid products. Under the same incuba- 
tion conditions, some triacylglycerols remained intact 
when highly oxidized oils containing 20 or 30% triacyl- 
glycerol polymers were the substrate. The fatty acid com- 
position of these residual triacylglycerols was almost iden- 
ticai to that of triacylglycerols present at the start of the 
assay. When fish oil containing 30% triacylglycerol poly- 
mers was incubated with the lipase, the component tri- 
acylglycerols and polymers of triacylglycerols were hydro- 
lyzed at similar rates, and fatty acid dimers were detected 
as a product. It  is concluded that the high molecular 
weight polymers of triacylglycerols present in oxidized 
fish oils can be hydrolyzed by pancreatic lipase in vitro. 
Lipids 28, 313-319 (1993). 

There is currently much interest in fish oils in relation to 
human health, largely on account of their high content 
of n-3 polyunsaturated fatty acids {PUFA) (for reviews, 
see ref. 1). Although many studies have examined the ef- 
fects of dietary fish oils on the lipid composition of blood 
and tissues in mammals (1-3), far less attention has been 
directed toward the initial digestion and absorption of the 
oils. 

As with fats in general, the triacylglycerols which com- 
prise the bulk of fish oils are hydrolyzed by pancreatic 
lipase in the intestinal lumen to free fatty acids and 2- 
monacylglycerols which are then absorbed by the enterc~ 
cytes of the intestinal wall (4). Evidence from in vitro (5-7) 
and in vivo (8,9) studies suggests that long-chain PUFA 
characteristics of fish oils are more slowly liberated from 
triacylglycerol molecules than shorter chain, less unsatu- 
rated fatty acids. Possible bases for the discrimination of 
the digestive lipases against PUFA include chain length, 
degree of unsaturation and their distribution between the 
primary and secondary positions of the triacylglycerol 
molecule Peroxidized PUFA, however, do not appear to 
be discriminated against during the hydrolysis of triacyl- 
glycerols by pancreatic lipase (10). 

Commercial fish oils have recently been shown to con- 
tain small amounts of high molecular weight polymer 
material (11,12). These polymers most likely arise from 

*To whom correspondence should be addressed. 
Abbreviations: CLO, cod liver oil; CPL, chromatographically purified 
lipid; GLC, gas-liquid chromatography; HPLC, high-performance li- 
quid chromatography; HPTLC, high-performance thin-layer chro- 
matography; PUFA, polyunsaturated fatty acids; TLC, thin-layer 
chromatography; UV, ultraviolet. 

the intermolecular linking of triacyiglycerol molecules v/a 
peroxy bridges or other linkages formed during the autox- 
idation of their component PUFA. Studies on the en- 
zymatic hydrolysis of thermally oxidized plant oils have 
shown that high molecular weight polymers of triacyl- 
glycerols are poor substrates for pancreatic lipase in vitro 
(13,14). No information, however, is available on the ex- 
tent to which the polymers of triacylglycerols in oxidized 
fish oils can act as substrates for mammalian digestive 
lipases. In the present study, fish oils containing such 
polymers were subjected to hydrolysis with pancreatic 
lipase in vitro to establish whether these high molecular 
weight polymers are potential substrates for this enzyme 
in viva 

MATERIALS AND METHODS 

Fish oils. Cod liver oil (CLO) was obtained from Peter 
Moiler A/S (Osk~ Norway). Chromatographically purified 
lipid (CPL) was the Fish Oil 30 manufactured by CPL 
Company AB (Karlshamn, Sweden). The oils contained 
no added antioxidant. To promote oxidation, 40 g samples 
of both oils were stirred for either 4 or 8 d in open beakers 
of 4.8 cm internal diameter at 35~ under irradiation from 
an artificial daylight fluorescent tube (1.1 • 1019 
Qm-2s-1). CLOs subjected to these conditions for 4 and 
8 d were designated CLO-4 and CLO-8, respectively. The 
corresponding CPL otis were refered to as CPL-4 and 
CP~8. Peroxide values were measured by iodometric titra- 
tion (15), and thiobarbituric acid values were determined 
as described by Ke and Woyewoda (16). Anisidine and 
iodine values were measured according to IUPAC 2.504 
(17) and Wij's method (18), respectively. Polymer content 
was determined by size exclusion high-performance liquid 
chromatography (HPLC) as described previously (11). 

Lipase hydrolysis. Purified porcine pancreatic lipases 
(triacylglycerol acylhydrolase, E.C. 3.1.1.3) were purchased 
from Sigma Chemical Co. Ltd. (Poole, United Kingdom) 
and was approximately 75% protein with 20,000 to 50,000 
units per mg protein. Colipase purified from porcine pan- 
creas was also obtained from Sigma. The standard assay 
system employed comprised CaC12 (0.18% wt/vol), 
sodium deoxycholate (0.01% wt/vol), lipase and fish oil (2% 
vol/vol) in 0.5 M Tris/HCl, pH 7.7 and total volume 5.0 mL. 
Each assay contained 10,000 units of purified lipase and 
10/~g colipase Assays were carried out in sealed tubes 
with stirring at 37~ in the dark- When required, aliquots 
were removed from incubations for lipid analysis. 

Lipid analysis. Total lipid was extracted from whole 
assays or aliquots with chloroform/methanol (2:1, vol/vol) 
(19). The analysis of lipid extracts by size exclusoin HPLC 
was carried out as previously described using three col- 
umns connected in series (20). Values quoted are percent- 
age of total area obtained for each analysis. When re- 
quired, lipid class composition was also determined by 
high-performance thin-layer chromatography (HPTLC) 
using hexane/diethyl ether/glacial acetic acid (80:20:2, by 
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vol) as the developing solvent systerm The copper acetate 
reagent of Fewster e t  al. (21) was used to visualize the 
separated components which were subsequently quan- 
titated using a Shimadzu CS-930 dual wavelength thin- 
layer chromatography (TLC} scanner linked to a Shimadzu 
DR-2 data recorder {Tokyo, Japan}. For confirmation of 
the identity of diacylglycerols, HPTLC plates were im- 
pregnated with boric acid by immersion in 1.2% (wt/vol) 
boric acid in ethanol]water (1:1, vol]vol} and dried at 105 ~ 
for 5 min. Samples and standards were then applied, and 
the plates developed in chloroform/acetone (96:4, vol/vol). 
Developed chromatograms were visualized as above 

To establish whether components containing inter- 
molecular peroxy {C-OO-C} linkages were present, lipid 
recovered from lipase incubations with highly oxidized 
fish oil were treated with stannous chloride {22). Prior to 
its use for this purpose, the method was evaluated by ap- 
plying it to methyl esters of cod roe total lipid, which had 
been oxidized under ultraviolet (UV} light for two days 
to produce polymers. Saponification of lipase products 
was performed using 1M KOH in 95% ethanol {19}. 

For fat ty acid analysis, lipid classes were separated by 
TLC using 20 • 20 cm glass plates coated with silica gel 
G and the solvent system described above for HPTLC 
densitometry. The separated lipid classes were transesteri- 
fled directly on the adsorbent with 1% H2SO 4 in meth- 
anol to prepare methyl esters of the fatty acids {19}. Fatty 
acid methyl esters were analyzed by capillary gas-liquid 
chromatography (GLC} using a 50 m • 0.32 mm i.d. CP 
Wax 51 fused silica column and on-column injection under 
conditions previously described (23}. 

RESULTS 

Prior to the exposure of oils to oxidizing conditions, the 
initial peroxide, anisidine and thiobarhituric acid values 
of the cod liver oil (CLO-0) were all higher than those of 
the chromatographically purified fish oil, CPI~0 (Table 1). 
The triacylglycerol polymer content of the CLO-0 (1.6%} 
was also slightly higher than that  of CPL-0 (1.3%). Con- 
versely, the iodine value of CLO-0 (169) was lower than 
that  of CPL-0 (222). The characteristics of both otis were 
changed markedly by exposure to oxidizing conditions. 
Peroxide. anisidine and thiobarhituric acid values and 
triacylglycerol polymer content were all related to the 
length of time exposed to the oxidizing conditions. The 

TABLE 1 

Characteristics of Fish Oils a 

PV TBA TAG Polymer 
(meq/kg) AV (~anol/g) IV (%) 

CLO-0 4.3 23 0.7 169 1.6 
CLO-4 82.0 38 5.4 169 3.7 
CLO-8 940.0 360 39.0 139 30.3 
CPL-0 3.0 2 0.3 222 1.3 
CPL-4 130.0 20 6.6 220 3.4 
CPL-8 740.0 180 33.0 206 20.4 

aAbbreviations used are: CLO, cod liver oil; CPL, chromatographi- 
caUy purified lipid; PV, peroxide value; AV, anisidine value; TBA, 
thiobarbituric acid; IV, iodine value; TAG, triacylglycerol. 

anisidine value of CLO-8 was double that  of CPL-8, 
whereas the differences between these two oils in terms 
of peroxide and thiobarbituric acid values were not so 
great. Although little difference in iodine value was 
observed between starting oils and those oxidized for 4 d~ 
the iodine values of CLO-8 and CPL-8 were substantially 
less than those of CLO-0 and CPL-0, respectively. The 
triacylglycerol polymer contents of CLO-4 and CPL-4 were 
more than double those of CLO-0 and CPI~0, respectively, 
as determined by HPLC analysis. In CLO-8, 30.3% of the 
oil was polymer material compared to only 20.4% in 
CPL-8. The polymers present in CLO-0 and CLO-4 con- 
sisted of only dimers of triacylglycerols whereas the 
polymers in CLO-8 were made up of 60% dimers, 24% 
trimers and 16% more highly polymerized forms of 
triacylglycerols. Similarly, only dimers of triacylglycerols 
were present in the CPI~0 and CPL-4 oils, but the polymer 
fraction of CPL-8 comprised 80% dimers, 18% trimers and 
2% higher polymers. 

Analysis of the starting oils by HPLC showed that  
triacylglycerols were the major component of all oils 
(Table 2). A small amount of cholesterol was present in 
the cod liver oils but was absent from the CPL oils. Pre  
liminary time course experiments in which HPTLC was 
used to follow the disappearance of triacylglycerols from 
CLO-0 and CPI~0 established that under the assay con- 
ditions employed triacylglycerols were almost entirely 
hydrolyzed by the lipase in 1 h. This incubation time was 
used in subsequent assays of lipase action on all oils. 

The composition, as determined by HPLC, of total lipid 
extracted from assays after incubation of the oils with the 
purified pancreatic lipase is presented in Table 2. Polymers 
and dlmers of fatty acids, if present, cc~elute with triacyl- 
glycerols and diacylglycerols, respectively (14), when ana- 
lyzed by size exclusion HPLC under conditions similar 
to those employed in this study. In all assays with CLO 
as substrate" monoacylglycerols and fatty acid monomers 
were the major lipid classes recovered at the end of the 
incubation period. Fatty acid monomers accounted for 
some 50% of the lipid from assays with CLO-0 and CLO-4 
but only 34% of that from CLO-8. Monoacylglycerols were 
the second most abundant lipid class extracted from all 
assays with the exception of the CLO-8 assay in which 
the levels of fatty acid monomers and monoacylglycerols 
were equal. Higher proportions of components correspon- 
ding to triacylglycerols plus fatty acid polymers and 
diacylglycerols plus fatty acid dimers were present in the 
assays with CLO-8 than with CLO-4 or CLO-0. No 
polymers of triacylglycerols were recovered in the lipid ex- 
tracted from assays with CLO-0 and CLO-4, but very 
small amounts were observed in the assays conducted 
with CLO-8. 

The pattern observed with CPL oils as substrates 
(Table 2) was generally similar to that obtained with CLO 
oils. For CPL-0 and CPI~4, fatty acid monomers were the 
major lipid class recovered from each assay followed by 
monoacylglycerols. However, with CPL-8 as substrate" the 
proportion of fatty acid monomers present in the lipid ex- 
tracted from assays was notably less than was observed 
when CPL-0 and CPL-4 were the substrate oils. The level 
of triacylglycerols plus fatty acid polymers recovered from 
assays with CPL-8 was higher than that  observed with 
the other two oils. No polymers of triacylglycerols were 
recovered from assays with CPL-0 and CPL-4, whereas 
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TABLE 2 

Lipid Class Composition (% total lipid) as Determined by HPLC Analysis of Oils 
Before and After Incubation with Pancreatic Lipase a 

CLO-0 CLO-4 CLO-8 

Initial composition 
Triacylglycerol 

polymers 1.6 • 0.1 3.7 • 0.9 30.3 • 0.8 
monomers 96.7 • 0.2 94.9 • 1.0 69.0 • 0.8 

Cholesterol 1.7 • 0.2 1.4 • 0.2 0.7 • 0.0 

Final composition 
Triacylglycerol 

polymers 0.0 • 0.0 0.0 • 0.0 0.4 • 0.4 
monomers + FAP 6.6 • 3.6 1.8 • 1.0 11.6 • 7.9 

Diacylglycerols + FAD 9.4 • 2.6 7.8 • 2.0 19.5 + 8.1 
Monoacylglycerols 33.9 _+ 4.5 40.5 _ 4.1 34.4 • 7.1 
Cholesterol 0.1 • 0.1 0.2 • 0.2 0.2 • 0.2 
Fatty acid monomers 49.7 • 2.4 49.8 • 1.7 33.9 • 6.6 

CP~0 CP~4 CP~8 

Initial composition 
Triacylglycerol 

polymers 1.3 • 0.1 3.4 _ 0.1 20.4 __. 0.7 
monomers 98.7 + 0.0 96.6 + 0.1 79.6 • 0.7 

Final composition 
Triacylglycerol 

polymers 0.0 + 0.0 0.0 + 0.0 1.3 + 1.0 
monomers + FAP 6.2 • 3.3 1.7 • 1.2 17.6 + 2.8 

Diacylglycerols + FAD 10.5 • 4.0 7.9 • 2.1 18.4 + 4.9 
Monoacylglycerols 34.4 • 4.3 38.4 • 6.1 26.0 • 3.4 
Cholesterol 0.0 • 0.0 0.0 • 0.0 0.0 • 0.0 
Fatty acid monomers 48.5 • 2.3 51.9 • 3.4 37.8 • 4.2 

aValues are means • SD of three analyses or incubations. Abbreviations used are: 
CLO, cod fiver off; CPL, chromatographically purified lipid; FAP, fatty acid polymers; 
FAD, fatty acid dimers; HPLC, high-performance liquid chromatography. 

TABLE 3 

Effects of Saponification and Stannous Chloride (SnCl 2) Reduction on the Composition 
of the Products of LJpase Hydrolysis of CLO-8 a 

Treatment 

SnCI 2 reduction 
Lipid class None Saponification SnCI 2 reduction + saponification 

Triacylglycerol 
polymers 0.4 -- 0.3 

Triacylglycerol 
monomers 11.6 -- 11.8 

Diacylglycerols / l 19.5 14.6 Dimer fatty acids I 3.3 f 
Monoacylglycerols 34.4 -- 35.0 
Fatty acid monomers 33.9 95.8 38.0 
Cholesterol 0.2 0.9 0.3 

m 

m 

4.0 

95.0 
1.0 

aValues are means of two experiments. CLO, cod fiver oil. 

some 1% of the  l ipid ex t rac ted  from assays  wi th  CPL-8 
was t r iacylglycerol  po lymer ic  mater ia l .  The  c o m p o n e n t  
co r re spond ing  to diacylglycerols  p lus  f a t t y  acid d imers  
was also a ma jo r  l ipid p roduc t  of assays  w i th  CPL-8. 
Qua l i t a t ive  H P T L C  ana lys i s  of the  l ipid ex t rac ted  from 
assays  genera l ly  agreed wi th  the  resul t s  of the  H P L C  
analys is  and, in  the  case of assays  wi th  CLO-8 and  CPL-8 
oils, showed the  presence of a smal l  a m o u n t  of polar  
mater ia l  which remained  mos t ly  a t  the  origin b u t  also ran  
as a diffuse b a n d  to j u s t  above the  monoacylglycerols .  

To es tab l i sh  whe ther  po lymer  and  d imer  f a t t y  acids 
were p re sen t  as p roduc t s  of I ipase hydrolysis ,  the  l ipids 
ex t rac ted  f rom 1-h i n c u b a t i o n s  of CLO-8 wi th  l ipase were 
subjected to saponif icat ion or s t annous  chloride reduct ion 
a nd  ana lyzed  by  HPLC. I n  addi t ion,  samples  which had  
been  t rea ted  wi th  s t a n n o u s  chloride were s u b s e q u e n t l y  
saponfied a nd  re-analyzed. Of the saponif ied lipolysis pro- 
ducts ,  95.8% was monomer ic  f a t t y  acids a nd  3.3% was 
f a t t y  acid d imers  which had  the  same  r e t en t ion  t ime  as 
the diacylglycerols in the original l ipase products  {Table 3). 
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Trea tment  of the  lipolysis products  wi th  s t annous  chloride 
resu l ted  in  a decrease in  the  p ropor t ion  of the  c o m p o n e n t  
w i th  r e t en t i on  t ime  equa l  to t h a t  of diacylglycerols  f rom 
19.5 to 14.6%. A t  the  same  t ime  the  p ropor t ion  of f a t t y  
acid m o n o m e r s  increased  from 33.9 to 38.0%. Saponif ica-  
t ion  of the  CLO-8 after  l ipolysis and  t r e a t m e n t  wi th  s tan-  
nous  chloride yielded 4% f a t t y  acid dimers,  the  r emainder  
be ing  a lmos t  exclusively  m o n o m e r  f a t t y  acids wi th  1% 
cholesterol.  No f a t t y  acid po lymers  were observed  af ter  
any  t r e a t m e n t .  

The summar ized  fa t ty  acid classes isolated by TLC from 
assays  w i th  the  or ig ina l  oils and  oils which  had  been  ox- 
idized for 8 d are compared  in  Tables 4 and  5 wi th  those  
of the  t r iacylglycerols  p resen t  in  these  oils a t  the  s t a r t  
of the  assays.  The  t r iacylglycerols  o r ig ina l ly  p resen t  in 

CLO-0 con ta ined  some 30% P U F A  whereas  on ly  18.8% 
of the  f a t t y  acids in  CLO-8 t r iacylglycerols  were po lyun-  
s a t u r a t e d  {Table 4). The  ra t io  of 22:6n-3 to 20:5n-3 in  
CLO-0 t r iacylglycerols  was 1.3 b u t  on ly  1.1 in  those of 
CLO-8. Residual  t r iacylglycerols  i so la ted  from l ipase in- 
cuba t ions  wi th  CLO-8 were s imilar  in  f a t ty  acid composi- 
t i on  to  those  o r ig ina l ly  p resen t  before the  i n i t i a t i on  of 
lipolysis. P U F A  accoun ted  for 46.4% of f a t t y  acids in  
CPL-0 t r iacylglycerols  b u t  on ly  38.7% in those  of CPL-8 
{Table 5). The  ra t ios  of 22:6n-3 to 20:5n-3 in  CPL-0 and  
CPL-8 t r iacylglycerols  were 0.9 a nd  0.7, respectively, and  
the  f a t t y  acid compos i t ion  of the  t r iacylglycerols  remain-  
ing  in  assays  wi th  CPL-8 at  the  end  of the  i n c u b a t i o n  
per iod was a lmos t  ident ica l  to t h a t  p resen t  a t  the  s t a r t  
of the  l ipase digest ion.  W i t h  all s u b s t r a t e  oils examined,  

TABLE 4 

Summarized Fatty Acid Compositon (wt%) of Original Triacylglycerols 
and Products of Lipolysis of Cod Liver Oils a 

Initial Final 
Fatty acids TAG TAG DAG MAG FFA 

CLO-0 
Total saturated 16.5 -- 16.1 • 0.7 22.1 • 1.7 13.5 • 1.1 
Total monoenoic 53.6 -- 38.7 • 3.1 35.0 • 0.9 67.7 • 2.7 
20:5n-3 8.3 -- 17.3 • 2.0 11.5 • 0.4 6.1 • 1.0 
22:6n-3 10.4 -- 16.8 • 0.9 21.9 • 1.6 4.4 • 0.7 
Total PUFA 29.9 -- 44.9 • 3.2 42.7 • 2.3 18.7 ___ 2.0 
22:6n-3/20:5n-3 1.3 -- 1.0 • 0.1 1.9 + 0.1 0.7 • 0.1 

CLO-8 
Total saturated 19.8 18.9 • 0.3 23.2 • 0.8 29.2 • 0.7 17.6 • 0.4 
Total monoenoic 61.0 61.9 • 0.4 51.0 • 4.1 48.7 • 2.7 75.4 • 0.2 
20:5n-3 5.3 5.7 • 0.3 9.6 • 2.2 5.9 • 0.6 1.3 • 0.1 
22:6n-3 5.9 6.2 • 0.4 7.7 • 1.4 8.8 • 1.4 0.9 • 0.1 
Total PUFA 18.8 19.0 • 0.6 25.2 • 4.4 21.8 • 2.5 6.9 + 0.6 
22:6n-3/20:5n-3 1.1 1.1 • 0.0 0.8 • 0.1 1.5 • 0.1 0.7 • 0.1 

aValues are means • SD of three assays. Abbreviations used are: CLO, cod liver oil; 
TAG, triacylglycerols; DAG, diacylglycerols; MAG, monoacylglycerols; FFA, free fatty 
acids; PUFA, polyunsaturated fatty acids. 

TABLE 5 

Summarized Fatty Acid Compositon (wt%) of Original Triacylglycerols 
and Products of Lipolysis of Chromatographically Purified Oils a 

Initial Final 
Fatty acids TAG TAG DAG MAG FFA 

CLO-0 
Total saturated 27.2 -- 18.3 • 0.9 26.2 • 1.0 
Total monoenoic 26.0 -- 14.1 • 1.8 15.2 • 1.0 
20:5n-3 15.3 -- 31.9 • 4.2 15.7 • 0.7 
22:6n-3 13.9 -- 18.2 • 0.7 26.2 • 0.3 
Total PUFA 46.4 -- 67.5 • 2.7 58.6 + 0.8 
22:6n-3/20:5n-3 0.9 -- 0.6 • 0.1 1.7 • 0.1 

CPI~8 
Total saturated 30.8 30.5 • 0.7 31.9 • 2.5 37.5 • 2.7 
Total monoenoic 30.3 28.7 • 1.3 24.5 • 2.5 24.0 • 1.3 
20:5n-3 14.9 16.4 + 1.5 19.3 • 3.6 11.8 • 0.7 
22:6n-3 10.3 10.1 • 0.7 10.3 • 1.2 12.6 • 1.9 
Total PUFA 38.7 39.9 • 2.4 43.4 • 4.9 38.3 • 3.8 
22:6n-3/20:5n-3 0.7 0.6 • 0.0 0.5 + 0.1 1.1 • 0.1 

26.7 
33.1 
17.3 

7.9 
40.2 

0.5 

37.9 
47.2 

4.8 
2.0 

14.8 
0.5 

• 0.3 
- 0.8 
+ 0.2 
• 0.4 
• 1.4 
• 0.1 

• 0.8 
--- 0.8 
-- 0.4 
+ 0.1 
• 0.5 
-- 0.0 

aFootnote as in Table 3. CPL, chromatographically purified lipid. 
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the free fatty acid fraction after lipase hydrolysis con- 
tained a higher proportion of monenoic fatty acids than 
the starting triacylglycerols or partial acylglycerols. This 
was particularly true of assays with CLO-0 and CLO-8 
whose triacylglycerols were initially richer in monoenoic 
acids than the equivalent CPL oils. Of the free fatty acids 
recovered from the assays with CLO-0 and CLO-8, 68 and 
75%, respectively, were monounsaturate~ With CLO-0 as 
substrate the content of PUFA in diacylglycerols and 
monoacylglycerols were similar and both higher than that 
of the starting triacylglycerols. However, it was notable 
that whereas the levels of 20:5n-3 and 22:6n-3 were similar 
at around 17% in the diacylglycerols, the level of 22:6n-3 
in monoacylglycerols (22%) was almost twice that of 
20:5n-3. With CLO-8 oil alsa the diacylglycerols and 
monoacylglycerols were of similar PUFA content, and 
again the ratio of 22:6n-3 to 20:5n-3 in monoacylglycerols 
was almost double that in diacylglycerols. Similarly, with 
CPL-0 and CPL-8 as substrates, the ratio of 22:6n-3 to 
20:5n-3 in monoacylglycerols was far greater than that of 
the starting triacylglycerols or the diacylglycerol and free 
fatty acid products. 

To compare the rates of hydrolysis of triacylglycerol 
monomers and polymers, CLO-0 and CLO-8 were in- 
cubated with purified lipase and the lipid classes present 
in the assay examined by HPLC with respect to time 
(Fig. 1}. With CLO-0 as substrat~ the proportion of tri- 
acylglycerol monomers decreased rapidly over the initial 
15 min and was balanced by increases in those of fatty 

0 

CLO4 

0 
0 20 40 60 

Time (rain) 

FIG. 1. Time course of hydrolysis of CLO-0 and CLO-8 with purified 
pancreatic lipase. Experimental conditions were as described in the 
text. Vertical bars represent SD obtained with three incubations. 
r-l--r-l, triacylglyeerol polymers; b - - b ,  triacylglycerol monomers; 
ram--u, diacylglyeerols + fatty acid dimers; A--A, monoaeylglyeerels; 
0 - - 0 ,  fatty acid monomers. CLO, cod liver oil. 

acid monomers, monoacylglycerols and diacylglycerols 
plus fatty acid dlmers. After 60 rnin, only 2% of the lipid 
present in the assay was triacylglycerol monomers, and 
fatty acid monomers closely followed by monoacylglycer ~ 
ols were the predominant lipids. Apart from the zero time 
point, polymers of triacylglycerols were not observed in 
samples taken at various times from the incubation. 

A different pattern of products was observed when 
CLO-8 was employed as substrate (Fig. 1). The proportions 
of triacylglycerol monomers and polymers in this oil 
decreased rapidly during the first 15 mirL During this time 
the proportion of the component corresponding to diacyl- 
glycerols plus dimer fatty acids increased to 65% of the 
total lipid and decreased thereafter to a final value of 34% 
observed after 60 mln. The levels of fat ty acid monomers 
and monoacylglycerols increased slmost equally with time 
of exposure of the oil to the lipase The proportions of 
cholesterol remained constant at around 1.2 and 0.6% in 
assays with CLO-0 and CLO-8, respectively (data not 
shown). When the lipid extracted from the incubations 
with CLO-8 was analyzed by qualitative HPTLC, t ime  
dependent changes similar to those observed with HPLC 
were discernable in the levels of triacylglycerols and free 
fatty acids. Apart from an initial increase over the first 
15 min, no changes in the proportions of diacyl- and 
monoacylglycerols were obvious, and polar material was 
observed streaked above the origin at all time points. 
Analysis of lipid extracts using HPTLC plates impreg- 
nated with boric acid showed the diacylglycerols were 
always predominantly the 1,2-diacylglycerols. When the 
HPLC data obtained for triacylglycerols and triacyl- 
glycerol polymers were expressed as a percentage of their 
initial values in CLO-8, it was notable that these two lipid 
classes were hydrolyzed at similar rates. Thus, relative to 
their initial starting values, 80.9 and 83.2% of the triacyl- 
glycerol polymers and monomer~ respectively, were hydr~ 
lyzed over the initial 15 rain. The rate of hydrolysis over 
the subsequent 45 mln was much less for each. 

DISCUSSION 

As found previously (11), the amount of polymer material 
of high molecular weight present in fish otis was directly 
related to the length of time the oils were exposed to con- 
ditions favoring the autoxidation of PUFA. A notable 
feature was that  the formation of polymers in the CPL 
was less extensive than in the conventional CLO. This may 
be attributed to the virtual absence in the CPL (manufac- 
turer's data sheet) of metal ions which can act as pro- 
oxidants. 

The present results conform to the well established fact 
that fish oil triacylglycerols are efficiently hydrolyzed by 
mammalian pancreatic lipase in vitro (24). It  was notable 
that  monoacylglycerols accounted for around 33% of the 
final lipid product in incubations with original oils and 
oils which had been oxidized for 4 d. Since these oils 
originally comprised predominantly triacylglycerol mono- 
mers, this value is consistent with the purified lipase 
specifically hydrolyzing the fat ty acids from the 1- and 
3-position but  not utilizing the resultant 2-monoacyl- 
glycerol as a substrata This is in keeping with the known 
substrate specificity of the lipase {24). 

The very high content of monoenoic acids in the free 
fatty acid fraction of all lipase-digested oils is consistent 
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with the lipase hydrolyzing the primary positions of the 
triacylglycerol molecules since monoenoic fatty acids are 
known to be preferentially esterified in position sn-3 of 
CLO triacylglycerols {25}. Likewise, the high proportions 
of 22:6n-3 in monoacylglycerols suggest that, in keeping 
with its known stereospecific distribution in CLO triacyl- 
glycerols (25), this PUFA was concentrated in the sn-2 
position of the original triacylglycerol molecules. 

The lower ratio of 22:6n-3 to 20:5n-3 in the triacyl- 
glycerols of the heavily oxidized oils than in those of the 
original oils suggests that within triacylglycerols 22:6n-3 
is more prone to autoxidation than 20:5n-3. The autox- 
idation of methyl ester derivative of 22:6n-3 is also known 
to be more extensive than that of 20:5n-3 {26}. Given that 
22:6n-3 is heavily oxidized during autoxidation of CLO, 
it might be expected that the position sn-2 of triacyl- 
glycerols will contain a higher proportion of autoxidized 
fatty acids than positions sn-1 and sn-3 simply on account 
of the high level of 22:6n-3 located in that position. It has 
been shown recently, however, that the oxidation of tri- 
linoleoyl- and trilinolenoylglycerol is not selective toward 
either the 1{3}- or 2-position {27,28}. A previous com- 
parison of triacylglycerols in fresh sardine oil with that 
displaying moderate autoxidation as a result of freeze 
thawing found no difference in the molecular species com- 
position of the triacylglycerol present suggesting that 
autoxidation in fish oils is also a random process (29). 
Nevertheless, the highly unsaturated nature of the 2- 
position of fish oil triaeylglycerols suggests that this posi- 
tion may be heavily involved in the formation of polymers 
of triacylglycerols by intermolecular condensation of 
peroxy radicals. The relative importance of PUFA situated 
in the different positions of triacylglycerols in inter- 
molecular linking remains to be examined. 

A recent study of the specificity of hydrolysis of 
triacylglycerols in menhaden oil by pancreatic lipase 
in vitro showed clearly that the triacylglycerols remain- 
ing after 70% hydrolysis of the oil were enriched in C2o 
and C22 fatty acids and that PUFAs were most resistant 
to hydrolysis (7). Although not studied in detail, no 
evidence for this specificity with fish oils was observed 
in the present study since residual triacylglycerols were 
almost identical to the original triacylglycerols in fatty 
acid composition. It  was notable, however, that residual, 
nonhydrolyzed triacylglycerols were only present in assays 
with highly oxidized oils. Although this may imply that 
the presence of an autoxidized fatty acid in a triacylglyc- 
erol molecule slows its rate of hydrolysis by pancreatic 
lipase, it does not agree with a recent suggestion that tri- 
acylglycerols containing hydroperoxy linoleoyl and hydro- 
peroxy linolenoyl groups are more hydrophilic in nature 
and may be more susceptible to hydrolysis by lipase (10). 
Nothing is known of the selectivity of lipase toward the 
peroxidized longer chain PUFA which will be present in 
highly oxidized fish oils. It is possible that the triacyl- 
glycerol monomers which remain after the incubation of 
highly-oxidized fish oils with lipase contain intramolecular 
linkages between component PUFA. Such linkages can be 
expected to be resistant to lipase hydrolysis and thus 
hinder the breakdown of the triacylglycerol. However, 
since any cross-linked fatty acids would not be detected 
by the procedure used for the comparison of relative fatty 
acid compositions, the present study does not provide 
definite evidence for the above situation. 

Although the rates of hydrolysis of isolated triacyl- 
glycerol monomers and polymers were not compared in 
the present study, it was found that their rates of hydroly- 
sis were very similar when presented simultaneously as 
components of a highly oxidized oil. This observation con- 
trasts with the results of a similar previous study with 
thermally oxidized plant oils which showed that dimeric 
and polymeric acylglycerols were resistant to hydrolysis 
by pancreatic lipase in vitro {13}. The authors of a more 
recent study in which triacylglycerol monomers and 
polymers isolated from heat-treated olive oil were exposed 
to pancreatic lipase in vitro also noted a slower rate of 
hydrolysis with the polymer fraction {14}. It  remains to 
be established whether similar differences in the rates of 
lipolysis exist between triacylglycerols monomers and 
polymers when they are isolated from autoxidized fish oils 
and presented separately to the lipase 

Peroxy bridges (C-OO-C) are known to be broken by 
reduction with stannous chloride, whereas carbon (C-C) 
and ether (C-O-C) linkages, as well as ester bonds, are 
resistant to this treatment {22}. Alkaline hydrolysis, on 
the other hand, breaks both ester bonds and peroxy 
bridges but  not C-C or C-O-C linkages {30}. Consequent- 
ly, the changes observed upon treatment of the CLO-8 
lipolysis products with stannous chloride are consistent 
with the presence in the lipolysis products of peroxy-linked 
fatty acid dimers which co-elute with diacylglycerols 
under the HPLC conditions employed. The additional 
presence of fatty acid dimers containing ether or carbon 
linkages as products was revealed by saponification of the 
lipid products of lipase hydrolysis. Taken together, these 
observations provide evidence that the hydrolytic degra- 
dation of the triacylglycerol polymers of highly oxidized 
fish oils by pancreatic lipase gives rise to fatty acid dimers 
containing more than one type of linkage~ A recent study 
has also demonstrated that fatty acid dimers are released 
from thermally oxidized olive oil when acted upon by pan- 
creatic lipase in vitro {14). 

With respect to the hydrolysis of triacylglycerol poly- 
mers by pancreatic lipase, extrapolation of the results ob- 
tained with thermally oxidized plant oils to air-oxidized 
fish oils is probably inaccurate although similarities are 
bound to exist. Apart from the obvious differences in fatty 
acid composition between plant oils and fish oils, the type 
of linkages present in triacylglycerol polymers may have 
an influence on the susceptibility of these compounds to 
lipase hydrolysis. Oxidation induced at the high temper- 
atures used to produce thermally-oxidized oils is likely to 
generate a higher proportion of C-C linkages than autox- 
idation brought about by the passage of air or oxygen at 
moderate temperatures, a situation which favors the for- 
mation of peroxy linkages between PUFAs in their methyl 
ester form {31}. Thus, the results of studies using ther- 
mally oxidized plant oils may differ considerably from 
those obtained with air-oxidized fish oils. 

In summary, the present study shows that highly ox- 
idized fish oils containing high levels of triacylglycerol 
polymers are hydrolyzed by pancreatic lipase in vitro less 
efficiently than fish oils which contain only moderate 
or low levels of these polymer compounds. Nevertheless, 
the high molecular weight polymers of oxidized fish 
oils can be degraded by lipase in vitro yielding fatty acid 
dimers as well as the normal products of triacylglycerol 
lipolysis. Further characterization of the nature of the 
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t r i a cy lg lyce ro l  p o l y m e r s  in  a u t o x i d i z e d  f ish  oi ls  a n d  the  
p r o d u c t s  of  the i r  l i po ly t i c  b r e a k d o w n  in v i tro  are m e r i t e d  
before the i r  d iges t ion  a n d  abso rp t i on  b y  m a m m a l s  in v ivo  
are  cons idered .  
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Stearidonic Acid, an Inhibitor of the 5-Lipoxygenase Pathway. A 
Comparison with Timnodonic and Dihomogammalinolenic Acid 
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aNestec Ltd., Nestle Research Centre, Vers-chez-les-Blanc, CH 1000 Lausanne 26, Switzerland and bDepartment of Physiological 
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Leukotrienes have been shown to play an important role 
as mediators in various disease processes, including asthma 
and inflammation; thus, their synthesis is tightly regu- 
lated. The major precursor of leukotrienes is arachidonic 
acid (20:4n4~). Fatty acids which are structurally similar 
to 2~.4n4~, such as eicosatrienoic acid (2(k.3n4~; dihomogam- 
malinolenic acid) and eicosapentaenoic acid (20:5n-3; tim- 
nodonic acid) have been found to inhibit leukotriene biosyn- 
thesis. Because of the structural similarity of octadecate- 
traenoic acid (18:4n~3; stearidonic acid) with 20:4n4~, the 
present study was undertaken to determine whether 
stearidonic acid also exerts an inhibitory effect on the 
~iipoxygenase pathway. Human leukocytes were incubated 
with 18:4n-3 (20 ~M or 10 ~M), 20:5n-3 (20 ~Vl) or 20:3n4~ 
(20 ~M) and subsequently stimulated with 1 ~ ionophore 
A23187 and 20:4n~ (20 pM or 10 ~M). The 5-1ipoxygenase 
products were then measured by high-performance liquid 
chromatography. Leukotriene synthesis was reduced by 
50% with 20 ~M 18:4n-3 and by 35% with 10 pM 18:4n-3. 
Formation of 5S,12S~ii-hydroxy~icosatetraenoic acid and 
of ~hydroxy~icosatetraenoic acid was decreased by 25% 
with 20 ~M 18:4n-3 and by 3% with 10 ~M 18:4n-3. The in- 
hibition observed with 20 ~M 18:4n~3 appeared to be of the 
same order as that observed with 20 ~M 20:5n-3; the in- 
hibition observed with 18:4n-3 was shown to be dose 
dependent. The inhibition produced by 20 ~M 20:3n4~ was 
greater than that observed with either 20 ~M 18:4n~3 or 
with 20 ~M 20:5n-3. The results suggest that stearidonic 
acid, which is found, for example, in blackcurrant seed oil 
(which also contains the 2~.3n4} precursor), may play a role 
in suppressing inflammation. 
Lipids 28, 321-324 (1993). 

In stimulated human polymorphonudear leukocytes (PMN), 
5-1ipoxygenase converts arachidonic acid to 5-hydropemxy- 
eicosatetraenoic acid (5-HPETE). The 5-HPETE is then 
reduced to 5-HETE by glutathione peroxidase or trans- 
formed to a variety of leukotxJenes (1-5) (Fig. 1). LenkotrJene 
B4 (LTB4) possesses potent biological activities and is in- 
volved in leukocyte adhesion, aggregation and degranula- 
tion (6-10). Thus, because of their involvement in leukotriene 
synthesis, leukocytes play an important role in illJ]amrt3atory 
processes (5,11,12). Inhibition of 5-lipoxygenase and hence 
leukotriene synthesis could therefore be a way of down- 
regulating inflammatory events. 

*To whom correspondence should be addressed at: Nestec Ltd., Nes- 
tle Research C~ntre, Vers~:hez-lewBlanc~ Post Office Box 44, CH i000 
Lausanne 26, Switzerland. 
Abbreviations: di-HETE, dihydroxylated eicosatetraenoic acid; 
HEPES, N-2-hydroxyethylpiperazineN'-2~ethanosulfonic acid; HETE, 
hydroxy~icosatetraenoic acid; HHT, hydroxy-heptadecatrienoic acid; 
HODE, hydroxy-octadecadienoic acid; HPETE, hydroperoxy- 
eicosatetraenoic acid; HPLC, high-performance liquid chromatography; 
LTA 4, leukotriene A4; LTB4, leukotriene B4; PGB2, prostaglandin B2; 
PUFA, polyunsaturated fatty acid; R t, retention time. 

20:4n-6 12-HETE ~ 
(r,o= pl,t~ 5- :~ ipoxygenase 

Q 5S,12S-diHETE 5-HPET I= 

GSH per o x y  ~ n t h a s e  

Q 5-HETE LTA 4 

Q nonenzy,,atlc ~ ILTA4 hydr~ 
leukotr lenes @ 

(isomers A and B) LTB4 

FIG. 1. Partial 5-lipoxygenase pathway in lcukoojtes. One circled 
slanted arrow indicates that less product was formed relative to the 
controls when the leukocytes were incubated with 18:4n-3, 20:5n-3 or 
2~.3n4~. Two circled slanted arrows indicate that much less product 
was forme& This suggests that the inhibition may have affected both 
5-1ipoxygenase and leukotriene A 4 (LTA 4) hydrolase. HETE, hydroxy- 
eicosapentaenoic add; di-HETE, dihydmxylated eicasatetraenoic add; 
HPETE, hydroperoxy~icosatetraenoic acid; LTB4, leukotriene B 4. 

There is increasing evidence that certain polyunsaturated 
fatty acids (PUFA) of the n-3 series present in fish oil can, 
by modulating leukotriene synthesi~ favorably affect inflam- 
matory conditions (13-17). 

In the present study, the effects of stearidonic acid 
(18:4n-3), which occurs, for exampl~ in blackcurrant seed oil 
(18), were tested in comparison with other PUFA, namely 
eicosapentaenoic acid (20:5n-3) and dihomogammalinolenic 
acid (20:3n-6). Isolated human leukocytes were incubated 
together with these fatty acid~ and the 5-lipoxygenase end- 
products were separated by thin-layer chromatography 
(TLC) and quantified by high-performance liquid chromatog- 
raphy (HPLC). 

MATERIALS AND METHODS 

Reagents. Calcium ionophore A23187, dextran 250, eico- 
satrienoic acid (20:3n-6L arachidonic acid, (20:4n-6), 
eicosapentaenoic acid, (20:5n-3), prostaglandin B 2 and 
soybean lipoxygenase type 1 (EC 1.13.11.12.) were ob- 
tained from Sigma Chemical Company (St. Louis, MO). 
5-HETE and LTB4 were purchased from Cayman 
Chemicals Company (Ann Arbor, MI). 12-HETE was pr~ 
pared from arachidonic acid (19). [1-14C]Arachidonic acid 
{20:4n-6) was obtained from Dupont-NEN Products 
(Ztirich, Switzerland). Stearidonic acid was isolated from 
blackcurrant seed oil and purified as described (20,21). 
[1-14C]Stearidonic acid was prepared by total synthesis 
using the general procedures previously described (22). 
The Nucleosil C18, 3 ~ column was obtained from 
Macherey-Nagel (Dtiren, Germany). Silica gel G plates and 
organic solvents (analytical grade) were purchased from 
Merck (Darmstadt, Germany). The 13-hydroxy derivative 
of 18:2 [13-hydroxy-octadecadienoic acid {HODE)] was 
prepared by soybean lipoxygenase treatment according 
to the method of Funk et al. (23). 
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Preparation of cell suspensions. Human leukocytes were 
prepared according to our published procedure (19). Blood 
was collected into acid citrate dextrose as anticoagulant 
from normal donors who had not been under medication 
for at least 10 d prior to venipunctur~ After centrifuga- 
tion at 200 X g for 15 rain, platelet-rich plasma was re 
moved, and dextran 500 (0.5 vol of 3% in 0.9% NaCI) was 
added to the pellet. Sedimentation of the red cells was 
achieved in about 90 min at room temperature, and the 
upper leukocyte phase was centrifuged for 15 rain at 
80 X g. The sediment {about 3 X 10 e cells) was resus- 
pended into 1 mL of distilled water for 15 s, and 1 ml, 
of double strength 3~le N-2-hydroxyethylpiper~ineA r- 
ethanesulfonic acid (HEPES) was added to restore the 
isoosmolarity of the leukocyte suspension. This suspen- 
sion was centrifuged for 10 rain at 60 X g, and the sedi- 
mented leukocytes were resuspended in Tyrode/HEPES 
containing 2 mM calcium chloride. 

The leukocytes were incubated with either 10 ~M or 20 
~M 18:4n-3, 20 ~M 20:5n-3, or 20 ~M 20:3n-6 for 30 rain 
at 37~ They were then stimulated by 1 ~V[ calcium 
ionophore A23187 and 20/~M 20:4n-6 for 10 rain at 37~ 
After acidification to pH 3 with 3N HCI, the lipids were 
extracted with cold ethanol/chloroform (3:6, vol/vol). Two 
nanomoles of 13-HODE and 2 umol of prostaglandin B2 
(PGB2) were added before extraction as internal stan- 
dards to quantify the monohydroxylated fatty acids and 
the leukotrienes, respectively. The organic phase was im- 
mediately evaporated under nitrogen to avoid lactoniza- 
tion of the 5-hydroxy derivatives. 

The 5-1ipoxygenase response was also tested on 1 mL 
leukocytes {10 s cells/mL) incubated with either 0, 10, 20, 
40, 70 or 100 tdYl 18:4n-3 for 30 rain at 37~ and were then 
stimulated by 1 tAVI ionophore A23187 and 10 tdVl 20:4n-6. 

Analysis of monohydroxylated fatty acids. Lipid ex- 
tracts were separated by tw~dimensional TLC on silica 
gel G plates. In the first dimension, monohydroxylated 
fatty acids were separated with hexane/diethyl ether/acetic 
acid (60:40:1, by vol). The dihydroxylated fatty acids re  
mained at the origin. The radiolabeled hydroxylated fat- 
ty  acids were detected using a Berthold radioscanner, 
scraped off together with 13-HODE and extracted with 
diethyl ether, and the sample was then evaporated under 
nitrogen prior to analysis by HPLC. The hydroxy de  
rivatives were then separated by reverse-phase HPLC, 
using a 4.6 mm by 250 mm column packed with Nuc- 
leosfl C18 (3 ~M). The eluent methanol/water {adjusted 
to pH 3 with acetic acid} (73:27, vol/vol) was pumped at 
a flow rate of 1 mL/min. The compounds were de  
tected at A -- 234 nm and quantitated relative to the in- 
ternal standard (2 nmo113-HODE) assuming that all com- 
pounds had the same specific extinction (~ = 3 X 104 M -~ 
cm-1). 

Analysis of dihydroxylated fatty acids. The dihydrox- 
ylated fatty acids which remained at the origin were eluted 
perpendicular to the first direction with hexane/diethyl 
ether/acetic acid (25:75:1, by vol). The dihydroxylated fatty 
acids were recovered by extraction with diethyl ether; the 
solvent was evaporated, and the metabolites were then 
separated by reverse-phase HPLC in the same way as 
described before except that the solvent was meth- 
anol/water (pH 3) (66:34, vol/vol). The internal standard 
PGB2 was used to quantify the dihydroxylated fatty 
acids (A = 270 nm, e -- 2.8 • 104 and 5 X 104 M -1 cm -1 

for PGB2 and 5S,12S or R-dihydroxy derivatives, respec- 
tively) using a Hewlett-Packard diode array detector 
(model 1040A) (Basel, Switzerland). 

Statistical analysis. Each data point represents the 
mean +_ SEM of n determinations. The level of signifi- 
cance~ P, was determined by a t-test against the cor- 
responding control. 

RESULTS 

In the control group (Fig. 2), leukocytes were incubated 
with I ~VI ionophore A23187 and 20 ~M arachidonic aci& 
The most prominent component observed was 5-HETE 
which had the same retention time (Rt = 42.69 min) as 
s tandard 5-HETE with a ~max 234 rim. Hydroxy- 
heptadecatrienoic acid (HHT) and 12-HETE was also 
detected by ultraviolet (UV) absorption (234 nm) at 15.42 
and 36.14 rain, respectively. HHT and 12-HETE are form- 
ed by platelet contamination. In this case the contamina- 
tion was not more than 10 platelets per leukocyte. 

In the presence of 18:4n-3 (Fig. 3), two compounds ap- 
peared with Rts of 14.0 and 14.7 mln, respectively. These 
components were also observed at a lower concentration, 
10 tAVl of 18:4n-3, and were radioactive (results not shown). 
Their UV spectra (~t~ 234 nm) were similar to those 
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FIG. 2. Typical reverse-phase high-performance liquid chromatog- 
raphy profile of monohydroxylated fatty acids measured after trig- 
gering leukocytes with 20 pM arachidonic acid and 1 t~M ionophore 
A23187. 13-hydroxy-octadecadienoic acid (HODE) was used as inter ~ 
nal standard. Abbreviations as in Figure 1. 
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FIG. 3. Same profile as in Figure 2 but the leukocytes were prein- 
cubated for 30 min at 37~ with 20 t~M stearidonic acid. See Figures 
1 and 2 for abbreviations. 
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F I G .  4. Typica l  r e v e r s e - p h a s e  h i g h - p e r f o r m a n c e  l iqu id  
chromatography (HPLC) profile of dlhydroxylated f a t t y  acids 
measured af ter  s t imulat ing leukocytes as described in Figure 2. Pro- 
s taglandin B 2 (PGB2) was used as an internal  s tandard.  Abbrevia- 
t ions in Figure 1. 
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i s o m e r  A i s o m e r  B 

FIG.  5. Leukocytes (108 cells) were suspended in 1 mL of ~ j rode  
N-2-hydroxyethylpiperazine~N'-2~thanesnifonic acid (HEPES) and 
incubated in the  presence or absence of different f a t ty  acids at  the 
indicated concentrations for 30 rain at  37~ Afterward the cells were 
s t imulated with 20 ham arachidonic acid and I p_M ionophore A23187 
for I0 min at  37~ The 5-1ipoxygenase products  were quantif ied as 
described in Materials  and Methods. The results  are expressed in 
picomoles per 108 cells and represent m e a n s _  SEM of the  five 
separate experiments wi th  n determinat ion within each. The levels 
of significance, P, were determined by a t-test: *P < 0.05, **P < 0.02, 
***P < 0.01, ****P < 0.001 when compared to the control. Abbrevia- 
t ions as in Figure I. 

obtained with standard monohydroxylated components 
but their levels were very low, with transformation of less 
than 2% of the radioactive substrate~ Furthermore, the 
conversion of radiolabelled stearidonic acid to either 
20:5n-3 or 22:6n-3 could not be detected in isolated leuko- 
cytes (results not shown). 

The dihydroxylated fatty acids, isolated by TLC, were 
measured by HPLC using PGB 2 as internal standard 
(Fig. 4). Four main components were detected. The ma- 
jor metabolite was 5S,12R-[Z,E,E,Z]-LTB 4 since it had 
the same Rt(27.46 rain) as did LTB4. Its UV spectrum 
showed three ;L~ at 261, 271 and 282 nm which is char- 
acteristic of compounds containing a conjugated trien~ 
This compound was also radioactive when labelled arachi- 
donlc acid was the substrate~ In addition two small more 
polar compounds with Rts of 21.46 and 24.27 min, re- 
spectively, were detected, presumably corresponding to 
5S,12R-[E,E,E,Z]-LTB4 (LTB4-isomer A) and 5S,12S-[E, 
E,E,Z]-LTB4 (LTB4-isomer B), as described previously 
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FIG.  6. Effect  of 18:An-3 on 5-hydroxy~icosatetraenoic acid forma- 
t ion by human  leukocytes. One mL leukocytes (108 cells/mL) were 
preincubated in Tyrode N-2-hydroxyethylpiperazine~N'-2~thanesul- 
fonic acid containing 2 mM CaCI 2 and different concentrat ion of 
18:4n-3 (0, 10, 20, 40, 70, 100 ~ [ )  for 30 rain a t  37~ and  af terward 
stimulated with A23187 (1 ~d )  and 2~.4n~ (10 ~LM) for 10 min at  37~ 
5-HETE was quantified as described in Materials and Methods. The 
results  are expressed in picomoles per  108 cells and represent  
means ___ SEM of three determinations.  

(19,24,25). A minor compound which eluted just after 
L T B  4 (R  t - -  29.96 min) was identified as 5S,12S-[E,Z,E,Z- 
di-HETE. This compound with UV absorptions at ;tm~ 
259, 268 and 279 nm has been reported previously 
(19,24-26). 

The effects of the various fatty acids on the formation 
of metabolites by leukocytes are presented in Figure 5. 

In the control, the formation of 5-HETE was maximal 
but decreased significantly {P < 0.05) by about 22% with 
20 i~V[ 18:4n-3. More pronounced inhibition was ob- 
served with 20 ~M 20:5n-3 or 20 ~ 20:3n-6, which 
amounted to 35 and 48%, respectively. Leukotriene for- 
mation was affected in a similar way. 

Inhibition of LTB4 was maximal (80%) when leuko- 
cytes were incubated with 20 ~M 20:3n-6 (P < 0.001). 
LTB4 formation fell by 50% (P < 0.001) in the presence of 
20 ~M 20:5n-3 or 20 ~VI 18:4n-3. Similar patterns of in- 
hibition were observed with both of the LTB4 isomers A 
and B, especially in the presence of 20:3n-6. 

Furthermore, the production of 5S,12S-di-HETE, 
formed by synergy between platelets and leukocytes was 
also decreased but was only significant (P < 0.001) with 
20 ~M 20:3n-6 (75% inhibition). 

Figure 6 shows the effect of different concentrations of 
18:4n-3 on the formation of 5-HETE by leukocytes stimu- 
lated with 1 ~ I  A23187 and 10/~M 20:4n-6. The data show 
tha t  18:4n-3 caused a dose-dependent inhibition of 5- 
HETE formation, and at the highest concentration of fat- 
ty  acid used (100 ~M) it resulted in an inhibition by about 
45%. 

D I S C U S S I O N  

Our results show that PUFAs modulate the level of 
leukotriene formed in vitro by activated leukocytes. In- 
hibition of leukotriene synthesis by 20:5n-3 and 22:6n-3 
had previously been demonstrated (16,27-29), but not in- 
hibition by 18:4n-3. Stearidonic acid is usually only a 
minor fatty acid in human plasma, and it is not found in 
many foods. However, after a 16 g/d supplementation with 
blackcurrant seed oil, which contains about 2 to 3% 
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18:4n-3, the level of 18:4n-3 can be increased to 0.3% in 
p lasma  and also in the blood cells (results not  shown). In  
the present  s tudy  stearidonic acid exerted an inhibi tory 
effect on arachidonic acid metabol i sm similar to t ha t  
observed with 20"5n-3. The production of 5S,12S-diHETE 
and 5 -HETE were depressed by about  25% by 20 ~M 
18:4n-3 indicating inhibition of 5-lipoxygenase activity. 
The synthesis  of the two nonenzymat ic  leukotrienes 
(isomers A and B) was also decreased to a similar extent .  
The inhibition of leukotriene B4 format ion was approx- 
imately twice tha t  observed for 5-HETE production under 
the same conditions (Fig. 5). This is consis tent  with the 
suggest ion t ha t  18:4n-3 may  inhibit bo th  5-lipoxygenase 
and epoxide hydrolas~ Such a mechanism has  already 
been reported for 20:5n-3 (30,31). The authors  suggested 
t ha t  a metaboli te  of 20:5n-3 such as LTA 5 could down- 
regulate the conversion of LTA 4 to LTB 4 by LTA4 hydro- 
lase via a compet i t ive process. A simplified d iagram of 
the 5-1ipoxygenase pathway is given in Figure 1. Moreover, 
10 ~Vl 18:4n-3 decreased formation of leukotriene by 35% 
but  not  t ha t  of 5 -HETE (about 5%). Even with 10 ~M 
18:4n-3, oxygenated products  are synthesized by leukc, 
cytes. Nevertheless, the metabolism of stearidonic acid ap- 
peared to be slower than  tha t  of arachidonic acid. Only 
3% of the  to ta l  radioact ivi ty  added as [1-14C]stearidonic 
acid was recovered as hydroxylated compounds.  

The inhibition of 5-1ipoxygenase by 18:4n-3 was dose-de ~ 
pendent  as shown in Figure 6. A similar inhibitory dose 
response was recently reported for 18:2n-6 and 20:3n-6 
which bo th  inhibited LTB 4 format ion (32). 

Among the fa t ty  acids tested, the mos t  potent  inhibitor 
is 20:3n-6 which a lmost  completely blocks the production 
of all 5-1ipoxygenase products.  The format ion of LTB 4 
and 5 -HETE was reduced by  80 and 40%, respectively. 
This inhibi tory effect has  also been shown in vivo in dif- 
ferent models of inf lammat ion  (33). Rats  fed diets en- 
riched with 18:3n-6, a precursor of 20"3n-6, showed as ex- 
pected an increase in 20:3n-6 in their  liver as well as a 
marked decrease in prostaglandin E2 and LTB 4 synthesis 
(33). These two mediators  have been shown to be formed 
during acute inf lammat ion  produced by monosodium 
urate  crysta ls  or subcutaneous  air pouch models. Two 
mechanisms have been proposed to explain this inhib- 
i tory effect. When 20:3n-6 is metabolized to prostaglan- 
din El, it has  been shown to inhibit leukotrienes syn- 
thesized by  act ivated human  neutrophils  (25,34) through 
an increase in cytosolic cAMP levels in human  polymor- 
phonuclear neutrophils  (35). Secondly, 20:3n-6 could also 
be converted into 15-OH-20:3 by leukocyte 15-1ipoxygen- 
ase and inhibit 5-lipoxygenase as has  previously been 
described (32-36). 

In  conclusion it  appears  t ha t  stearidonic acid is a good 
5-lipoxygenase inhibitor in vitro and its  effect is com- 
parable to t ha t  of t inmodonic acid (20:5n-3) a t  the same 
concentration. The presence of bo th  stearidonic (2-3%) 
and y-linolenic acid (15-19%), a precursor  of 20:3n-6 
in blackcurrant  seed oil (2-3%), sugges ts  t ha t  this oil 
could become useful in the t r ea tmen t  of in f lammatory  
diseases. 
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Conversion of 13(S)-Hydroperoxy.9(Z),11(E)-octadecadienoic Acid 
to the Corresponding Hydroxy Fatty Acid by KOH: A Kinetic Study 
Thomas D. Simpson* and Harold W. Gardner 
United States Department of Agriculture, Agricultural Research Service, National Center for Agricultural Utilization Research, 
Phytoproducts Research, Peoria, Illinois 61604 

TrAnsformation of 13(Sbhydroperoxy-9(Z),ll(Eboctade- 
cadienoic acid (13S-HPOD) to 13(Sbhydroxy-9~,ll(Eb 
octadecadienoic acid (13~HOD) under Alkaline conditions 
(0.05 to 5 M KOH) occurred fmst~rder with respect to 13~ 
HPOD concentration. Overall yield was about 80%. The 
energy of activation at higher concentrations (3.75 to 5 M 
KOH) was determined to be in the range of 15.3 to 15.6 
keal. Compared to the 13~HPOD conversion, 13{Sbhydr~ 
peroxy-9tZ),11(E},1~adecatrienoic acid (13~HPOT) 
was converted at a faster rate to the corresponding hy- 
droxy fatty acid (13S-HOT), with the reaction also being 
first~rder. Chiral phase high-performance liquid chroma- 
tography demonstrated that in the transformation the 
stereochemlstry of both the 13S-HPOD and 13~HPOT 
reactants was preserved. Manometric analyses of the 
KOHI13S-HPOD reaction showed an uptake of gas, which 
mounted to 11% of the mols of reactant 13~HPOD on 
the assumption that the gas was 02. As there is a theo- 
retical loss of 1 oxygen atom in the reaction, the fate of 
this oxygen (possibly v/a active oxygen species) may in- 
volve reaction with 13S-HPODI13SHOD to form the 20% 
by-products. 
Lipids 28, 325-330 (1993). 

The basecatalyzed conversion of organic hydroperoxides to 
alcohols has been known for over thirty years (1). Frankel 
et aL (2) first reported that saponification of methyl linoleate 
hydroperoxides resulted in formation of the corresponding 
hydroxy fatty acids Subsequently, O'Brien (3) found that 
the conversion of linoleic acid hydroperoxide into the 
hydroxy fatty acid occurred in the presence of a number of 
"nuclsophiles" other than hydroxide ion, such as dimercap 
toetb~mol, cystein~ ascorbate~ thiourea and sulfite However, 
some of these reagents may actually serve as reductant~ 
Although the thiolate anion of cysteine appears to be 
quired to convert linoleic acid hydroperoxide to the hydroxy 
fatty acid, the fact that 02 is also reduced to superoxide 
anion under these conditions may indicate the possibility 
of a hydroperoxide reduction by thiolate anion (4). Although 
the transformation by alkali has been known for many years, 
the specific details concerning overall yield, retention (or loss) 
of stereoconfiguratior~ mechani.qm of reaction and reaction 
kinetics remain little understoocL Such information could 
be important when hydroxy fatty acid methyl esters are 

*To whom correspondence should be addressed at NCAUR/ARS/ 
USDA, 1815 N. University Street, Peoria, IL 61604. 

Abbreviations: Ea, energy of activation; EDTA, ethylenediamine- 
tetraacetic acid; 13S-HPOD, 13(S}-hydroperoxy-9(Z},11tE}-octade- 
cadienoic acid; 13S-HPOT, 13(S3-hydroperoxy-9{Z},11{E),15{Z}-octa- 
decatrienoic acid; 13S-HOD, 13(S)-hydroxy-9{Z},ll~ecadienoic 
acid; 13S-HOT, 13{S)-hydroxy-9(Z),11{E},15(Z}-octadecatrienoic acid; 
HPLC, high-performance liquid chromatography; rac-HOD, racemic 
mixture of 9{R, SFhydroxy-10(E},12(E,Z~ and 13(R,S~hydroxy-9{E,Z),1I- 
(E}-octadecadienoic acids; rac-HOT, racemic mixture of 9(KS}-hy- 
droxy-10(E},l 2(Z),I 5(Z}-, 12(R,S)-hydroxy-9(Z),l 3tE),l 5(Z), 13{R, SFhy- 
droxy-9(Z),ll(E},15~Z}-, and 16tR, S}-hydroxy-9~Z),12iZ),14(E)-octade- 
catrienoic acids; TLC, thin-layer chromatography. 

found in biological material after use of base in either saponi- 
fication or transmethylation reactions of lipids (eg., see Ref. 
5). The present communication reports an investigation of 
the reaction of two pure hydroperoxides, 13(S}-hydropemxy- 
9 { Z } , l l ~ e c a d i e n o i c  acid (13S-HPOD) and 13(S~hydr~ 
pemxy-9(Z},l 1 (E},I 5(Z~)ctadecatrienoic acid (13S-HPOT), 
with KOH at various concentrations. 

MATERIALS AND METHODS 

Materials. 13S-HPOD was prepared from linoleic acid (Nu- 
Chek-Prep, Inc., Elysian, MN) by oxidation with soybean 
lipoxygenase [EC 1.13.11.12] (Sigma Chemical Co., St. 
Louis, MO) using the method of Gardner (6). The 13S- 
HPOD product was isolated by column chromatography 
with SilicAr CC4 (MMllnkrodt, Inc., St. Louis, MO), and 
stepwise elution was performed with 5, 7.5 and 10% 
acetone in hexane (7). Fractions were monitored by absorp- 
tion of the hydroperoxy diene at 234 nm. The initial 150 
mL of absorbing eluent was collected. The solvent was 
removed on a rotary evaporator, and the reaction product 
redissolved in methanol. Concentration was determined 
on a DU-8B spectrophotometer (Beckman Instruments, 
Inc., Fullerton, CA). Maximum absorbance of the isolated 
hydroperoxide was at 233 nm, with an extinction coeffi- 
cient of 26,800 M-lcm -1 (8). Purity was checked by thin- 
layer chromatography (TLC) and high-performance liquid 
chromatography (HPLC). A hydroxy standard, 13(S)-hy- 
droxy-9(Z),11(E)-octadecadienoic acid (13S-HOD), was 
prepared by reducing 13S-HPOD in an excess of sodium 
borohydride in methanol for 0.5 h at 0~ 

13S-HPOT and 13{S)-hydroxy.9(Z),11(E),151Z)-octade- 
catrienoic acid (13S-HOT) were prepared in the same man- 
ner as was done for 13S-HPOD and 13S-HOD. Racemic 
mixtures of methyl hydroxyoctadecadienoates, (rac-HOD), 
and methyl hydroxyoctadecatrienoates, (rac-HOT), were 
produced by sodium borohydride reduction of autooxi- 
dized linoleic and linoleuic acids as previously described 
(8). 

Kinetics. Stock solutions of fa t ty  acid hydroperoxides 
in methanol were placed in diethyl ether and taken to near 
dryness wi th  N2 to remove methanol KOH solution was 
added commencing the alkaline reaction. The system was 
vortexed 30 s and sonicated 60 s and then incubated in 
a temperature regulated batl~ A t  intervals, 1-mL aliquots 
were removed to a separatory flask containing 3.5 mL 
H~O, a measured quantity of internal standard, 9,11-octa- 
decadienoic acid (Nu-Chek-Prep) and sufficient citric acid 
to result in a pH of 4-4.2. Extraction of the product and 
reactant was performed using 3 vol {based on acidified 
aqueous solution) of CHC13/MeOH (2:1, voYvol). The 
CHCIs layer, containing the fat ty acids, was evaporated 
under a stream of N2 and the material redissolved in hex- 
ane/isopropanol (100:2, vol/vol) for HPLC analysis. 

HPLC was used to determine the ratio of hydroxide to 
hydroperoxide fatty acid with a 4.6 • 250 mm Microsorb 
5 ttrn silica column (Rainin Instrument Co., Inc., Woburn, 
MA). Isocratic runs were made with a Spectra-Physics 
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SP8800 pump (Spectra-Physic~ San Jose, CA) using hex- 
ane]isopropanol/acetic acid (100:1.5:0.1, by vol) as solvent 
system. Absorption was monitored with a Spectra-Physics 
SP8490 detector at 235 nm. Quantities were determined 
using 9,11-octadecadienoic acid as an internal standarcL 

Chirality determinatio~ Chirality of hydroxy fatty acids 
(as their methyl esters} was determined with a Bakerbond 
Chiral Phase DNBPG {ionic, 5/~m) 4.6 X 250 mm column 
(J.T. Baker, Phillipsburg, NJ} essentially as described 
previously (9). Analyses were performed isocratically us- 
ing a Waters Model 6000A pump {Waters Associates, Inc, 
Milford, MA) with a solvent system consisting of hex- 
ane/isopropanol (99.5:0.5, vol/vol}. Absorption was moni- 
tored at 235 nm using a Perkin-Elmer LC-75 spec- 
trophotometric detector (Perkin-Elmer, NorwMk; CT). Fat- 
ty acids were esterified with diazomethane prior to an- 
alysis. Reactant hydroperoxides were examined after first 
reducing them with NaBH 4 (10) followed by esterifica- 
tion with diazomethane. 
Respirometer study. A Gflson differential respirometer 

{Gilson Medical Electronics, Inc, Middleton, WI) was 
used to examine for gas evolution from mixtures of 13S- 
HPOD in KOH solution using general prescribed tech- 
niques (11). Two reaction flasks were used, one as a blank, 
the other for the reaction. Initially, 13S-HPOD was 
placed in the reaction vessel and the solvents removed. 
KOH solution was then placed in the vessel sidearm and 
the vessel fitted to the respirometer and submerged in the 
bath at 30~ After temperature equilibration, the mano- 
meter was dosed and the vessel was tipped, spilling the 
KOH solution into the vessel. The change in volume of 
gas was measured vs. time 

RESULTS AND DISCUSSION 

Product analyses. Conversion of f a t ty  acid hydroperox- 
ides to hydroxide counterparts in alkaline media was noted 
previously (for a review, see Ref. 12), but neither the kinet- 
ics nor the mechanism has been examined. The investiga- 
tion focused on the kinetics of the reaction and sought to 
identify its mechanism. Figure i shows TLC evidence of 
the hydroxy fatty acid produced from the reaction of 13S- 
HPOD with KOH. TLC further demonstrated that ele- 
vated reaction temperatures and the use of ethylenedi- 
~mlnetetraacetic acid (EDTA) to prevent interference from 
metal ions did not significantly alter the product composi- 
tion. Using an internal standard, it  was determined tha t  
there was an 80% conversion of 13S-HPOD into 13S-HOD, 
the remainder presumably consisting of other  products. 

Previous work has not  shown if there is preservation 
of the stereochemistry in the transformation. T~eatment 
of 13S-HPOD with 5 M KOH for 1.1 h at  35~ followed 
by chiral-phase HPLC of the methyl  esters showed tha t  
the hydroxy fa t ty  acid product  was 96% 13S-HOD, with 
the remainder being 13(S)-hydroxy-9(E),ll(E)-octade+ 
cadienoic acid (13S-E,E-HOD). This analysis is to be com- 
pared with NaBH4-reduced 13S-HPOD start ing material 
tha t  was 96% 13S-HOD. Figure 2 shows a co-injection of 
KOH product  with a racemic mixture  of hydroxy fa t ty  
acids (rac-HOD) obtained by NaBH4-reduction of autox- 
idized linoleic acicL The KOH product eluted with the peak 
obtained from autoxidation and earlier identified as 13S- 
HOD (8,9). Similarly, t rea tment  of 13S-HPOT with KOH 
under t h e  same conditions resulted in the formation of 

HPOD'-e" 
H O D .  e- 

A B C D 

FIG. 1. Thin-laye~ chromatography separation of 13~HPOD and 13~ 
HOD using a pre-coatod Silica Gel 60-F-254 plato. Solvent system 
hexane/diethyl etherfHOAe (50:50:1, by vol): A, 13S-HPOD reactant; 
B, result of 2.3 X 10 -3 M 13S-HPOD in 1 M KOH, 5 mM EDTA for 
23 h at room temperature (ratio of HOD to HPOD, 83:17, by HPLC); 
C, result of 2.3 X 10 -J M 13S-HPOD in 5 M KOH, 5 mM EDTA for 
5 h at 35~ (ratio of HOD to HPOD, 99:1, by HPLC); and D, 1 3 ~  
HOD derived from 13S-HPOD by NaBH 4 reduction. 13S-HPOD, 
13(S)-hydroperoxy-9(Z),11(E)-octadecadienoie acid; 13S-HOD, 13(S)- 
hydroxy-9(Z),11(EFoctadecadienoic acid; EDTA, ethylenediAminetetra- 
acetic acid; HPLC, high-performance Hquid chromatography. 

(a) - HOD 

13(gE,11E) 
9(10E,12Z) 

13(gZ,11E-)~ 

S/R S /RS/R S /R  
I I I I I 

(C) -- HOT 

13(gz,11E,15Z) 
12(9Z,13E,15Z) 
J 16(~,12Z,14~ 

, ~  9.~E,12Z, 15Z) 

S I R  S IR  S /R  S/R 
I I I I I 

(b) ~) 

I I I I 
8 16 24 32 40 28 36 44 52 60 

Time (min) Time (min) 

FIG. 2. HPLC separation of rac-HOD and rac-HOT and co-injection 
of racemic mixtures with 13S-HOD and 13S-HOT derived from KOH- 
treatment of 13S-HPOD and 13S-HPOT. Separations were performed 
on a chiral column (250 X 4.6 ram) at ambient temperature with a 
mobile phase of hexane/isopropanol (99.5~.5, vol/vol) and a flow rate 
of 1 mL/min for (a) and {b) and 0.624 mL/min for (c) and (d); detec~ 
tion was by measuring absorbance at 234 nm. (a) Eight isomers of 
9- and 13-hydroperoxides of rat-HOD with R and S stereoconfigura- 
tion [13R, S-HOI)(9E, IIE} and 9R, S-HOD (10E,12Z) peaks overlap]; 
(b) product of KOH treated 13S-HPOD co-injected with rat-HOD; 
(c) eight isomers of 9-, 12; 13- and 16-hydroperoxides of rac-HOT with 
R and S stereoconfiguration (Ref. 9); and (d) product of KOH treated 
13S-HPOT coinjected with raoHOT. Abbreviations as in Figure I. 
raoHOD, racemic mixture of 9(R,S)-hydroxy-10(E),12(E,Z)- and 
13(R,S}-hydroxy-9iE, Z ) , l l ~ d e c a d i e n o i c  acids; rat-HOT, racemic 
mixture of 9(R,S~hydroxy-10(E),12(Z),15t~-, 12(R,S)-hydroxy-9(Z),13(E), 
15(Z)-, 13(R,S)-hydroxy-9(Z),1I(E),lS(Z)- and 16(R,S)-hydroxy-9(Z), 
12tZ),14(E)-octadecatrienoic acids. 
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FIG. 3. First order plots of  13S-HPOD conversion (2.0 X 10 -3  M 
starting concentration) at various concentrations of KOH at 35~ 
Abbreviations as in Figure 1. 

TABLE 1 

Reaction Rates for 1 3 ( b 3 - H y d r o p e m x y - g i Z ) , l l ~ d e c a d i e n o i e  Acid 
(13S-HPOD) Reduction to 13(S)-Hydroxy-9(Z),ll(Eboctadecadienoie 
A d d  in KOH Solutions at Various Incubation Temperatures a 

KOH Reaction rate 
concentration Temp. (~ K (s -z, X 10 -5) 
1 M 35 0.72 

45 3.0 
55 11 

2.5 M 35 1.1 
45 4.2 
55 13 

3.75 M 35 4.9 
55 23 

5 M 24 13 
35 34 
45 60 

0.05 M 35 5.6 
45 10 

aThe concentration of 13S-HPOD was 2.3 • 10 -3  M, except for the 
0.05 M KOH solution where it was 2.3 • 10 - 2  M. 

-3.0 

86% 13S-HOT as compared with 100% 13S-HOT ob- 
tained by NaBH4-reduction of 13S-HPOT. The remaining 
14% was an unidentified reaction product that  did not cor~ 
respond by chiral analysis to any of the racemic mixture  
of hydroxyoctadecatrienoic acid (rac-HOT) isomers. Figure 
2 also reveals tha t  a co-injection of the KOH-treated 13S- 
HPOT with r a c - H O T  showed the main product  had the 
same retention time as 13S-HOT. These results lead to the 
important  conclusion, regarding the mechanism, tha t  the 
reaction does not  proceed by nucleophilic substi tution, 
which would either invert or randomize the stereocon- 
figuration. 

R e a c t i o n  k i n e t i c s .  Examinat ion of the reaction began 
by determining the reaction order for 13S-HPOD conver- 
sion at  high KOH concentrations. The reaction was fol- 
lowed by plot t ing the log of the hydroperoxy concentra- 
tion vs.  t ime  Most  of the kinetics were determined for 
13S-HPOD and the data  are presented in Figure 3. As 
seen in Table 1, four KOH concentrat ions were used at  
a fixed molari ty of 2.3 • 10 -3 13S-HPOD. Three differ- 
ent  temperatures  were used, and the rate constants  were 
calculated for a first-order reaction. 

Plot t ing Arrhenius energies of activation in Figure 4 
for the reactions provided evidence of the reaction dif- 
ference between the 1.0 and 2.5 M KOH solutions vs.  the 
higher KOH concentrations. Between 1.0 and 3.75 M 
KOH there was a decreasing energy of activation with in- 
creasing KOH concentration. In contrast ,  at  either 3.75 
or 5.0 M KOH, where much faster reaction rates occur- 
red, the energy of activation (E~) values were essentially 
the same. 

The question whether  KOH was part ic ipat ing in the 
reaction or acting as a catalyst  needed to be determined. 
If KOH was involved in the reaction, the reaction would 
not  be first-order. To examine for KOH involvement re- 
quired tha t  the alkali concentrat ion be just  above tha t  of 
the fa t ty  acid, because it raust saponify the lipid and pro- 
vide a basic medium, yet  be of a low enough concentra- 

-3.5 [] 

-4.0 

O 
,,_1 

-4.5 

-5.0 

I l l I 
3.0 3.1 3.2 3.3 3.4 

1/T (x 10 3) 

FIG. 4. Arrhenins plot of  log reaction rates v s .  reciprocal of 
temperature for 2.3 • 10 -~  M 13S-HPOD in 1 M KOH, E a (cal. 
mole -1) = 26,000 (~); 2.5 M KOH, E a = 23,500 (A); 3.75 M KOH, 
E a = 15,300 (O); and 5.0 M KOH, E a = 15,600 ( �9 ). Ea, energy of ac~ 
tivation. Other abbreviations as in Figure 1. 

t ion to affect a change in KOH concentrat ion with reac- 
tion t im e  The solution used to determine the KOH reac- 
tion order was 0.05 M KOH and 0.023 M 13S-HPOD. 
Assuming complete saponification, the remaining KOH 
concentration was 0.031 M, providing a pH of 12.5. Resul- 
t an t  conversion curves at  35 and 45~ are presented in 
Figure 5. For the purpose of comparison, curves represent- 
ing the percent  conversion of hydroperoxide material  to 
its hydroxy form were plotted vs.  t ime  Each reaction was 
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FIG. 5. Time course of 13S-HOD formation in 0.05 M KOH with vary- 
ing starting concentrations of 13~HPOD and temperatures. 13S- 
HPOD concentrations and incubation t emperatures  are 3.9 X I 0 -  3 
M, 35~ plus 1.8 X10 -z M p~Imltic acid (torn[ fatty acid, 2.2 X 19 -~ 
M) (O); 3.9 X 10 -a M, 35~C (O); 2.3 X 10 -z  M, 35~ (Z~); and 
2.3 X l0 -2 M, 45~ (11). Abbreviations as in Figure 1. 

first~rder with respect to the hydroperexide Comparison 
of these rates to higher alkaline concentrat ion runs are 
given in Table 1. The reaction rate at  lower KOH concen- 
tration, 0.05 M, was proportional to the rates at the higher 
concentrations. A projected reaction rate of 0.64 X 10 -5 
s -1 was derived by extrapolat ing the reaction rates from 
Table 1 for 2.5 and 1.0 M KOH at 35~ and 2.3 • 10 -3 
M 13S-HPOD solutions to 0.05 M KOH. This value was 
then multiplied by a factor 10 to correct for the increase 
in hydroperexide concentration to the 2.3 • 10 -2 M 13S- 
HPOD at 0.05 M KOH. The value of 4.5 • 10 -5 s -1 is 
close to the 5.6 • 10 -5 s -~ value experimentally ob- 
tained under these conditions {Table 1). With the ex- 
trapolation yielding a slope of 1, the rate of hydroperox- 
ide act ivi ty is directly proportional to O H -  concentra- 
tion at  KOH molari ty up through 2.5. The conclusion is 
tha t  KOH is not  par t  of the reaction, but  performs as a 
basic catalyst.  

Rate dependence on 13S-HPOD concentratior~ The ef- 
fect of hydroperexide fa t ty  acid concentration on the reac- 
tion rate was examined using varying concentrations of 
13S-HPOD at constant KOH (2.0 M) at  35~ (Fig. 6). The 
lipid concentrations were 10 -3 to 10 -~ less than the KOH 
concentration. Reactions were examined at 30 and 60 min. 
The velocity of a reaction at  30 min was obtained from 
the slope of the tangent  to the curve at 30 rain. The reac- 
tion order was obtained by plott ing the logL0 velocity vs. 
1ogl0CHPoD- A linear regression analysis provided a line 
having a slope of 1.1, which is confirmatory of a first-order 
reaction. 

The presence of nonhydroperexy lipid material, such as 
palmitic acid, slowed the conversion of hydroperexy com- 
pounds into their  corresponding hydroxides (Fig. 5}. P r e  

2.2 

2.0 

1.8 

�9 T 1.6 

1.4 

~ 1.2 

~" 1.0 
x 

8 08 

o 0.6 

A 

0.4 

02 

0 ~ I I 
0 20 40 60 

Time (rain) 
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FIG. 6. A. Effect of 13S-HPOD concentration on the rate of conver- 
slon into 13S-HOD. Initial concentrations are 2.1,1.58, 1.05, 0.52 and 
0.21 M (X10 -2) 13S-HPOD. Reactions were by incubation for I h at 
35~ in 2.0 M KOH. Rates of conversion determined tangentially 
at 30 min. B. Log-log plot of conversion rate v~ concentration. Ab- 
breviations as in Figure 1. 

sumably, the addition of palmitic acid resulted in the for- 
mation of mixed micelles, thus masking the 13S-HPOD 
within a f a t ty  acid micelle 

Temperature dependenc~ The initial rates approximat~ 
ly doubled for every ten degree increase in tempera tur~ 
This observation was in keeping with reaction rate in- 
crease behavior for most  chemical reactions near room 
tempera ture  There was no evidence tha t  changing the in- 
cubation temperature  altered the mechanism or the 
kinetic pat terns  at  any of the KOH or hydroperoxide fat- 
ty  acid concentrations tested. 

Rate comparison of 13~HPOD and 13S-HPOT. The 
rates of conversion of 13S-HPOD and 13S-HPOT to the 
corresponding hydroxy fa t ty  acids were compared under 
two differing sets of conditions. The two trials differed 
in KOH concentration and incubation temperature  (Fig. 
7). Under both  sets of conditions, the rate of product  for- 
mation for the triene was greater  than  for the dien~ 13S- 
HOT formation rates were first-order, al though it was 
observed tha t  in 5 M KOH the reaction rate decreased 
more rapidly after about  50% reaction completion than 
the rate for 13S-HPOD (data not  shown). On the other  
hand, aliquots taken immediately after mixing of 13S- 
HPOT and KOH resulted in an unexplained rapid deple- 
tion of 13S-HPOT (Fig. 7), which was accounted for as con- 
version into 13S-HOT (data not  shown). Other competing 
reactions may be the cause of the difference in 13S-HPOT 
kinetics, indicating the need for future work. 

The hydroperoxide oxygen. The fate of the hydroperox- 
ide oxygen is critical to determining the mechanism of the 
reaction. Formation of hydrogen peroxide as a possible 
reaction by-product was examined. The lack of peroxide 
formation was demonstra ted using the AOCS method of 
perexide value determination (13). A 13S-HPOD solution, 
1.1 X 10 -~ milliequivalents (meq)/mL 2 M KOH, was in- 
cubated at room temperature  for 3 h. The resulting solu- 
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sumption in treating 1,1,3,3,-tetramethylbutyl hydroperox- 
ide in 10% NaOH. 

The "Russell" mechanism for the reaction of secondary 
hydroperoxides by combination of peroxyl radicals was 
proposed in 1957 (15). Later, Howard and Ingold (16) and 
Nakano et oL (17,18) extended and further clarified this 
mechanism in the oxidation studies of sec-butyl hydro- 
peroxide and linoleic acid hydroperoxide using ceric ion 
(Ce+4). Of significance in this mechanism was the resul- 
tant production of an alcohol, a ketone and singlet oxygen. 
Denny and Rosen (14) also suggested a bimolecular reac- 
tion in the reduction of cumyl hydroperoxide: 

B -2.7, 

-2.8 

~ -2.9 

-3.0 

~ -3.1 
d 
8' -3.2 

- .1 

~3 ~4 

| i i I i i i 
0 20 40 60 80 100 120 

Time, h 
FIG, 7. Plot of log hydroperoxide concentration vs .  incubation time 
for comparison of the conversion of 13S-HPOT (A) vs .  13S-HPOD 
(O). 13S-HPOT and 13S-HPOD starting concentrations were 
2.0 X 10-  . Incubation conditions: (A) 2.5 M KOH at 35~ and (B) 
5 M KOH at 25~ Abbreviations as in Figure 1, 

tion, following acidification, yielded a maximum perox- 
ide value of 4 X 10 -s meq/mL. This is a factor of 10 -4 
times lower than the 5.5 • 10 -2 meq/mT, expected, fur- 
ther casting doubt on either a possible conversion of 13S- 
HPOD to H2Oz or its persistence in the alkaline medium_ 
However, we cannot discount the possibility that HeO2 is 
a fleeting intermediate in the reaction. 

Another possibility for the loss of oxygen in the hydro- 
peroxide conversion to hydroxide is that  the hydroperox- 
ide oxygens could be released as molecular oxygen. A dif- 
ferential respirometer was used to examine for oxygen 
evolution during 13S-HPOD conversion to 13S-HOD. 13S- 
HPOD (33/~rnol) was reacted with 0.5 mL of 5 M KOH 
in a respirometer reaction vessel, giving an uptake of 82 
~L of gases during a 2-h period of incubation. In terms 
of oxygen (O2), 3.6 ~aol of gas was consume& On a basis 
of reactivity of 1 02 per 13S-HPOD molecule 11% of the 
hydroperoxide reacted with oxygen. This O2 uptake may 
explain the 20% nonl3S-HOD by-products resulting from 
the reaction. Indeed, the by-products found arise from a 
dioxygenated intermediate (Gardner, H.W., and Hamberg, 
M., personal communication). However, these data do not 
explain the fate of one-half tool of O s expected to be pr~ 
duced from loss of one hydroperoxide oxygen in the reac- 
tion. Denny and Rosen (14) also observed oxygen con-  

I '~ ~  ..... 1 :  
', ~ ', RO ~ + Na*  * O H - +  R O O ,  
I 

H - O - O - R  H . . . . . .  O - O - R  

However, it appears unlikely that the 13S-HPOD to 
13S-HOD conversion reaction proceeds by a bimolecular 
reaction. In general, the order of a reaction is related to 
the sum of the exponentials of the reactant(s) in the rate 
equation. A bimolecular reaction would be expected to be 
second-order. 

Accountability of the oxygen removed in the hydroper- 
oxide conversion remains the puzzle If one ignores the 
observed O~ uptake data, the 20% by-products can only 
account for 20% of oxygen assuming each molecule reacts 
with one atomic oxygen plus retaining its own initial 
oxygen. 

Simply put, we believe the conversion of 13S-HPOD to 
13S-HOD in KOH does not proceed by a bimolecular reac- 
tion involving two hydroperoxide molecules nor does it 
proceed by a simple first-order reaction, although the 
kinetic results show the rate is proportional to the 
hydroperoxide concentration. The present inexplicability 
of the oxygen destination indicates a much more complex 
reaction mechanism, one which requires further 
investigation. 

13S-HOD has been reported as a vessel wall 
chemorepellant factor (19) and as a factor in the self- 
defense mechanism in rice plants against rice blast disease 
(20). Because of its apparent active role in modulating 
cellular functions, two recent reports have dealt with the 
synthesis of 13S-HOD (coriolic acid) (21,22). Neither in- 
voked use of the hydroperoxy precursor. It has been 
demonstrated here that  an alkaline conversion of 13S- 
HPOD or 13S-HPOT can yield chirally pure 13S-HOD and 
13S-HOT, respectively, in reasonably high yielcL Optimum 
conditions for complete conversion have not yet been 
established. 
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Synthetic cholesteryl 5-oxovalerate and 9-oxononanoate 
were used as reference standards for the isolation and 
identification of cholesteryl ester core aldehydes from 
tert-butyl hydroperoxide/Fe ++ oxidation of synthetic 
and natural cholesteryl esters. The core aldehydes were 
recovered from the peroxidation products by thin-layer 
chromatography as the free aldehydes or the 2,4-dinitro- 
phenylhydrazones and were identified, respectively, by 
gas-liquid chromatography (GLC) and by GLC combined 
with mass spectrometry (GC/MS) or by reverse-phase 
high-performance liquid chromatography (HPLC) and by 
HPLC with MS (LC/MS). The core aldehydes produced 
by peroxidation of cholesteryl linoleate were identified as 
mainly 9-oxononanoates of cholesterol and oxycholester- 
ols, with smaller amounts of the 8-oxooctenoates, 10-oxo- 
decenoates, 11-oxoundecenoates and 12~xododecenoates. 
Peroxidation of cholesteryl arachidonate yielded 5-oxo- 
valerates of cholesterol and the oxycholesterols as the 
main products with smaller amounts of the 4-oxobuty- 
rates, 6-oxohexenoates, 7-oxoheptenoates, 8-oxoocteno- 
ates, 9-oxononenoates, 9-oxononadienoates and 10-oxo- 
decadienotes. The oxycholesterols resulting from the per- 
oxidation of the steroid ring were identified as mainly 
7-keto-, 7a-hydroxy- and 7Fhydroxy~cholesterols and 5a,6a- 
and 5f~,6fJ-epoxy-cholestanols. Cholesteryl palmitate and 
oleate did not yield core aldehydes in the present perox- 
idation system. In these esters, the sterol and linoleic acid 
moieties appeared to be oxygenated at about the same 
rate, while the arachidonic acid moiety reacted more 
rapidly than did the sterol moiety. 
Lipids 28, 331-336 (1993). 

There is extensive evidence that the autoxidation products 
of cholesterol and cholesteryl esters exert pronounced 
biological effects. Thus, the products of autoxidation of 
free cholesterol are well known inhibitors of the rate- 
limiting enzymes in cholesterol and bile acid biosynthesis 
(1). In addition, the cholesterol oxides possess carcinogenic 
(2) and atherogenJc (3) properties. Among the major perox- 
idation products of cholesterol found in human plasma are 
the isomeric cholesterol 5a,6a- and 5/~,6Fepoxides (4). The 
autoxidation products of cholesteryl esters have been less 
thoroughly investigated, and there is evidence that the 
fatty chain may exert a protective effect on the autoxida- 
tion of the steroid ring (5,6). Previous work has demon- 
strated the presence of cholesteryl ester hydroperoxides 
in fresh human blood plasma (7), but  specific molecular 
species have not been identified. Stored human blood 

*To whom correspondence should be addressed at BBDMR, Univer- 
sity of Toronto, 112 College Street, Toronto, Canada M5G 1L6. 
Abbreviations: CI, chemical ionization; DNPH, dinitrophenyl- 
hydrazone; GC/MS, gas chromatography/mass spectrometry; GLC, 
gas-liquid chromatography; HPLC, high-performance liquid chro- 
matography; LC/MS, liquid chromatography/mass spectrometry; 
MOX, methoxime; NCI, negative chemical ionization; t-BOOH, tert- 
butyl hydroperoxide; TLC, thin-layer chromatography; TMS, 
trimethylsilyl; U-V, ultraviolet. 

plasma has been shown to contain 9- and 13-hydroxylation 
products of cholesteryl linoleate and arachidonate (8), 
which presumably originated from a reduction of the co~ 
responding hydroperoxides. In the present study, we have 
demonstrated the formation of cholesteryl ester core 
aldehydes during in vitro peroxidation of synthetic and 
natural cholesteryl esters with tert-butyl hydroperoxide 
in the presence of FeSO4, which is believed to mimic lipid 
peroxidation in natural systems (9). This is the first report 
of the occurrence of lipid soluble core aldehydes among 
the peroxidation products of cholesteryl esters. 

MATERIALS AND METHODS 
Chemicals and reagents. Cholesteryl p~lmitate, oleate, 
linoleate and arachidonate, and tert-butyl hydroperoxide 
(t-BOOH) and cholesteryl ester hydrolase (Pseudomonas) 
were obtained from Sigma Chemical Co. (St. Louis, MO). 
Methoxylamine HC1 (MOX reagent), trimethylcbloro- 
silane and bis(trimethylsilyl)trifluoroacetamide were from 
Pierce Chemical Co. (Rockford, IL), while 2,4-dinitrc~ 
phenylhydrazine was from Aldrich Chemical Co. (Mgwau- 
kee, WI). Acetonitrile and 2-propanol [high-performance 
liquid chromatography (HPLC) grade] were from Fisher 
Scientific Ca (Toronta Ontario, Canada) or Caledon Labo- 
ratories Ltd. (Georgetown, Ontario, Canada), while propio- 
nitrile was from Romil LtcL (Loughborough, England). All 
other chemicals and solvents were of reagent grade or bet- 
ter quality and were obtained from local suppliers. Stan- 
dard 5~xovalerate and 9-oxononanoate of cholesterol were 
previously synthesized in our laboratory (10). The choles- 
teryl esters of rat plasma were isolated by thin-layer chro- 
matography (TLC) using the methods described below. 

Peroxidation with t-BOOH/FeSO, The peroxidation 
routine was modeled after previous work of Borowitz and 
Montgomery (11). One to two mg of cholesteryl ester in 
100 ~L of chloroform/methanol (2:1, vol/vol) were placed 
in a 15-mL test tube, and the solvent was evaporated 
under nitrogen. To the dry sample was then added I mL 
of 70% aqueous t-BOOH and 100 ~M FeSO4 and the 
tube was mechanically shaken for 3 h at 37~ in the dark. 
The reaction was stopped by diluting the mixture with 
five volumes of chloroform/methanol (2:1, vol/vol) and 
washing with water to remove excess t-BOOH. The lower 
layer was collected, evaporated to dryness under nitrogen 
and taken up in chloroform for purification and identifica- 
tion of core aldehydes. 

Isolation of core aldehydes. The chloroform extracts of 
the reaction mixture were resolved by TLC on silica gel 
H using heptane/isopropyl ether/glacial acetic acid 
(60:40:4, by vol) as the developing solvent. The location 
of the core aldehydes was revealed by spraying the plate 
with Schiffs reagent (10). The other llpids on the TLC 
plate were located under ultraviolet (UV) light by spray- 
ing the plate with 2,7-dichiorofiuorescein. The aldehydes 
were recovered from the silica gel by extraction with 
chloroform/methanol (2:1, vol/vol). The core aldehydes and 
the derived oxycholesterols were reduced with sodium 
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borohydride to convert any 7-ketc, to the 7-hydroxy- 
cholesterol derivatives (8). 

Preparation of 2,4-dinitrophenylhydrazone (DNPH) 
derivatives. The cholesteryl ester core aldehydes were con- 
verted into the hydrazones using a modification of the 
method described by Esterbauer and Cheeseman {12) for 
water-soluble aldehydes. The chloroform extracts of the 
peroxidation products were treated with 0.5 mL of freshly 
prepared DNPH reagent {2,4-DNPH in 1 N HCI at a con- 
centration of 0.5 mg/mL), mixed vigorously and kept in 
dark for 2 h at room temperature and then for 1 h at 4~ 
The reaction mixture was extracted with chloroform]meth- 
anol (2:1, vol/vol), and the recovered hydrazones purified 
by TLC using a double development with dichloromethane 
(10 crn) and, after solvent evaporation, with toluene 
(17 cm). The yellow zones were scraped off and the gel ex- 
tracted with methanol. The hydrazones could be purified 
further by reverse-phase HPLC and the UV absorbing 
fractions collected. 

Enzymatic hydrolyses. The cholesteryl and oxycholes- 
teryl esters were hydrolyzed with cholesteryl ester hydr~ 
lase using a method modified from Heider and Boyett (13). 
The esters (max. 1 mg) were dissolved in sodium taurocho- 
late (25 mM final concentration) and incubated with 
cholesteryl ester hydrolase (0.5 U/mL) in sodium phos- 
phate buffer (pH 7.4) (1 mL final volume) for 60 min at 
37~ The released sterols were extracted with chlor~ 
form/methanol (2:1, vol/vol) and backwashed with water 
to remove the bulk of the detergent. The oxysterols were 
purified by TLC using heptane/isopropyl ether/acetic acid 
(60:40:4, by vol) as solvent. 

Gas-liquid chromatography (GLC) and gas chromato- 
graphyhnass spectrometry (GC/MS). Intact cholesteryl 
esters, core aldehydes and their trimethylsilyl (TMS) and 
methoxime (MOX) derivatives were resolved on the basis 
of their molecular weights by GLC using an 8 m • 
0.32 mm i.d. capillary column coated with DB-5 as pre  
viously described (10). The TMS derivatives of oxidized 
sterols were separated on 30 m • 0.32 mm i.d. capillary 
column coated with DB-5 according to the method of 
Maerker and Unruh (15). The sterols were injected on- 
column at 40~ and after 0.5 min the oven temperature 
was first increased to 150~ at 30~ then to 230~ 
at 20~ then to 260~ at 10~ and finally to 
300~ at 0.5~ The carrier gas was hydrogen at 6 psi 
and the fiame~ionization detector was set at 325~ The 
sterols were identified by means of standards and by 
GC/MS in the positive ion mode (16). The MOX deriva- 
tives were prepared and silylated as described by Horn- 
ing et aL (17). The MOX derivatives of the core aldehydes 
were purified by TLC as previously described (10). 

HPLC and liquid chrornatographyhnass spectrometry 
(LC/MS). Reverse-phase HPLC of the 2,4-DNPHs of the 
cholesteryl ester core aldehydes was performed on a 
Supelcosil LC-18 column (250 mm • 4.6 mm Ld.) (Supelco, 
Inc, Mississauga, Ontari~ Canada) using acetonitrile] 
2-propanol (4:1, vol/vol) (1 mL/min) or a linear gradient of 
30-90% propionitrile in acetonitrile (1.5 mL/min) as the 
eluting solvents as previously described {10). Earlier de- 
scribed methods were also used for reverse phase LC/MS 
of the DNPH derivatives of core aldehydes (14). 

Quantitatio~. The relative proportions of the various ox- 
idation products were estimated by high temperature GLC 
following preparation of the TMS-MOX derivatives or the 

TMS derivatives of the sodium borohydride reduction 
products of the total lipid extracts of the reaction mix- 
tures (8). 

RESULTS AND DISCUSSION 

Identification of sterol ring oxidation products. Figure 1 
shows the TLC resolution of the peroxidation products 
of free cholesterol and cholesteryl palmitate and oleate~ 
The free sterol yields two bands, one of which corresponds 
to residual cholesterol (Rf 0.30) the other one to 7-keto- 
cholesterol (Rf 0.10). Both cholesteryl palmitate and 
cholesteryl oleate give a band for residual esters (1~ 0.90) 
and a strong band for a polar product (1~ 0.72). Since the 
saturated fatty acid is inert to peroxidation, the oxidative 
transformation responsible for the slower migration must 
have taken place on the steroid ring. Likewise, the cho- 
lesteryl oleate appeared to be oxidized only in the ring, 
although a minor TLC band was seen corresponding to 
the 9-oxononanoate of 7-ketocholesterol. This conclusion 
was confirmed by hydrolysis of the t-BOOH oxidation 
products of cholesteryl oleate with cholesteryl ester hydr~ 
las~ The released free sterols gave two TLC fractions, one 
of which was due to unoxidized, the other to oxidized 
cholesterol as noted for the oxidation products of free 
cholesterol. 

Figure 2 shows the GLC resolution of the oxycholes- 
terols released by cholesteryl ester hydrolase from perox- 
idized cholesteryl oleat~ These separations were carried 
out on a 30-m capillary column, which resolved close 
isomers of oxycholesterol. Specifically identified were 
7-keto-, 7a- and 7f~hydroxy- and the 5a,6a- and 5/~,6/3~epoxy 
derivatives of cholesterol. The presence of 7-ketocholes- 
terol was confirmed by sodium borohydride reduction, 
which yielded the 7a- and 7/3-hydroxy cholesterols in equal 

m m m  

m m 

- m 
m 

m 
mmm ~ m  

m 

m 

A B C D 

SF 

] 

2 

3 

,4 

5 

6 
7 

FIG. 1. Thln-layer chromatography resolution of tert-butyl hydro- 
peroxide oxidation products of cholesterol, cholesteryl palmltate and 
cholesteryl oleate (in absence of FeSO4). Lane A, oxidation products 
of free cholesterol; Lane B, oxidation products of cholesteryl 
palmitate; Lane C, oxidation products of cholesteryl oleate; Lane D, 
standard free cholesterol and eholesteryl oleate. Band 1, residual 
cholesteryl ester; Band 2, 7'ketocholesteryl esters; Band 3, uniden- 
tiffed; Band 4, 7-hydroxycholesteryl esters; Band 5, free cholesterol; 
Band 6, 7-ketocholesterol; Band 7, origin and 7-hydroxycholesterol. 
Solvent system: heptane/diisopropyl ether/glacial acetic acid (60:40:4, 
by vol). Lipid fractions were located by spraying with 2',7'-dichloro- 
fluoreseein and Schiff's reagent (10). SF, solvent front. 
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FIG. 2. Gas-Hquid chromatography (GLC) resolution of the oxida- 
tion products of free cholesterol and cholesteryl oleate. A, oxidation 
products of free cholesterol after sodium borohydride reduction; B, 
oxidation products of free cholesterol; C, oxycholesterois released 
by cholesteryl ester hydrolase from oxidized cholesteryl oleate. Peak 
identification: 1, 7a-hydroxycholesterol; 2, 3,5-cholestadienol; 3, 7~ 
hydroxyeholesterol; 4, cholesterol 5,6/~-epoxide; 5, cholesterol 5,6a- 
epoxide; 6-8, unidentified oxysterols; 9, 7-ketocholesterol. GLC con- 
ditions: 30 m X 0.32 mm capillary coated with DB-5 (10); temperature 
programmed as given under Materials and Methods. Other GLC con- 
ditions, see also Materials and Methods. FID, flume-ionization 
detector. 

proportions. These diols overlapped with the correspond- 
ing minor diol peaks in the original GLC profiles of each 
ester. Other minor peaks {Peaks 6-8) were attributed to 
mixed function derivatives but were not further identifiecL 
Addition of FeSO4 to the peroxidation medium had no 
significant qualitative effect on the oxycholesterol com- 
position. 

Figure 3 shows the total ion current profile and the 
single ion plots for the major molecular species of the ring 
oxidized cholesterol moiety released by the enzyme from 
the oxidized cholesteryl oleat~ The 7a- and 7~-hydroxy 
cholesterols gave strong [M - 90] +, [M - 90 - 15] + as 
well as other minor ions characteristic of the TMS ether. 
An [M] + ion at m/z 382 was also obtained for cholesta- 
3,5-dien-7-one~ which was assumed to be a minor product 
of dehydration of 7-ketocholesterol in the gas chromato- 
graph {18}. The unknown yielded strong ions correspond- 
ing to m/z 384, which suggested that they were isomeric 
dehydration products of oxycholesterol. The mass spec- 
tra of the oxysterols agreed with the corresponding spec- 
tra recorded in the literature for 7-ketocholesterol {19}, 
3,5-cholestadien-7-one {20}, and the 7a- and 7/~-hydroxy 
cholesterol di-TMS derivatives {21}. The GC/MS profiles 
of the sterol moieties of peroxidized cholesteryl esters were 
similar to those of the oxysterols recovered from the perox- 
idation of free cholesterol. 

The oxidized cholesteryl palmitate and oleate gave ex- 
cellent GLC profiles (chromatograrns not shown). The ox- 
idized esters were eluted with retention times about one 
to two methylene units higher than the corresponding 
unoxidized esters. The overall elution patterns were 
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FIG. 3. Total ion current profile and single ion plots for major 
molecular species of ring oxidized eholesteryl oleate as obtained by 
gas-chromatography/mass spectrometry (GC/MS) of the oxysterols 
released by cholesteryl ester hydrolase digestion from oxidized 
cholesteryl oleate (trimethylsilyl ethers). Peak identification: TI, t o m  
positive ion current; m/z, fragment ions as identified in the figure. 
Numbers inside figure refer to the ion counts of the major single 
ion peak. GC/MS conditions as given under Materials and Methods. 

similar for both esters as would be anticipated from the 
free oxysterol analyses. Reduction of the 7-ketocholesteryl 
oleate by sodium borohydride gave the corresponding 7a- 
and 7/3-hydroxy cholesteryl stearates, which upon tri- 
methylsilylation gave the anticipated decreases in the 
GLC retention times. The peak identity was confirmed 
by GC/MS, which yielded the correct molecular weights 
of the esters and fragment ions characteristic of the 
steroid ring. 

TLC separation of the peroxidation products of choles- 
teryl linoleate gave several bands (chromatogram not 
shown}. In addition to the residual ester (R~ 0.84}, there 
was a band containing oxidized cholesterol in combina- 
tion with unoxidized linoleic acid (R~ 0.72}, a band con- 
taining mainly cholesteryl 9-oxononanoate (R~ 0.37} and 
a more diffuse band made up mainly of 9-oxononanoyl 
esters of various oxycholesterols (Rf 0.15-0.29}. TLC 
separation of the peroxidized arachidonate failed to yield 
any of the original ester, but some oxycholesteryl ara- 
chidonate may have been present (see below}. The iden- 
tified peroxidation products of cholesteryl arachidonate 
were made up of mainly 5-oxovaleroyl colesterol {Rf 0.30} 
and 5-oxovaleroyl esters of the various oxycholesterols 
(Rf 0.10-0.20}. The major steryl ester core aldehydes 
yielded GLC peaks which corresponded to standard 
9-oxononanoyl and 5-oxovaleroyl esters of cholesterol 
when run as the MOX-TMS ethers or TMS ethers. The 
GLC peaks of the core aldehyde esters of the oxycholes- 
terols gave much more complex profiles, although the 
7-ketocholesterol and cholesteryl epoxide derivatives could 
be discerned. In all instances, characteristic peak shifts 
were seen in the GLC retention times when the MOX-TMS 
and TMS derivatives were analyzed (chromatograms not 
shown). However, many minor peaks remained uniden- 
tiffed in the mass profiles of the chromatograms, while 
the mass spectra of these derivatives were compromised 
by overlapping esters other than lipid ester core aldehydes. 
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This difficulty was largely overcome by the preparation 
of the DNPH derivatives of the steryl ester core aldehydes, 
which could be specifically detected as yellow bands on 
TLC, UV absorbing peaks on HPLC and negative ions on 
LC/MS. 

Figure 4 shows the TLC separation of the yellow~olored 
DNPH derivatives of the core aldehydes derived by perox- 
idation of cholesteryl linoleate (Lane D) and cholesteryl 
arachidonate (Lane E). The peroxidation products of both 
esters gave four well-resolved bands (1~ values 0.20-0.40) 
migrating near the middle of the TLC plate along with 
less well-resolved yellow regions near the origin. The 
center bands corresponded in R~ values to the DNPH 
derivatives of s tandard 9-oxononanoyl and 5-oxovaleroyl 
esters of cholesterol. The region near the origin (P~ values 
0.10 and 0.20) contained the DNPH derivatives of oxy- 
cholesteryl ester core aldehydes. The major TLC fractions 
were identified by LCEMS with NCI. Figure 5A gives the 
HPLC profiles of the core aldehydes recovered from the 
linoleate oxidation. Band 1 (Fig. 4, Lane D) contained 
mainly cholesteryl 12-oxododecenoate, 1 l~)xoundecenoate 
and 10-oxodecenoate. Band 2 (Fig. 4, Lane D) contained 
mainly cholesteryl 8-oxononanoate, while Band 3 (Fig. 4, 
Lane D) contained mainly cholesteryl 8-oxooctanoate, 
10-oxodecenoate and 10-oxodecanoate. Band 4 (Fig. 4, 
Lane D) contained an unknown oxycholesteryl 9-oxonona- 
noate, which gave the same molecular ion as 7-ketocholes- 
teryl 9-oxononanoate. The bands near the origin (Fig. 4, 
Lane D) contained mainly 7-ketocholesteryl 9-oxononano- 
ate and the 9-oxononanoate of 5,6-epoxycholestanol. Fig- 
ure 5B gives the HPLC profiles of the core aldehydes 
derived from cholesteryl arachidonate and recovered 
from the four TLC bands (Fig. 4, Lane E) of the DNPH 
derivatives. The arachidonate yielded the corresponding 
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FIG. 5. Reverse-phase high-performance liquid chromatography 
(HPLC) resolution of dinitrophenylhydrazone derivatives of eho- 
lesteryl ester core aldehydes derived from peroxidation of eholesteryl 
linolcate (upper panel, Bands 1-4) and eholesteryl arachidonate flower 
panel, Bands 1-4) following isolation by thin-layer chromatography 
(Fig. 4). Peak identification (upper panel): 1, cholesteryl 8-oxoocta- 
noate; 2, cholesteryl 9-oxanonananoate; 3, cholesteryl 10-oxodece- 
noate~ 4, eholestery111~xoundecenoate; 5, eholestery112~xododece- 
noate; 6, eholestery113-oxotridecadienoate. Peak identification (lower 
panel): 1, chalesteryl 4-oxobutyrate; 2, cholesteryl 5-oxovalerate; 3, 
cholesteryl 6-oxocaproate; 4, eholesteryl 7-oxoheptanoate; 5, 
cholesteryl 9-oxononadienoate; 6, cholesteryl 10-oxodecenoate; 9, 
cholesteryl 11~xoundecenoate. HPLC conditions as given under 
Materials and Methods. Thin-layer chromatography conditions as 
given in Figure 4. 
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FIG. 4. Thin-layer chromatography frLC) resolution of dinitrophenyl- 
hydrazone (DNPH) derivatives of tert-butyl hydroperoxide oxida- 
tion products of cholesteryl linoleate and cholesteryl araehidonate. 
Lane A, DNPH reagent; Lane B, DNPH derivative of cholesteryl 
5-oxovalerate standard; Lane C, DNPH derivative of cholesteryl 
�9 oxononanoate standard; Lane D, DNPH derivatives of oxidized ehc~ 
lesteryl linolcate; Lane E, DNPH derivatives of oxidized cholesteryl 
araehidonate; Lane F, DNPH reagent. TLC Band identification: 
0, original ester; 1, eholesteryl 12-oxododeeenoate; 2, eholesteryl 
9-oxononenoate; 3, eholesteryl 5-oxovalerate; 4, 7-ketocholesteryl 
12-oxododecenoate; 8, 7-ketocholesteryl 5-oxovalerate. TLC condi- 
tions: double development as described under Materials and Methods. 
SF, solvent front; OR, origin. 

cholesteryl and oxycholesteryl esters of mainly 5-oxo- 
valerate along with smaller amounts  of 4-oxobutyrate, 
6-oxohexenoate, 7-oxoheptenoate, 8-oxooctenoate, 9-oxo- 
nonenoate and others. Band 1 (Fig. 4, Lane E) gave a small 
peak with a retention time similar to tha t  of the major 
peak (9-oxononadienoate) in Band 2 (Fig. 4, Lane E). Band 
2 (Fig. 4, Lane 4) contained mainly the 5-oxovalerate, along 
with minor peaks for 6-oxohexenoate, 7-oxoheptenoate, 
8-oxooctenoate, 9-oxononadienoate and 10-oxodecadienm 
ate. Band 4 (Fig. 4, Lane E) also contained the 5-oxo- 
valerate of cholesterol on the basis of relative retention 
time, along with minor peaks corresponding to 7-oxo- 
heptenoate and 9-oxononenoat~ 
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Figure 6A shows the reverse~phase LC/MS profile of the 
total NCI current of the DNPH derivatives of the core 
aldehydes derived from the oxidation of cholesteryl 
linoleat~ along with the single ion plots for the molecular 
weights of the species. These data establish the identities 
and the relative proportions of the various core aldehydes 
resolved by the TLC/HPLC combination. Thus, the major 
components in this fraction are cholesteryl 11-oxoundec- 
enoate (m/z 746) and cholesteryl 12-oxododecenoate (m/z 
780) and cholesteryl 9-oxononanoate (m/z 720), as indi- 
cated by the ion intensities listed on the left-hand side of 
the figure Figure 6]] shows the reverse~phase LCEMS total 
NCI current profile of the DNPH derivatives of the core 
aldehydes derived from the oxidation of cholesteryl ara- 
chidonate along with the molecular ion plots for the 
species. Here the major components by far are cholesteryl 
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FIG. 6. Reverse-phnse liquid chromatography/mass spectrometry 
(LCIMS) profile of total negative ion current along with molecular 
ion plots for dinitrophenylhydrazone (DNPH) of core aldehydes de- 
rived from oxidized cholesteryl linoleate (upper panel) and oxidized 
cholesteryl arachidonate (lower panel). Peak identification: as given 
in the figure (total carbon number:total number of double bonds in 
the aldehyde moiety). TI, total negative ion current. Other LC/MS 
conventions as in Figure 3. LC/MS conditions as given under 
Materials and Methods. 

5-oxovalerate (m/z 664) and cholesteryl 7-oxoheptenoate 
(mYz 690), with much smaller amounts of cholesteryl 
4-oxobutyrate (m/z 650), cholesteryl 6-oxohexenoate (m/z 
676), 9-oxononadienoate (m/z 716) and 10-oxodecadienoate 
(rn/z 730), as indicated by the ion intensities listed on the 
left-hand side of the figure Again, the LC/MS data estab- 
lish the identification and proportionation of the core 
aldehyde species tentatively identified by the TLCEHPLC 
combination. 

The mass spectra of the DPNH derivatives of choles- 
teryl 9-oxononanoate and cholesteryl 5-oxovalerate isc~ 
lated from the peroxidation products of cholesteryl 
linoleate and arachidonat~ respectively, corresponded ex- 
actly to those of synthetic standards (10). Only single ions 
corresponding to the molecular weight of these hydrazones 
were seen in the 500-800 mass range (figures not shown). 
Figure 7 shows the partial mass spectra of the DNPH 
derivative of 7-ketocholesteryl 9-oxononanoate (A) and 
5,6-epoxycholestanyl 9-oxononanoate (B) recovered from 
oxidized cholesteryl linoleate and isolated from near the 
origin of the TLC plate (Fig. 4, Lane D). Again, only single 
ions corresponding to the molecular weights of the com- 
pounds are seen. The minor ion at m/z 580 in A is due to 
the DNPH derivative of 7-ketocholesterol, which overlap- 
ped with the 9-oxononanoate on the TLC plat~ The minor 
masses at m/z 676 and 772 in B were due to the DNPH 
derivatives of unidentified components overlapping with 
the epoxy cholesteryl 9-oxononanoate on the TLC plate~ 

In addition, we investigated the peroxidation products 
of the mixed cholesteryl esters of rat plasma by exposing 
to the t-BOOH/FeS04 system: fresh rat plasma, total 
lipid extracts of rat plasma and purified cholesteryl esters 
of rat plasma. In all instances, we were able to demon- 
strate the formation of ring oxidized cholesteryl esters of 
palmitic~ oleic and linoleic acids and the 5-oxovaleroyl and 
9-oxononanoyl esters of cholesterol and oxycholesterol 
(chromatograms not shown). The various core aldehyde 
esters were found in proportions reflecting the composi- 
tion of the fatty acids in the cholesteryl ester mixtures. 
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FIG. 7. Partial mass spectra of dinitrophenylhydrazone (DNPH) of 
7-ketocholesteryl 9-oxononanoate (A) and DNPH of 5,6-epoxy 
cholestanyl 9-oxononanoate as obtained by reverse-phase Hquid 
chromatogrophy/mass spectrometry (LCIMS) with negative chemical 
ionization. LC/MS conditions are as given under Materials and 
Methods. 
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M e c h a n i s m  o f  oxidat ion.  The mechanism of oxidation 
of the steryl esters was not specifically investigated in this 
study, bu t  the choice of the oxidant  and the reference to 
peroxidation requires comment.  The term "peroxidation" 
was adopted in keeping with previous usage, Halliwell and 
Gutter idge (9) had noted tha t  addition of t e r t -bu ty l  or 
cumene hydroperoxide along with Fe++ is an effective 
way to stimulate lipid peroxidation in v i t ra  Although free 
radicals and fa t ty  acid peroxides or hydroperoxides were 
not  identified as indicators of peroxidation in our ex- 
periments, conjugated dienes have been detected under 
comparable reaction conditions (11) suggesting tha t  
peroxidation of the polyunsaturated acids may have taken 
place  Furthermore,  the steryl  ester core aldehydes iden- 
tified in this work appear to be of the type  proposed for 
the peroxidation of linoleic and arachidonic acids by Este~ 
bauer et  o l  (22), where a homolytic scission of the two C-C 
bonds on either side of the hydroperoxy group takes plac~ 
I t  should be noted, however, tha t  the sterol r ing oxida- 
t ion products  isolated and identified here are consistent  
with the mechanism proposed by Kimura and Muto (23) 
and discussed by Smith (1). These authors have pointed 
out  tha t  tert-butyl peroxyl radicals may epoxidize the A 5 
double bond, and tert-butyl oxyl radicals may abstract the 
C7 proton to yield C 7 alcohols and C7 ketones without the 
generation of peroxides and hydroperoxides as i n t e rm e  
diates. I t  is therefore possible tha t  under  the influence of 
the harsh reagent multiple oxidations may take place by 
several different pathways. 

In summa~T, the present  results demonstra te  tha t  
polyunsatura ted cholesteryl esters are subject to perox- 
idation in both  sterol r ing and in the fa t ty  chain, while 
saturated and monounsatura ted fa t ty  acid esters are ox- 
idized only in the ring, when exposed to t-BOOH in the 
presence of ferrous sulfat~ The formation of the lipid- 
soluble core aldehydes from polyunsaturated fa t ty  acid 
esters of cholesterol has not  been previously reported, 
al though it should have been anticipated in view of the 
known generation of the water-soluble low molecular 
weight aldehydes. The core aldehydes occur in combina- 
tion with both  unoxidized and oxidized cholesterols, 
al though only the 7-keto cholesterol and the 5,6-epoxy- 
cholestanol core aldehydes were actually identified. The 
esterification of the 3~-hydroxyl group of cholesterol by 
the saturated or monounsatura ted fa t ty  acid had no 
significant qualitative effect upon the oxidation of the 
cholesterol ring, although quanti tat ively it may have pro- 
vided some protection, as previously reported (1,5,6). The 
biological act ivi ty of the core aldehydes of normal or 
peroxidized cholesterol is not  known. The present s tudy 
shows tha t  the core aldehyde esters of cholesterol and ox- 
ycholesterol are readily hydrolyzed by bacterial cholesteryl 
ester hydrolase. 
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Characteristics of the Thiobarbituric Acid Reactivity of Human 
Urine as a Possible Consequence of Lipid Peroxidation 
Hiroko Kosugi a,*, Takashi Kojima b and Kiyomi Kikugawa b 
aFerris University, 4-5-3 Ryokuen, Izumiku, Yokohama 245 and bTokyo College of Pharmacy, 1432-1 Horinouchi, Hachioji, Tokyo 
192-03, Japan 

A 532 nm red pigment formed in the tlfiobarbituric acid 
{TBA) assay of human urine was characterized after 
separation of the pigment by high-performance liquid 
chromatography. The yield of the red pigment was some 
what higher at pH 2 than at pH 5; its development was 
not inhibited by ethylenediamlnetetraacetic acid. The 
characteristics of the pigment were similar to those of the 
pigment derived from standard malonaldehyde. The 
amount of the pigment formed was roughly equal to the 
content of malonaldehyde derivatives estimated as 142,4- 
dlnltrophenyl)pyrazole. Pigment formation was significant- 
ly enhanced by t-butyl hydroperoxide (t-BuOOH) and fel~ 
ric ions, which may be due to pigment formed from alde- 
hydes other than malonaldehyde; the presence of these 
aldehydes was confirmed by the formation of the eol~ 
responding 2,4-dlnitrophenylhydrazones. The amount of 
pigment produced from 24-h urine samples of 12 healthy 
subjects was estimated to be 26-95 nmol/kg, and 65-182 
nmol/kg in the presence of t-BuOOH. These values are 
lower than those for urine of rabbit or rat. The TBA reac~ 
tivity in the absence and presence of t-BuOOH of human 
urine was not related to age or sex. The TBA reactivity 
of human urine collected in the afternoon and in the even- 
ing was higher than that of urine collected in the morning. 
Lipids 28, 337-343 (1993). 

Lipid peroxidation has been implicated as being involved 
in various pathological conditions including aging, carcinc~ 
genesis, atherosclerosis~ inflammation, ischemia and drug 
toxicities. Lipid peroxidation products excreted in human 
urine may thus reflect lipid peroxidation of the whole body. 
The thiobarbituric acid (TBA) assay (1) has previously been 
used for the measurement of lipid peroxidation products in 
rat and in human urine (2-5). Thus heating of urine with 
TBA in acidic medium has been shown to give a red 
malonaldehyde TBA (1:2) adduct with a maximum absorp- 
tion at 532 nm (6). 

Although the red pigment had been assumed to be speci- 
fic for malonaldehyd~ other aldehydes generated during lipid 
peroxidation have been shown to produce the same pigment 
{1,7-14). Pigment formation from malonaldehyde is quan- 
titative and is little affected by pH, added organic 
hydroperoxides or ferric iorL In contrast, pigment formation 
from alkadienals and alkenals is not quantitativ~ is highly 
pH-dependent {12,13) and is greatly enhanced by added 
organic hydroperoxides (8-14} and ferric ions {13,14}. Our 
previous studies have shown that the pigment formed from 
oxidized fats and oils is due to alkadienals and]or alkenals 
{11,13}, and that the pigment formed from rat liver and brain 

*To whom correspondence should be addressed. 
Abbreviations: BHT, butylated hydroxytoluene; DNPH, 2,4-dinitro- 
phenylhydrazine; DNPP, 1-(2,4-dinitrophenyl)pyrazole; EDTA, ethyl- 
enedJaminetetra~cetic acid; HPLC, high-performance liquid chromatog- 
raphy; TBA, thiobarbituric acid; t-BuOOH, tert-butyl hydroperoxide; 
TMP, tetramethoxypropane. 

homogenate is due to both alkadienals and malonaldehyde 
(12,14). 

In the present study, we characterized the red pigment 
formed in the TBA assay of human urine and determined 
which aldehydes generated during lipid peroxidation are 
responsible for pigment formatiorL We also determined the 
amounts of pigment formed from urine of healthy human 
subjects. 

MATERIALS AND METHODS 
Materials. TBA, 2,4-diuitrophenylhydrazine (DNPH), pr~ 
panal, butanal, hexanal and 2,4-heptadienal were ob- 
tained from Wako Pure Chemical Industries (Osaka, 
Japan). 2-Butenal, 2-hexenal, 2,4-hexadienal and tetra- 
methoxypropane (TMP) were obtained from Tokyo Kasei 
Kogyo Company (Tokyo" Japan). 2-Pentenal and 2- 
heptenal were obtained from Aldrich Chemical Company 
(Milwaukee, WI). t-Butyl hydroperoxide (t-BuOOH) (70% 
in water) was obtained from Sigma Chemical Company 
(St. Louis, MO); its concentration was determined to be 
7.0 M by iodometric titration. Butylated hydroxytoluene 
(BHT) was obtained from Nikki Universal Company 
(Tokyo" Japan). N-(2-propenal)aminoacetic acid was pre- 
pared as described (15). Glacial acetic acid was a special 
reagent grade product of Wako Pure Chemical Industries. 

Analysis. Absorption spectra were measured on a 
Hitachi U-2000 (Tokyo, Japan) or a Shimadzu UV-240- 
Visible (Osaka, Japan) spectrophotometer. High-perform- 
ance liquid chromatography (HPLC) was carried out on 
a Hitachi L-600 or L-655-All liquid chromatograph equip- 
ped with a column (4.6 mm i.d. X 250 mm) of YMC A-303 
ODS (Yamamura Chemical Laboratories, Kyot~ Japan). 
The fractions were detected with a Hitachi L-4200 UV- 
VIS or a Shimadzu SPD-6A detector. 

Urine. Urine was collected from healthy human male 
and female subjects, Japanese White male rabbits and 
Wistar male rats and used for analysis within several 
hours. For determination of one-day amounts of the red 
pigment, 24-h urine was pooled for the assay. 

Major TBA-reactive substances of human urine. The 
TBA-reactive substances of human urine were partially 
purified through an anion exchange column and by gel 
filtration according to the method of Hadley and Draper 
(16). Human urine (250 mL) was applied to a column (3 
cm i.d. X 22 cm) of AG1-X8 (chloride form), the column 
was eluted with 1 L of linear gradient sodium chloride 
solution (0-1 M), and 5~ fractions were collected. Most 
of the color of urine due to urobilin, and about 30% of the 
TBA-reactive substances were eluted in fractions (20-60) 
(200 mL) (shown later in Fig. 2). About 70 mL of the frac- 
tions were condensed into 6 mL and passed through a col- 
umn (3 cm i.d. • 21 cm) of Sephadex G-10 equilibrated 
with water, and the column was eluted with 100 mL of 
water. The TBA-reactive substances loaded were complete 
ly eluted, and the eluate was condensed to 10 mL. 

TBA assay. All TBA assays were performed by the two- 
step mode to obtain reproducible data for alkadienals (11). 
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The assays were performed with addition of BHT to avoid 
undesirable peroxidation during the assays (13,14). 

Method A. TWo mL of a solution containing 20 nmol 
TMP or urine (human urine 2.0 mL, rabbit and rat urine 
0.5 mL) in water, 0.10 mI, of 0.5% BHT solution in glacial 
acetic acid (the final concentration of acetic acid was 2%) 
and 3.0 mL of 0.5% TBA solution in water were placed 
in this order into a screw-cap test tube  For studying the 
effect of t-BuOOH, 10 ~L of a 0.5-2 M t-BuOOH solution 
in acetic acid was added to the mixture For studying the 
effect of ferric ion and ethylenediamlnetetraacetic acid 
(EDTA), 0.5% TBA solution was replaced by 0.5% 
TBA/0.2-4 mM FeCI3 (or EDTA disodium salt) in water. 
The mixture was kept at 5~ for 60 min and then was 
heated at 100~ for 20 rain. After cooling, the mixture 
was extracted with 3 mL of chloroform and then centri- 
fuged at 650 • g for 10 min. Absorbance at 532 nm of the 
aqueous phase was determined, and the amount of red pig- 
ment was calculated on the basis of the absorbance and 
the molecular extinction coefficient (156000) of red pig- 
ment (17). The aqueous phase was subjected to HPLC, and 
the column was eluted with 0.04 M acetate buffer (pH 
5.5)/methanol (6:4 vol]vol) at a flow rate of 0.8 mL/min. A 
peak was detected at 532 nm. Red pigment from a stan- 
dard TMP solution appeared at a retention time of 8.0 
min. The amount of red pigment from urine was deter- 
mined by comparing the peak area of red pigment with 
that  of the standard TMP solution. The amounts of red 
pigment from human urine linearly increased with the 
volume up to 2.0 mL, and those from rabbit and rat urine 
linearly increased with the volume up to 0.5 mL. 

Method B. Method B is a modification of the method 
of Ohkawa et al. (18). Two mL of a solution containing 20 
nmol TMP in water or 2.0 mL of human urine, 1.50 mL 
of 20% acetic acid adjusted at the indicated pH value 
by addition of 10 N NaOH, 50/~L of 1% BHT solution 
in glacial acetic acid and 1.50 mL of 0.8% TBA solution 
in water were placed in this order into a test tube  For 
studying the effect of t-BuOOH, 10 ~L of 1 M t-BuOOH 
solution in acetic acid was added. For studying the ef- 
fect of ferric ions and EDTA, 0.1 mL of 100 mM FeC13 
or EDTA disodium salt solution in water was added. 
The mixture was kept at 5 ~ for 60 min and was then 
heated at 100~ for 60 min. After cooling, the mixture 
was extracted with 3 mL of chloroform and centri- 
fuged. The aqueous phase was subjected to HPLC as 
described. 

Determination of malonaldehyde as DNPH derivative. 
Malonaldehyde was determined as 1-(2,4-dinitrophenyl)py- 
razole (DNPP) by reaction with DNPH according to the 
established method (19,20) with slight modifications (14). 
Reference standard DNPP was prepared as described (14). 
Thus, a mixture of 1.5 mL of urine or an aqueous solution 
containing 30 nmol TMP, along with 1.2 mL of 0.25% 
(wt/vol) DNPH solution in 1 N HC1, was heated at 100~ 
for 30 min. The reaction mixture was extracted with chl~ 
roform as described (14), and the extract was subjected 
to HPLC. The column was eluted with acetonitrile/0.01 
N HCI (45:55, vol/vol) at a flow rate of 1.5 mL/min. The 
peak due to DNPP appeared at a retention time of 7.0 min 
and was detected at 300 nm. Malonaldehyde content of 
urine was determined by comparing the peak height of 
DNPP from urine with that of DNPP from the TMP stan- 
dard solution. 
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FIG. 1. Prot'des of pigment formation in the thiobarbituric acid (TBA) 
assay of human urine. A: Absorption spectra of the TBA reaction 
mixture (method A) of human urine (2 mL) heated at 100~ for the 
indicated period. The reaction mixture of standard tetramethox- 
ypropane (TMP) heated for 20-180 rnln showed the same absorbanee 
with a single absorption mnvlmum at 532 um. B: High-performance 
liquid chromatography (HPLC) pattern of the T B A  reaction mix- 
ture (method A) of human urine heated at 100~ for the indicated 
period. Three peaks, a, b and c, were detected. Red pigment (532 nm) 
from standard TMP eluted at a retention time of 8.0 min (peak b). 
C: Time course of 532 nm red pigment determined by absorbance 
(A) (o) ,  and that determined by peak b in HPLC analysis (B) (O). 
The control reaction mixture without  TMP and urine showed no 
significant coloration and HPLC peaks. 

Determination of aldehydes with DNPH. Aldehydes 
other than malonaldehyde were determined as previous- 
ly described (11). DNPH (50 mg) was dissolved in 100 mL 
of 1 N HC1, and the solution was extracted twice with 50 
mL of n-hexane to remove impurities. Two mL of urine or 
an aqueous solution containing 5 ~mol standard aldehyde 
was added to 2.0 mL of the solution. The mixture was 
vigorously shaken at room temperature for 5 rain in the 
dark and extracted six times with 3 mL of benzene. The 
organic layers were combined and evaporated to dryness, 
and the residue was redissolved into 0.5 mL of benzene 
The solution was applied to a column (1 cm i.d. • 3.5 cm) 
of silica gel, and the column was eluted with benzene The 
hydrazone fractions (3-8 mL) and DNPH fractions (15-32 
mL) were separated, the former being evaporated to 
dryness to be redissolved into 5.0 mL of methanol. Ab- 
sorption spectra of the solution gave maxima at 360 ran. 
The amounts of aldehyde were calculated on the basis of 
the average molar extinction coefficient (26000) of the 
various hydrazones at 370 nm (21). The methanolic solu- 
tion was evaporated to dryness and dissolved into 0.2 mL 
of acetonitrile for HPLC analysis. The column was eluted 
with acetonitrile]water (3:2, vol/vol) at a flow rate of 1.5 
mL/min (14). The peaks were detected at 370 nm (shown 
later in Fig. 5). 

RESULTS 

The TBA reaction of the reference standard TMP and 
human urine was carried out by heating at 100~ for 20 
min in 2% acetic acid containing 0.01% BHT (method A). 
While TMP produced 532 nm red malonaldehyde TBA 
(1:2) adduct quantitatively, human urine produced pig- 
ments with two absorption maxima at 455 and 532 nm 
{Fig. 1A). The absorbance was gradually increased by pro- 
longed heating up to 180 min, and the maximum at 532 
nm was shifted to 518 run. The 532 nm red pigment could 
not be accttrately determined by direct spectrophotometry 
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FIG. 2. Anion exelmnge column chromatography of the thiobarbituric 
acid (TBA)-reactive substance of human urine. Human urine (250 mL) 
containing the substances to produce 660 nmo1532 um red pigment 
was applied to an AG1-X8 column (3 X 22 cm) with sodium chloride 
linear gradient elution, and 5-mL fractions were collected. The TBA- 
reactive substances were detected in the assay by their absorbance 
at 532 nm (method A). 
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owing to the production of the interfering pigments. In 
HPLC, the 532 nm red pigment was separated from the 
interfering pigments (peak a and peak c) and eluted at a 
retention time of 8.0 min (peak b) (Fig. 1B). The absorp- 
tion spectrum of peak b showed a single maximum at 532 
nm of red malonaldehyde TBA (1:2) adduct. The amount 
of the red pigment determined in peak b was constant dur- 
ing the heating periods from 20 to 180 min (Fig. 1C). The 
amount of the red pigment produced during 20 min as 
estimated by direct spectrophotometry was 20-30% 
higher than that measured by HPLC. Hence, HPLC 
separation was necessary for accurate quantitation of the 
red pigment from urine 

When human urine was dialyzed against water, about 
90% of the TBA-reactive substances that produce the red 
pigment were removed (data not shown), indicating that 
most of the TBA-reactive substances were low molecular 
weight compounds. When human urine was passed 
through an anion exchange column according to the 
method of Hadley and Draper (16), the TBA reactive- 
substances were resolved into several peaks (Fig. 2). The 
chromatographic profile was similar to that of rat urine 
(16), and the TBA-reactive substances of human urine were 
not single. Major TBA-reactive substances (about 30%) 
of human urine were eluted in the first fraction. When the 
red pigment from human urine was determined by the 
methods of Ohkawa e t  al. (18), Buege and Aust (22) and 
Uchiyama and Mihara (23), similar results were obtained 
as long as the pigment was determined after HPLC 
separation (data not shown). 

The effect of the pH of the TBA reaction mixture 
(method B) on the red pigment development from human 
urine (Fig. 3A) and from the major TBA-reactive sub- 
stances separated by anion exchange column chromatog- 
raphy (Fig. 3B) was further investigated (open circles). Pig- 
ment formation was somewhat dependent on the pH value 
of the reaction mixture; it was maximal at pH 2, and 
1.5-fold higher than at pH 5. Addition of 2 mM t-BuOOH 
(Fig. 3; closed circles) or ferric ions (Fig. 3; open triangles) 
increased pigment development in the pH ranges between 
2 and 5, suggesting the presence of alkadienals and/or 
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FIG. 3. Effect of pH, t-BuOOH, ferric ions and EIYrA on the develop- 
ment of the red pigment in the TBA assay of human urine. Human 
urine (A) and the major TBA-reactive substances obtained by anion 
exchange column chroma~graphy ~see Fig. 2) 03) were subjected to 
the TBA  assay (method B) in the absence (O) or presence of 2 mM 
t-BuOOH (e) ,  2 mM ferric ions (A) and 2 mM EDTA (1-1). The reac- 
tion mixture heated at 100~ for 20 min was subjected to HPLC 
analysis. Abbreviations as in Figure 1. t-BuOOH, tert-butyl hydro- 
peroxide; EDTA, ethylenediaminetetraacetic acid. 
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FIG. 4. Concentration-dependent effect of t-BuOOH, ferric ions and 
EDTA on the red pigment development in the TBA  assay of human 
urine. Urine samples were subjected to the TBA  assay (method A) 
in the presence of t-BuOOH ( �9 ), ferric ion (z~) and EDTA (['1) at the 
indicated final concentration. The reaction mixture heated at 100~ 
for 20 min was subjected to HPLC analysis. Abbreviations as in 
Figures 1 and 3. 

alkenals whose reactivity is known to be enhanced by 
these reagents (8-14). Addition of 2 mM EDTA (Fig. 3; 
open squares) did not affect the pigment development 
throughout the pH ranges, suggesting that a trace 
amount of contaminated ferric and ferrous ions had been 
already chelated and inactivated in the reaction mixtures 
containing urine samples so as not to enhance the TBA 
reactivity due to alkadienals and alkenals. Figure 4 shows 
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TABLE 1 

Comparison of the Amount of Red Pigment Produced in the Thioburbiturie Acid (TBA) 
Assay of Human Urine Containing Malonaldehyde Derivatives and Other Aldehydes 

532 nm Red pigment a Malonaldehy~le 
Urine (nmol/mL urine} derivatives ~ Other aldehydes c 
sample + None + t-BuOOH + FeCI 3 (nmol/mL urine) (nmol/mL urine) 

Urine 
1 10.6 
2 8.0 
3 11.0 
4 7.0 
5 4.3 
6 3.9 
7 4.7 

15.3 
6.5 

19.5 
5.0 

8 2.2 3.6 5~0 
Major TBA-reactive substances of urine d 

9 19.2 20.9 24.1 

6.1 7.9 11.5 
5.7 8.3 9.1 
7.6 8.3 9.0 

5.4 

24.2 24.2 
aRed pigment (532 nm) was determined by high-performance liquid chromatography of 

the TBA reaction mixture (method A) heated at 100~ for 20 rain in the absence or 
bPresence of 2 mM tert-butyl hydroperoxide (t-BuOOH) or FeCl 3. 
Malonaldehyde content was determined as 1-(2,4-dinitrophenyl)pyrazole by 2,4-dinitro- 
phenylhydrazine (DNPH) method. 

COther aldehyde content was determined as hydrazones of DNPH by silica gel column 
d~hehrOmatography �9 

major TBA-reactive substances were obtained by anion exchange column chromatog- 
raphy (see Fig. 2). 

concentration-dependent enhancement of the red pigment 
development by t-BuOOH and ferric ions in the TBA 
assay {method A) of human urine samples. The pigment  
development from malonaldehyde derivatives, TMP  and 
N-(2-propenal)-minoacetic acid was not  enhanced by 2 
mM ferric ions and not  inhibited by  2 mM EDTA under  
the same conditions {data not  shown). 

The amounts  of red pigment  formed from human urine 
{Table 1, samples 1-4) and the major TBA-reactive sub- 
stances obtained by anion exchange column chromatog- 
raphy (Table 1, sample 9) were compared with the contents 
of malonaldehyde derivatives determined as DNPP  by the 
D N P H  method {19,20). The amounts  of red pigment  ob- 
tained without  added t-BuOOH and ferric ions were 
roughly equal to or even lower than  the levels of 
malonaldehyde derivatives measured. Hence, the TBA 
react ivi ty of human urine without  added t-BuOOH and 
ferric ions was ascribed to malonaldehyde derivatives. 

The enhanced amounts  of the red pigment  tha t  de- 
veloped in the presence of t-BuOOH or ferric ions were 
compared with the levels of other aldehydes determined 
as the hydrazones of D N P H  {Table 1, samples 5-8t. The 
amounts  of other  aldehydes were high enough to account 
for the enhanced pigment  formation. When the hydra- 
zones from the major TBA-reactive substances obtained 
by anion exchange column chromatography {Table 1, sam- 
ple 9) were analyzed by HPLC IFig. 5), several peaks due 
to the hydrazones of aldehydes were detected. One of the 
hydrazones was identified as the hydrazone of 2,4- 
hexadienal by cochromatography with an authentic stan- 
dard {data not  shown}. Hence, the red pigment  develop- 
ment  from urine enhanced by t-BuOOH and ferric ions 
may be due to alkadienals and/or alkenals. 

One-day amounts  of the red pigment  from 24-h urine 
of 12 healthy subjects were determined and compared 
{Table 2, lane 1). The amounts  of the pigment  were 26-95 
nmol/kg �9 day in the absence of t-BuOOH and 65-182 

01 
~ 

0 

j2 
345 6 78 

J' 
9 

I I ! 

10 20 30 40 50 60 
R e t e n t i o n  t i m e  (min)  

FIG. 5. HPLC chromatogram of the hydrazone fraction of silica gel 
column chromatography from the major TBA-reactive substances 
obtained by anion exchange column chromatography (see Fig. 2 and 
Table 1, lane 9). Hydrazones of standard aldehydes were eluted at 
the retention times indicated by arrows; 1, propanal; 2, butenal; 3, 
butanal; 4, pentenal; 5, hexadienal; 6, hexenal; 7, heptadienal; 8, hex- 
anal; and 9, heptenal. The control reaction mixture without sample 
revealed no hydrazone fraction in silica gel column chromatography 
and no peaks in HPLC. Abbreviations as in Figure 1. 

nmol/kg �9 day in the presence of t-BuOOH. All the sub- 
jects excreted both  malonaldehyde derivatives and other  
aldehydes as TBA-reactive substances. However, the 
amount  of pigment  formed varied from subject to sub- 
ject  and also varied by the day of collection of urine from 
a specific subject. The TBA reactivity of urine with and 
without  added t-BuOOH was not  related to age or sex. 
One-day amounts  of the pigment from rabbit urine (Table 
2, lane 2) and rat  urine (Table 2, lane 3) were similarly 
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TABLE 2 

One-Day Amounts  of Red Pigment Produced in the Thiobarbituric Acid (TBA) Assay 
of Urine of Human, Rabbit and Rat a 

Subject 
One-day 532 nm red pigment 

(nmol • SD/kg.day} 

Age Body Number of 
Sex (year) weight (kg) determinations + None + t-BuOOH 

Human male 

Human female 

Rabbit male 

Rat male 

22 57 4 4 4 •  7 9 2 •  13 
23 54 1 54 65 
24 58 1 87 107 
25 58 1 87 107 
34 65 4 30 • 4 76 • 13 
71 53 1 92 119 
18 51 1 60 90 
18 55 1 88 106 
46 44 4 84 • 11 156 • 26 
49 50 1 69 110 
50 58 5 73 • 10 117 • 18 
85 36 1 76 87 

1 3.25 4 616 • 121 1932 • 338 
1 3.20 4 445 • 83 1415 • 269 
1 3.15 4 524 • 163 1527 • 430 
2 4.30 7 363•  117 817 • 261 
3 4.45 5 312 • 92 733 • 255 
0.13 0.18 2 88 578 
0.13 0.23 2 148 860 
0.13 0.21 2 195 354 
0.13 0.22 2 192 703 
0.13 0.20 2 155 849 
1 0.44 4 125 • 30 1079 • 308 
1 0.42 4 112 • 24 868 • 147 
1 0.38 4 224 • 16 1017 • 154 
1 0.44 4 122 • 30 911 • 182 
3 0.43 6 63 • 38 370 • 139 
3 0.40 2 55 267 
3 0.35 6 57 • 31 371 • 230 

a24-h Urine was collected and subjected to the TBA assay (method A) heated at 100~ 
for 20 min in the absence or presence of 2 mM t-BuOOH. The red pigment was deter- 
mined by high-performance liquid chromatography. The one-day amount of pigment 
(nmol _+ SD~g.day) was corrected for the volume of urine and the body weight, t-BuOOH, 
tert-butyl hydroperoxide. 

"~ 10 
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FIG. 6. The TBA reactivity of human urine collected at different 
times throughout a day. Two human urine samples were subjected 
to the TBA assay {method A), and the reaction mixture heated at 
100~ for 20 min was subjected to HPLC analysis. Abbreviatioms 
as in Figure I. 

determined. The TBA reactivity of urine of these animals 
was much higher; thus humans excreted lower amounts 
of malonaldehyde derivatives and other aldehydes than 
did the animals. 

Urine  was collected from heal thy  h u m a n  subjec ts  a t  dif- 
ferent  t imes  of the  da ~  a nd  the  a m o u n t s  of the  p i g m e n t  
produced  w i t h o u t  t -BuOOH were d e t e r m i n e d  a n d  com- 
pared  {Fig. 6). I t  was  found  t h a t  the  T B A  reac t iv i ty  of 
u r ine  collected in  the  a f t e rnoon  or in  the  even ing  was 
higher  t h a n  t h a t  collected in  the  morn ing .  

DISCUSSION 

The TBA reaction of human urine produced at least three 
pigments, namely 455 nm yellow, 532 nm red and 518 nm 
orange pigments, as shown in Figure 1. The yellow pig- 
ment may be derived from alkanals (24,25) and/or sugars 
(26) and cannot be regarded as an index of lipid peroxida- 
tion. The red pigment is only the pigment that appears 
to reflect lipid peroxidation. The orange pigment was pro- 
duced when the reaction mixture was heated for pro- 
longed periods. Bidder and Sipka (27) have demonstrated 
that the absorbance at 532 nm of the TBA reaction mix- 
tu re  of u r ine  progress ively  increased  wi th  h e a t i n g  time. 
a nd  they  sugges ted  t h a t  the  a b n o r m a l  increase  is due to 
mate r ia l s  o ther  t h a n  malona ldehyde  derivatives.  As  alka- 
dienals and  alkenals produce 532 n m  red p i gme n t  in  a t ime 
course s imi la r  to  t h a t  of ma lona ldehyde  der iva t ives  (7,8), 
the  a b n o r m a l  increase  m a y  be due to the  deve lopmen t  of 
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chromogens other than 532 nm red pigment. Several 
substances in urine have been shown to produce these dif- 
ferent chromogens (1,28-31). HPLC separation of the pig- 
ment  is necessary for accurate quantitat ion of the red pig- 
ment  tha t  appears to reflect lipid peroxidation products  
in ur ine  

The TBA react ivi ty of urine tha t  produces the red pig- 
ment  is barely dependent  on the method used, whereas 
the react ivi ty of fats and otis (13) and rat  liver and brain 
homogenate (12,14) have been shown to be greatly depen- 
dent  on the method used. The yield of the red pigment  
from urine was somewhat higher at  pH 2 than  at  pH 5, 
and its development was not  inhibited by EDTA. The 
characteristics of the pigment  development were similar 
to those of s tandard malonaldehyde derivatives. The 
amount  of red pigment  formed was roughly equal to the 
content of malonaldehyde derivatives estimated as DNPP. 
The TBA react ivi ty of urine thus appears to be due to 
malonaldehyde derivatives. However, the pigment develop- 
ment  enhanced by t-BuOOH and ferric ions seem to be 
due to aldehydes other  than malonaldehyde derivatives 
(13,14), whose presence was confirmed by hydrazone for- 
mation with DNPH.  

The present results are consistent with earlier observa- 
tions. Draper et  al. {2-4} had demonstrated tha t  the TBA 
reactivity of rat  urine increased when supplemented with 
malonaldehyde derivatives, a vitamin E-deficient diet, iron 
or carbon tetrachloride, and tha t  the TBA react ivi ty of 
human morning urine increased by consuming a supple- 
meat  of n-3 fa t ty  acids I5). They have identified malonalde- 
hyde derivatives, such as Na-acetyl-e-(2-propenal)lysine 
{32}, N-{2-propenal)serine (16), N-~-(2-propenal)lysine {33}, 
N-(2-propenal)ethanolamine (34) and guanine-malonalde~ 
hyde adduct  (35} as ra t  ur inary metabolites. Eks t rom et  
aL (19,36) demonstrated that  administration of chloroform 
or hydroquinone to rats  resulted in high excretion of 
malonaldehyde derivatives as es t imated by the D N P H  
method. Our results give additional evidence for the ex- 
cretion of malonaldehyde derivatives in ur ine  Lee et  al. 
(37) have recently demonstra ted tha t  HPLC separation 
of rat  urine gives six TBA-reactive substances, including 
aldehydes other than  malonaldehyde derivatives. Our 
results on the TBA reactivity of human unseparated urine 
in the presence of t-BuOOH or ferric ions clearly show the 
presence of aldehydes other than malonaldehyde deriva- 
tives. 

I t  has been shown tha t  the TBA react ivi ty of oxidized 
fats and oils is due to alkadienals and/or alkenals 
(11,13,14}, and tha t  the react ivi ty of tissue homogenate 
is mainly due to alkadienals and, to a lesser extent,  to 
malonaldehyde derivatives {12,14}. By contrast,  the TBA 
react ivi ty of urine was found to be due mainly to malon- 
aldehyde derivatives and, to a lesser extent,  to other  
aldehydes only when the reaction was carried out  in the 
presence of t-BuOOH or ferric ions. I t  is interesting to 
note tha t  the TBA-reactive substances of urine were dif- 
ferent from those of tissues. Nonpolar TBA-reactive 
substances composed of alkadienals generated in tissues 
may stay longer in tissues, and the polar TBA-reactive 
substances composed of malonaldehyde derivatives may 
be more readily excreted in ur ine  

The amounts  of red pigment  produced from 24-h urine 
of 12 healthy subjects were est imated to be 26-95 
nmol]kg, and 65-182 umol/kg in the presence of r-BuOOH, 

the values being lower than  those from urine of rabbit  or 
rat. Excret ion of malonaldehyde derivatives and other  
aldehydes had no relationship to the age or sex of the sub- 
jects. TBA react ivi ty due to malonaldehyde derivatives 
was higher in the afternoon or in the evening than  in the 
morning, suggest ing tha t  the physical act ivi ty of a sub- 
ject  during dayt ime may contr ibute to increased excre- 
tion. I t  has also been suggested tha t  intake of polyun- 
sa turated fa t ty  acids leads to higher excretion of malon- 
aldehyde derivatives in urine (5}. 
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Fatty Acids in the Lipids of Drosophila Heads: Effects of Visual 
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Lipids of Drosophila heads were extracted and separated 
by high-performance thin-layer chromatography. Fat ty  
acid compositions of major phosphoHpids as well as of 
triglycerides were analyzed by gas-liquid chromatography. 
Proportions of the major fat ty acids {14:0, 16:0, 16:1, 18:0, 
18:1, 18:2, 18:3) varied depending on the lipid analyzed. 
Docosahexaenoic acid {22:6), common in vertebrate photo 
receptors and brain, and arachidonic acid {20:4), a precur- 
sor of eicosanoids, were lacking. A comparison of the fatty 
acid composition of the diet vs.  the head suggested that 
Drosophila can desaturate but may not be able to elon- 
gate fat ty acid carbon chains. Fat ty acid analyses were 
carried out after the following visual system alterations: 
i) the traneduction mutant where no receptor potential 
results from a deficit in phospholipase C; ii) an allele of 
e y e s  absent; iii) the mutant  outer rhabdomeres absent 
which lacks visual pigment and rhabdomeres in the pre- 
dominant type of compound eye receptor, rhabdomeres 
I through 6; and iv) carotenoid deprivation which reduces 
opsin and rhabdomere size. We also evaluated aging by 
comparing newiy~merged vs. aged wild-type flies. Altera- 
tions in fa t ty  acid composition based on some of these 
manipulations were founcL Based on comparisons between 
flies reared on media differing in Cle and Cls, there is an 
indication that  diet readily affects tissue fat ty acid 
composition. 
Lipids 28, 345-350 {1993). 

In previous studies (1,2) we have quantified the fatty acids 
of phospholipids (PL) and triglycerides (TG) of Drosophila 
heads. Our primary interest in the fat ty acids is based 
in their importance as structural components of the PL 
of visual membranes, which, in the fly, are tightly packed 
microvillar organelles called rhabdomeres. In addition, 
fatty acids are of interest in such membranes, whose main 
function is signal transduction, since they can serve as 
precursors of signalling molecules. 

The strategy of genetic dissection (3), comparing strains 
with vs. without identified visual structures or processes 
in Drosophila, helped us to dissect the fat ty acids of the 
visual system. In the present study, we analyzed: if outer 

*To whom correspondence should be addressed at Department of 
Biology, 3507 Laclede Avenue, Saint Louis University, St. Louis, 
MO 63103-2010. 

1Present address: Institute of Biomedical Science, Academia Sinica, 
Taipei 11529, Republic of China. 

2present address: Department of Ophthalmology, University of 
Missouri, Columbia, MO 65212. 

Abbreviations: DHA, docosahexaenoic acid; EDTA, ethylenedi- 
Rminetetraacetic acid; EGTA, ethylene glycol:b/s{~-aminoethyl ether) 
N,N, hr, N'-tetraacetic acid; eya, eyes absent; GLC, gas-liquid chro- 
matography; HPTLC, high-performance thin-layer chromatography; 
norpA, no receptor potential; ora, outer rhabdomeres absent; PC, 
phesphatidylcholine; PC r, a likely PC analogue migrating to the 
right of PC in HPTLC; PE, phosphatidylethanolAmine; PI, phospha- 
tidylinositol; PL, phospholipids; PLC, phospholipase C; PS, phos- 
phatidylserine; R1-6, rhabdomeres 1 through 6; TG, triglyceride; 
UV, ultraviolet. 

rhabdomeres absent (ora) an opsin mutant which selec- 
tively eliminates the predominant rhabdomeres, I through 
6, {R1-6) of the compound eye (3); ii) eyes absent (eya) 
which eliminates the compound eyes and reduces the optic 
lobes; and iii) no receptor potential (norpA) whose pheno- 
type results from a phospholipase C (PLC) deficiency {4,5). 
We also utilized carotenoid deprivation which lowers opsin 
in all receptors (6) and makes the rhabdomeres smaller (7). 
Moreover, we compared samples from aged vs. control 
heads and samples derived from animals reared on diets 
with different fat ty acid compositions. 

MATERIALS AND METHODS 
Animals. Stocks of Drosophila melanogaster were raised 
at room temperature under cyclic lighting on a standard 
diet known to be adequate for visual receptor development 
(8). In the medium of agar, brewer's yeast, molasses and 
corn meal, the compounds most relevant to visual develop- 
ment were the yellow pigment (zeaxanthin) in corn meal 
and a supplement of/h~rotene {0.13 mg/mL), both precu~ 
sors of rhodopsin's chromophor~ Flies were deprived of 
carotenoids by rearing on Sang's medium {9); replete con- 
trols were raised on Sang's medium supplemented with 
&carotene at 0.13 mg/ml,. Importantly, the diets differed 
in fatty acid composition (Table D. 
Wild type (Oregon-R) was used as the normal control 

fly. Our norpA stock was norpA EES, an effective allele 
(10), originally from Prof. Seymour Benzer's laboratory 
at the California Institute of Technology {Pasadena, CA). 
An allele of eyes absent (eya) was obtained from Prof. Terry 
McGuire at Rutgers University (New Brunswick, NJ); 
these flies lack the compound eyes but not the simple eyes 
(ocelli) {111. We used the well-studied outer rhabdomeres 
absent (ora) mutant allele of the R1-6 opsin gene in which 
the outer rhabdomeres (R1-6) are selectively deleted {12); 
R1-6 rhabdomeres comprise the predominant photorecep- 
tive organelle in the compound eye For or~ as well as the 
wild type controls in the ora experiments, flies were aged 
in cyclic lighting one week or more because this manipula- 
tion insured a better deletion of ora's rhabdomeres (12). 
For all other types, flies were newly-eclosed, that is, newly 
emerged from the pupa case 

TABLE 1 

Percentages of Fatty Acids in Medium 

Regular diet Sang's diet 
Fatty acid (mole %) (mol %) 

16:0 74.37 61.13 
18:0 13.61 20.49 
18:1 10.06 18.38 
18:2 1.96 trace a 
18:3 trace trace 

aLess than 1%. 
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Extractions. Glass vials with flies were plunged into 
liquid nitrogen. When flies were frozen, shaking vials 
vigorously separated heads from bodies, and 100 heads 
were sorted quickly with a brush at room temperatur~ 
Heads were then put into (usually} 1 mL of ice cold 0.32 M 
sucrose with 50 mM Tris-HCl buffer (pH = 7.4} and 
ethylenediaminetetraacetic acid (EDTA) (1 raM) and 
homogenized with a tightly fitted Teflon pestle Then, 4 
vols of chloroform]methanol (2:1, vol/vol) was added, 
followed by vortexing. In order to facilitate the recovery 
of the anionic PL, 50 ~L of 40 mM ethylene glycol-bis([~- 
aminoethyl ether) N,N,N,N'-tetraacetic acid (EGTA) was 
added to the tube, followed by revortexing. The tubes were 
centrifuged at 1500 • g for 5 min, and the organic phase 
was recovered and passed through a mini-column contain- 
ing anhydrous Na2SO 4. For more complete extraction of 
the acidic PL, a second extraction with 2 vol of chloro- 
form]methanol (2:1, vol]vol) with 0.4% HC1 was performecL 
The second organic extract was neutralized with one drop 
of 4 N NH4OH before combining with the first one, and 
the extract was then evaporated to dryness. 

High-performance thin-layer chromatography (HPTLC) 
and gas-liquid chromatography (GLC). The lipids were 
resuspended in chloroform]methanol (2:1, vol/vol). Three 
separate aliquots of the samples were spotted onto 10 X 
10 cm HPTLC plates (Silica gel 60, E. Merck, Darmstadt, 
Germany). These plates had previously been dipped into 
a solution containing 1% potassium oxalate with 2 mM 
EDTA and then diluted with methanol in the ratio of 3:2 
(vol/vol). Data from the three batches were averaged, and 
standard deviations were calculated. 

The procedures for HPTLC separation of PL have been 
described (13). Briefly, plates were developed in the first 
solvent system containing chloroform]methanol/acetone/ 
29% ammonium hydroxide (70:40:10:10, by vol). After dry- 
ing, plates were exposed to HC1 vapor for 3 rain for hy- 
drolysis of the alkenyl ether linkages and were further 
developed in a second dimension using a solvent system 
containing chloroform]methanol]acetone/acetic acid]0.1 M 
ammonium acetate (70:30:27.5:2.25:5, by vol). After devel- 
opment, the plates were sprayed with 2,7-dichlorofluores- 
cein, and the lipid spots were identified under a ultraviolet 
(UV) lamp. Individual PL or TG (together with silica gel) 
were scraped into test tubes. Prior to transmethylation, 
a known amount of heptadecanoic acid (17:0) methyl ester 
was added to each sample as an internal standard and for 
quantification of the PL in the sample 

Conditions for the analysis have been described pre- 
viously (13). Briefly, conversion of the glycerolipid acyl 
groups to their methyl esters was achieved by base- 
catalyzed methanolysis. We added 2 mL of 0.5 M NaOH 
in anhydrous methanol (sodium methoxide) to the sam- 
pla After incubation at room temperature for 10 min, the 
mixture was partitioned into two phases by adding 4 mI, 
of chloroform and 1.5 mL of water. After phase separa- 
tion, the organic layer was removed and filtered through 
a mini-column of anhydrous Na2SO4. The organic solvent 
was evaporated to dryness under nitrogen, and the fatty 
acid methyl esters were redissolved in hexan~ Fatty acid 
methyl esters were separated using a Supelco (BeUefonte, 
PA) SP2330 0.2/am capillary column, 30 m long and 
0.25 mm inside diameter, with helium as the carrier gas. 
Column temperature was programmed from 140 to 195~ 
at 4~ Analysis was with a HP  5890 gas-liquid 

chromatograph (Hewlett-Packard, Avondale, PA) equip- 
ped with a flame-ionization detector. Recoveries of fatty 
acids from phospholipids after methanolysis had been 
verified to be over 95% (13). 

RESULTS 

Experiments carried out in this study involved Drosophila 
that were reared either on a diet based on natural products 
such as yellow cornmeal, molasses and yeast, the regular 
diet (8), or a more defined medium which was useful for 
deprivation or supplementation with vitamin A, the 
Sang's diet (9}. Importantly, the diets differed in fatty acid 
composition as shown in Table 1. For example, the Sang's 
diet had a considerably higher proportion of 18:1 and a 
slightly lower proportion of 18:2 as compared with the 
regular diet. 

Figure 1 shows a typical GLC tracing depicting the 
fatty acids from phosphatidylethanolamine (PE) in eya 
together with the internal standard (17:0). The most con- 
spicuous finding was the absence of polyunsaturated fatty 
acids with chain lengths longer than 18 carbons, an obser- 
vation in good agreement with that reported by Yoshioka 
et al. {14}. Despite the presence in the diets of trace 
amounts of the essential fatty acids with 18:2 and 18:3 
acyl chains, substantial proportions of these fatty acids 
are present in the PL of Drosophila heads. Since the fatty 
acids of Drosophila heads showed a substantial propor- 
tion of 16:1 which was not found in either food, it is con- 
cluded that flies are capable of desaturating 16:0. When 
we omitted the 17:0 standard, our GLC tracings did not 
reveal detectable levels of odd-numbered fatty acids, which 
is in disagreement with the data of Yoshioka et al. (14}. 

During the analysis of PL and TG by GC, it is possible 
to quantify the mass of the lipids obtained. The relative 

~ q  

~  

t -  
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FIG. 1. A typical gas-liquid chromatogram, in this case from the eyes 
absent mutant for the phospholipid phasphatidylethanolnmlne. Fatty 
acid peaks at 14.~, 16:0, 16:1, 18:0, 18:1, 18:2 and 18:3 are labeled. The 
high peak at 17.~ is due to the standard (STD); when the STD is omit- 
ted (data not shown), there is virtually no reading at this location. 
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recovery of the s tandard (17:0 methyl  ester), which had 
been added in known amount  to samples from specified 
numbers of fly heads, should be inversely proportional to 
the quant i ty  of each lipid in each strain. Data  in Table 2 
are calculated to represent the amount  of each specified 
lipid for each experimental  fly type  studied (eya, ora, 
norpA and vitamin A deprived). PE, phosphatidylcholine 
(PC), a lipid which migrates to the r ight  of PC on the 
HPTLC plate (PC,), phosphatidylinositol  (PI), phospha- 
tidylserine (PS) and TG were analyzed. We divided the 
recovery of standard (averaged from the three samples pa~ 
tit ioned from each 100-head batch) from each appropriate 
control strain by the recovery for each experimental strai~ 
Lipid extracts  were prepared with eya and norpA (vs. 
newly-eclosed wild-type controls), ora (aged to insure rhal> 
domere loss vs. aged wild-type controls) and carotenoid 
deprived and replete (control) wild-type reared on the same 
food (Sang's medium without  vs. supplemented with/~- 
carotene, respectively). As expected, eya shows the largest 
decrease in lipid content since the mutation eliminates the 
compound eyes entirely and reduces the optic lobes. Als~ 
as expected, vitamin A deprived flies have lower PL since 
the rhabdomeres are reduced (7). We expected tha t  ora 
would have lower PL since this mutan t  lacks the R1-6 
rhabdomeres. Surprisingly, there were actually higher PL 
ratios in this mutant,  suggesting that  there may be a com- 
pensatory  increase in PL in par ts  of the head other than  
the eyes. With the exception of a decrease in PC and PC,, 
other  membrane PL in norpA were not  different from 
those of the wild t y p e  This finding was expected because 
the norpA flies were newly emerged, while rhabdomere 
diminution is only realized in aged mutan ts  (15). On the 
other  hand, there was a large increase in TG in norpA as 
compared to controls. The cause for this increase is not  
clear. 

The acyl group profiles of individual PL (PS, PI, PE, 
PC, PCr) and TG in heads of newly-eclosed wild-type 
Drosophila reared on the regular diet are shown in Table 3. 
Although subtle differences could be found among the PL, 
the overall profiles were similar with high proportions of 

TABLE 2 

Ratio of Lipid in Experimental vs. Control Heads 

Lipid a eya b ora c norpA d Vit. A deprived e 

PE 0.46 1.09 1.08 0.76 
PC 0.65 1.38 0.69 0.65 
PC r -- -- 0.62 -- 
PI 0.56 2.00 0.96 0.65 
PS 0.58 1.30 1.08 0.52 
TG -- -- 2.54 -- 

apE, phosphatidylethanolamine; PC, phosphatidylcholine; PCr, 
lipid fraction migrating to the right of PC; PI, phosphatidylinositol; 
PS, phosphatidylserine; TG, triglyceride. 

b eyes absent, control is wild-type, both newly-eclosed, regular diet. 
Couter rhabdomeres absent, control is wild-type, both aged, regular 

diet. 
dno receptor potential, control is wild-type, both newly-eclosed, 

regular diet. 
eControl is vitamin A replete, both wild type, Sang's diet. 

TABLE 3 

Percentages of Fatty Acids in the Lipids of Heads of Newly-Eclosed 
Wild-Type Flies Reared on Regular Diet 

Fatty acid PS a pIb pE c pcd PCr e TGf 

mole % 
14:0 3.0g -- 0.6 2.0 6.8 23.0 

(0.3) (0.1) (0.01) (0.9) (1.0) 

16:0 9.4 17.6 h 18.1 24.8 39.0 21.3 
(0.1) (0.6) (1.0) (3.1) (1.0) 

16:1 3.0 6.6 7.3 11.5 -- 26.7 
(0.2) (0.3) (0.6) (1.0) 

18:0 11.9 10.8 11.0 8.0 14.6 0.8 
(0.5) (0.2) (1.7) (1.2) (0.3) 

18:1 32.5 25.3 24.2 24.4 18.3 22.6 
(0.2) (0.6) (1.8) (2.9) (1.0) 

18:2 24.5 29.6 28.8 26.5 17.1 3.2 
(0.1) (0.7) (1.8) (4.4) (0.5) 

18:3 15.8 10,1 10.2 3.0 -- 0.3 
(0.2) (0.5) (0.2) (0.1) 

aphosphatidylserine, averaged from three experiments. 
bphosphatidylinositol, averaged from four experiments. 
c Phosphatidylethanolamine, averaged from four experiments. 
dphosphatidylcholine, averaged from three experiments. 
e Lipid fraction migrating to the right of phosphatidylcholine, one 

experiment. 
fTriglyceride, averaged from 2 experiments. 
gValues averaged from 3 samples (+_ standard deviation). 
hValues for PI averaged from 2 samples, no error listed. 

18:1, 18:2 and, in some cases, 18:3, the lat ter  two being 
very low in the regular food (Table 1). On the other  hand, 
the acyl group profile of TG is in many ways different from 
tha t  of PL. Similar to the TG acyl profiles of mammalian 
systems, the hallmark of the TG profile of Drosophila 
heads is the near absence of 18:0. On the other  hand, the 
TG in Drosophila heads showed a high proportion of 14:0, 
a fa t ty  acid which was below detection level in the food. 
An unknown lipid localized to the r ight  of PC on the 
HPTLC plates (PC,) has a greater proportion of the short 
chain saturated fa t ty  acids (14:0 and 16:0) than PC. These 
data  suggest  tha t  this newly resolved PL spot is par t  of 
the PC species. One conspicuous finding is tha t  there are 
no fa t ty  acid chains longer than 18 carbons in the PL and 
TG of Drosophila heads, confirming and extending the 
observations of Yoshioka et  aL (14). 

Since PE is the predominant  PL present in the Droso- 
phila head, we compared the acyl group profile of PE for 
different types  of Drosophila (newly-eclosed wild-type, 
newly-eclosed norpA, newly-eclosed eya, aged wild-type, 
aged ora, and carotenoid replete and deprived wild-type, 
with only the lat ter  two being reared on Sang's medium). 
As shown in Table 4, all types fed the regular diet showed 
similar fa t ty  acid profiles. Tha t  is, aging and mutan t  con- 
dition did not  change the profile of acyl groups in PE. 
Results from PI, not  presented, are much like those for 
PE. The most  str iking diffrences result from comparing 
the flies fed the regular diet vs. the Sang's medium. Flies 
reared on Sang's medium showed significantly lower 
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TABLE 4 

Percentages of Fatty Acids in Phosphatidylethanolamine in Heads of All Fly Types Studied 

Fatty Young Young Young Aged Age(i Vitamin A Vitamin A 
acid wild-type a norpA o eya c wild-type a ora d replete e deprived e 

mole % 

16:0 18.1f 19.4g 16.8 17.2 15.4 16.9 16.3 
(0.6) (0.5) (0.4) (0.8) (0.2) (0.8) 

16:1 7.3 6.6 12.0 11.4 13.0 30.0 27.9 
(0.3) (0.2) (0.6) (0.5) (0.4) (1.7) 

18:0 11.0 16.3 8.9 8.9 10.4 5.3 6.4 
(0.2) (0.5) (0.5) (0.3) (0.02) (0.4) 

18:1 24.2 26.5 28.3 25.0 25.0 41.4 41.4 
(0.61 {0.91 II.O) 12.1} (1.0) (2.0) 

18:2 28.8 24.2 21.9 27.0 25.1 4.9 6.1 
(0.7) (0.4) (0.3) (1.1) (0.4) (0.5) 

18:3 10.2 6.7 12.2 10.5 11.2 1.5 2.0 
(0.5) (0.8) (0.6) (0.9) (0.04) (0.2) 

aRegular diet; "young" = newly-eclosed; "aged" = one week post-eclosion. 
bno receptor potential, regular diet, newly~closed. 
Ceyes absent, regular diet, newly-eclosed. 
douter rhabdomeres absent, regular diet, one week post-eclosion. 
e Sang's diet, newly-eclosed. 
/Values averaged from three samples (+_ standard deviation). 
gValues for young norpA averaged from two samples, no error listed. 

TABLE 5 

Percentages of Fatty Acids in  T r i g l y c e r i d e  in  Heads of All Fly Types Studied 

Fatty Young Young Young Aged Agecl. Vitamin A Vitamin A 
acid wild-type a norpAO eya c wild.type a ora d replete e deprivede 

mole % 

14:0 23.0f 23.2 18.4 15.9g 26.8 21.1 16.4 
(1.0) (3.6) (1.1) (3.1) (1.2) 

14:1 2.1 2.4 1.9 1.6 2.5 - -  - -  
(0.1) (0.3) (0.1) 

16:0 21.3 22.5 12.0 12.7 10.5 12.9 9.4 
(1.0) (1.2) (0.4) (0.6) (0.4) 

16:1 26.7 23.5 15.4 16.7 13.2 11.6 7.7 
(1.0) (0.5) (0.4) (0.5) (0.5) 

18:0 0.8 0.8 . . . . .  

(0.3) (0.1) 

18:1 22.6 24.0 49.4 50.1 44.6 51.9 63.1 
(1.0) (2.0) (1.3) (4.1) (0.8) 

18:2 3.2 3.3 2.9 3.2 2.5 2.5 3.3 
(0.5) (0.4) (0.1) (0.1) (0.2) 

18:3 0.3 0.5 . . . . .  
(0.5) (0.1) 

a - f A s  in Table 4. 
gValues for aged wild-type and aged ora averaged from two samples, no error listed. 
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proportions of 18:2 and 18:3 and higher proportions of 16:1 
and 18:1 than those raised on the regular food; recall tha t  
the Sang's medium had higher 18:1 {Table 1). 

The acyl group profiles for TG for the same fly types 
are presented in Table 5. In contrast  with the acyl profile 
for PE, TG fa t ty  acids tend to show large differences with 
age and mutan t  condition. The Sang's medium flies 
showed strikingly high 18:1. Interestingly, 18:1 was also 
very high in eya flies, which might  imply tha t  it  is cor- 
respondingly low in the visual system which eya flies lacb 
Finally, the aged flies have a higher proportion of 18:1 and 
lower proportions of 16:0 and 16:1 in the TG {Table 5). 
Recall that we had originally decided to study aged wild- 
type flies as controls in the experiment with aged ora since 
ora loses its rhabdomeres as a function of age (12). 

DISCUSSION 

One of our pr imary findings is tha t  the fa t ty  acid con- 
tent  of Drosophila heads can readily be altered by the diet. 
Large differences in fa t ty  acid composition for PL and TG 
were observed by comparing flies reared on the Sang's diet 
(for vitamin A manipulations} vs. the regular diet, Our 
data are in line with the statement by Turunen (16) that 
"the tissue fatty acid composition often is quite sensitive 
to dietary changes:' A comparison of the fatty acids from 
the food vs, those from Drosophila suggests that the flies 
cannot elongate the fatty acids to make i>20 carbon com- 
pounds but they can desaturate the fatty acids, eg., from 
16:0 to 16:1. 

Our results are in general agreement with those reported 
by Yoshioka et as (14) who determined the fatty acid com- 
position of PI and PC in Drosophila, Both studies con- 
cur in that there are no long chain polyunsaturated fatty 
acids in the tissue PL. The small discrepancies can well 
be attributed to differences in the diet since the diet used 
by Yoshioka et aL had less 16:0, did have 16:1 and had 
higher 18:0, 18:1 and 18:2. They obtained higher values 
of C1s fatty acids and lower values of C18 fatty acids in 
PI and the reverse for PC compared to ours. Their analysis 
showed the presence of small amounts  of C~5 and C17 
fa t ty  acids, bu t  we did not  find them in our study. On the 
other hand, we observed small amounts of 18:3 while they 
did not. 

I t  would be interesting to determine whether  dietary 
supplementation with long chain fa t ty  acids may have any 
effects on the fa t ty  acids of the visual systemL In a pre- 
l iminary study, R. Sapp and W. S. Stark  {unpublished) 
found that  supplementation of the regular food with men- 
haden oil {containing a high proportion of polyunsaturated 
fa t ty  acids} had no obvious effect on visual receptor ultra- 
s t ructur~ On the other hand, D.-M. Chen and W. S. Stark 
{unpublished} showed a small increase in electroretino- 
graphic sensit ivi ty of R1-6 from this supplementation, 
especially in the near UV region of the spectrum. These 
data  suggest  tha t  the fly model will prove useful to eluci- 
date the relationship between dietary fa t ty  acids and 
visual functiom 

Vertebrate visual receptors contain high proportions of 
the long chain polyunsaturated fat ty  acids especially 22:6 
and 20:4 {17). Such high levels of long chain fa t ty  acids 
in vertebrate visual receptors are of substantial  interest 
{18}. Although the function of 22:6 (DHA) in ver tebrate  
photoreceptors is not  known {19,20}, the conventional 

wisdom is t ha t  unsatura ted  fa t ty  acids contr ibute to 
membrane fluidity which could facilitate interactions of 
the molecules of the signal t ransduct ion cascade in the 
planar disk membranes of the rod outer segment. A defect 
in metabolism or t ranspor t  of D H A  in poodles afflicted 
with progressive rod-cone degeneration suggests tha t  
D H A  is essential for visual receptor maintenance in 
vertebrates (21). Drosophila may prove helpful in deter- 
mining the function of D H A  since D H A  is absent  in the 
lipids of flies whose vision is intact. In contrast  to the fly, 
the cabbage but terf ly  Pieris brassicae incorporates 
20:5n-3 (eicosapentaenoic acid) into a var ie ty  of lipids in- 
cluding PI  (22). Insects provide a wide natural  diversity 
in diet potentially providing a wealth of comparative bio- 
chemistry. For instance, some insects are "phytophagous," 
meaning tha t  they feed on plants, and, in many cases, the 
insect-host relationship is very specific, while others feed 
on meat  or blood, which are rich sources of long chain 
fa t ty  acids. 
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O-Alkyl Diol O-, S- and Se-Phosphoroamidates of DL.a-Tocopherol 
and Their Dimethylaminoalkyl Derivatives as Diester and Triester 
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Hexamethyltriamlde of  phosphorous acid, activated by ad- 
dition of iodine at an optimal molar ratio of  1.05.~.05, was  
used as a phosphorylating reagent to  synthesize  1-h~xA- 
decyloxyethyl-2-(~, 1-hexadecyloxypropyl~3-O-, and 1-bpxa- 
decyloxybutyl-4-O-(DL.a-tocopheryl.6-O)-(N,N. 
dlmethylamido)selenophosphate, -thiophosphate and -phow 
phate derivatives, and some of their 2~metlwl-aminoethyl-  
1-(~, and 3,dlmetbylaminopropyl-l-(~triester analogues in 
a "one-pot procedure" in overall yields of  69-87%. Activa- 
tion of the reaction with an equlmohlr mixture of imidazole 
and carbon disulfide at the triester formation step permits 
selective phosphorylation at room temperature. The com- 
pounds synthesized represent new diester and triester 
models containing alkyl ether diolphospholipid structures. 
Lipids 28, 351-354 (1993). 

O~Alkyl diolphospholipids and polar lipids containing phos- 
phate triester linkages are important mediators of a varie- 
ty of biological activities (1-4). Diester types of naturally 
occurring and of model alkyl ether diolphospholipids have 
been obtained synthetically to elucidate their chemical and 
pharmacological properties (4-7). Triester derivatives, or 
thio- and selenophosphate analogues of alkyl ether 
diolphospholipids have not been reported to data Thiophos- 
phate model analogues of other naturally occurring 
phospholipids, however, are now well recognized as advan- 
tageous probes in biochemical and membrane studies (8,9). 

Further developments in diolphospholipid research will be 
stimulated by the design of novel chemical structures that 
include (in addition to a diol moiety) a membrane active lipid 
(steroid, tocophero], e~)  joined v~z a phosphate bridg~ This 
new and challenging approach is expected to contribute to 
progress in biochemistry, pharmacology and membrane 
science (10,11). 

In the present paper we describe the synthesis of alkyl 
esters of diol ~, S- and Sephosphoroamidates of DI~a- 
tocopherol and some of their dimethylaminoalkyl triester 
analogues (Fig. 1). These compounds represent model types 
of ether diolphospholipids that have not been reported 
previously. 

MATERIALS AND METHODS 

The tris{N,N-dimethyl)amide of phosphorous acid {1) was 
prepared as described by Burg and Slota (12). 1-Hexa- 
decyloxyethan-2-ol (a), 1-hexadecyloxy-propan-3-ol (b) and 
1-hexadecyloxybutan-4-ol (c) were synthesized as de- 

*To whom correspondence should be addressed at the Department 
of Organic Chemical Technology, University of Plovdiv, 24 Tsar 
Assen Street, 4000 Plovdiv, Bulgari& 

Abbreviations: HPLC, high-performance liquid chromatography; IR, 
infrared; NMR, nuclear magnetic resonance; TLC, thin-layer chroma- 
tography; TMS, tetramethylsilane. 

RO\p~o~ 
A/~ H r ~ J ~ . o / ] L - c 1 6 H 3 3  

3 I -  3 CH3 

lad0; lbdS; lcdSe; 
ladeS; lcdgSe 

FIG. 1. For ladO: R = 1-Hexadecyloxyethyl~ A = N(CH3)2; B = O; 
lbdS: R = 1-hexadecyloxypropyl-; A = N(CH3)2; B = S; lcdSe: 
R = 1-hexadecyloxybutyl-; A = N(CHs)2; B = Se; ladeS: 
R = 1-hexadecyloxyethyl-; A = 2-dimethylaminoethyl-O-; B = S; 
lcdgSe. R = 1-hexadecyloxybutyl~ A = 3-dimethyl~mino-l-propyl-O-; 
B = S e .  

scribed by Tsushima et aL (4). DL-a-Tocopherol (d), 
2-dimethylaminoethanol (e), 1-dimethylarnlno-2-propanol 
(f) and 3-dimethylamino-l-propanol (g) (Fluka, Buehs, 
Switzerland; and Merck, Darmstadt, Germany) had a 
purity of more than 98%. All other reagents were pu~ 
chased from Janssen (Stockholm, Sweden) and were bet- 
ter than 98% pure Benzene (Merck) was dried over sodium 
and freshly distilled prior to use Reaction conditions were 
kept strictly anhydrous. 

Analytical thin-layer chromatography (TLC) on pre- 
coated alnminum sheets of Silica Gel 60 F254 (Merck) was 
routinely used for monitoring reactions. High-perform- 
ance liquid chromatography (HPLC) was clone (Gilson 305 
System, equipped with a Gilson 131 refractive index detec- 
tor; Medical Electronics, Middleton, WI) using a Polygosil 
60-7 silica gel column (Scandinaviska Genetik AB, Swe- 
den; 250 X 10 ram). Chloroform (System A), n-hexane/di- 
ethyl ether (20:80, vol/vol; System B), n-heptane/ethyl 
acetate (80:20, vol]vol; System C) and chloroform]methanol 
(90:10, vol]vol; System D) were used as mobile phases. 

13C Nuclear magnetic resonance (NMR) spectra were 
recorded on a Varian (Palo Alt~ CA) XL-300 spectrometer 
at 75.43 MHz. 13C Chemical shifts are reported in ppm 
relative to tetramethylsilane (TMS). 3~p NMR spectra 
were recorded on the same instrument at 121.42 MHz. 
31p Chemical shifts are reported in ppm relative to 85% 
phosphoric acid (external) where a positive sign is down- 
field from the standard. All ~sC and 31p NMR data given 
refer to proton decoupled spectra. Infrared (IR) spectra 
were recorded on a Perkin-Elmer (Beaconsfield, England) 
FT-IR 1750 spectrometer. Peak positions are reported in 
cm-L Satisfactory microanalyses were obtained for ladO, 
lbdS,  lcdSe,  ladeS,  and lcdgSe:  C, • H, • N, 
• P, • S, • 

1-Hexadecyloxyethyl-2-O-{DL-a-tocopheryl-6-O)-(N,N- 
dimethylamido)phosphatr 1adO. Representative proce- 

Copyright �9 1993 by the American Oil Chemists' Society LIPIDS, Vol. 28, no. 4 (1993) 



352 

S.D. STAMATOV AND S. GRONOWITZ 

dure. A mixture of iodine (0.025 g, 0.1 mmol) and the tris 
IN, N-dimethyl)amide of phosphorous acid (1; 0.343 g, 2.1 
retool) in benzene (50 mL) was heated at 70~ in a stream 
of argon for about 15 min until the precipitate dissolved. 
1-Hexadecyloxyethan-2-ol (a; 0.576 g, 2.0 retool) was 
added and the mixture was kept under these conditions 
for 5 ~ Then DL-a-tocopherol (d; 0.861 g, 2.0 mmol) was 
added and the reaction mixture was heated at 70~ for 
2 h. The resultant diester phosphite lad was trans- 
formed to the phosphate ladO by reaction with benzoyl 
peroxide (with 20% water) (0.636 g, 2.1 mmol) at room 
temperature (20-25~ for 10 rain. The solvent was re- 
moved under vacuum, and the compounds was isolated 
by HPLC (System C) in pure form. Yield of ladO: 1.40 g 
(87%); n~ = 1.4787; Rf (System A), 0.11; Anal. Calcd. for 
C4sH92NOsP (806.4): C, 72.98; H, 11.52; N, 1.74; P, 3.84. 
Found: C, 72.77; H, 11.60; N, 1.80; P, 3.90. ~aC NMR 
(CDC13) 1-hexadecyloxyethyl-2-O-fragment: d 11.9 ppm 
(C-16); 23.9 (C-15); 26.1 (C-2); 29.4-29.7 (m, C-5 to C-13); 
31.9 (C-14); 65.4 (d, CH2C__H2OP , J =  6 Hz); 69.7 (d, 
CH2CH2OP, J = 8 Hz); 71.4 (C-1); DI~a-tocopheryl-6-O- 
fragment: 13.0 (5-CHa); 13.9 (7-CH3); 14.1 (8-CH3); 20.8 
(C-4); 21.0 (C-3); 23.8 (2-CHa); 74.8 (C-2); 140.9 (d, C-6, 
J = 9 Hz); 148.4 (C-9) (nucleus); 19.6 (C-13, 12-CHa); 22.6, 
22.7 (4-CH 3, 8-CHa) (chain); 36.9 (m, CH3N). 31p NMR 
(CDCL3) d 7.9 ppm (s). IR (KBr, film) v 1245, 836 (PO-C, 
P-OC~I); 1191 (P = O); 1050, 791 (PO-C, P-OC); 735 cm -1 
(P-N). 

1-Hexadecyloxypropyl~3-O-(DL-a-tocopheryl-6-O)-(N,N- 
dimethylamido)thiophosphate lbd~ The intermediate lbd 
was prepared using 1-hexadecyloxypropan-3-ol (b, 0.601 
g, 2.0 retool) and DL-a-tocopherol (d, 0.861 g, 2.0 retool) 
as described for ladO. Transformation to the thiophos- 
phate lbdS was accomplished by reaction with sulfur 
(0.067 g, 2.1 mmol) at 70~ for 3 rain. The derivative was 
isolated by HPLC (System C) as described for ladO. Yield 
of lbdS: 1.41 g (84%); n~ = 1.4909; 1~ (System A), 0.66; 
Anal. Calcd. for CsoHuNO4PS (836.5): C, 71.78; H, 11.35; 
N, 1.67; P, 3.71; S, 3.83. Found: (3, 71.85; H, 11.24; N, 1.67; 
P, 3.66; S, 3.93. 13C NMR (CDC13) 1-hexadecyloxypropyl- 
3-O- fragment: d 12.0 ppm (C-16); 23.9 (C-15); 26.3 (C-2); 
29.5-29.8 (m, C-5 to C-13); 30.6 (d, CH~_CH2CH2OP , J = 9 
Hz); 32.0 (C44); 63.7 (d, CH2CH2C__H2OP, J = 6 Hz); 66.9 
(C_H2CH2CH2OP); 71.2 (C-1); DL-a-tocopheryl-6-O- frag- 
ment: 13.4 (5-CH3); 14.2 (7-CH3); 14.3 (8-CH3); 20.8 (C-4); 
21.1 (C-3); 23.8 (2-CH3); 74.7 (C-2); 142.0 (d, C-6, J = 9 
Hz); 148.4 (C-9) (nucleus); 19.7 (C-13, 12-CH8); 22.7 
(4-CH3, 8-CH 8) (chain); 37.4 (m, CH3N). 3zp NMR (CDC13) 

74.8 ppm (s). IR (KBr, film) v 1246, 834 (PO-C, P-OC~-y~); 
1050, 792 (PO-C, P-OC); 747 (P-N); 719 cm-l(P = S). 

1-Hexadecyloxybutyl~l-O-(DI~a-tocopheryl-6-O)-(N,N- 
dimethylamido)selenophosphate IcdSe. The phosphite lcd 
was prepared using 1-hexadecyloxybutan-4-ol (c, 0.629 g, 
2.0 retool) and DL-a-tocopherol (d, 0.861 g, 2.0 retool) 
following the procedure described for ladO. Then selenium 
powder (0.166 g, 2.1 retool) was added and the mixture 
was stirred at 70~ for 4 h. The selenophosphate lcdSe 
was isolated as described for ladO. Yield of lcdSe: 1.43 
g (80%); n~ = 1.4942; Rf (System A), 0.67; Anal. Calcd. 
for Cs~H96NO4PSe (897.4): C, 68.25; H, 10.80; N, 1.56; P, 
3.45. Found: C, 68.22; H, 10.83; N, 1.53; P, 3.35. 13C NMR 
(CDC13) 1-hexadecyloxybutyl-4-O- fragment: d 12.0 ppm 
(C-16); 23.8 (C-15); 26.2 (CH2C_H2CH2CH2OP); 26.3 (C-2); 
26.9 (d, CH~CH2C_H2CH2OP, J = 9 Hz); 29.5-29.8 (m, C-5 

to C-13); 32.0 (C-14); 67.0 (d, CH~_CH2OP, J = 5 Hz); 70.1 
(CH2CHzCH2CH2OP); 71.0 (C-1); DI~a-tocopheryl-6-O- 
fragment: 13.6 (5-CH3); 14.2 (7-CH3); 14.4 (8-CH3); 20.8 
(C-4); 21.0 (C-3); 23.8 (2-CH3); 74.8 (C-2); 142.3 (d, C-6, 
J = 9 Hz); 148.5 (C-9) (nucleus); 19.7 (m, C-13, 12-CH8); 
22.7 (m, 4-CH s, 8-CHs) (chain); 37.4 (n~ CHsN ). 31p NMR 
(CDCI 3) d 79.7 ppm (t, JP-se = 457 Hz). IR (KBr, film) v 
1245, 832 (PO-C, P-OC~,y~); 1041, 784 (PO-C, P-OC); 752 
(P-N); 720 cm -z (P = Se). 

1-Hexadecyloxyethyl-2-O-(DL-a-tocopheryl-6-O)- 
(2-dimethylaminoethyl-l-O-)thiophosphate ladeS. Repre- 
sentative procedur~ The diester lad was prepared using 
1-hexadecyloxyethan-2-ol (a, 0.576 g, 2.0 mmol) and DI~ 
a-tocopherol (d, 0.861 g, 2.0 retool) as described for ladO. 
The solution was cooled to room temperature (20-25~ 
and added to a mixture of 2-dimethylsminoethanol (e, 
0.178 g, 2.0 retool), imidazole (0.136 g, 2.0 mmol) and car- 
bon disulfide {0.152 g, 2.0 retool) in benzene (50 mL). After 
7 h at 20-25~ the resultant triester phosphite lade was 
transformed to the thiophosphate ladeS by reacting with 
sulfur {0.067 g, 2.1 retool) for 30 rain at the temperature 
indicated. The solvent was removed under vacuum, and 
the derivative was isolated by HPLC (System D) in pure 
form. Yield of ladeS: 1.23 g {71%); n~ = 1.4859; Rf (Sys- 
tem B), 0.23; Anal. Calcd. for Cs1HgeNOsPS {866.5): C, 
70.68; H, 11.19; N, 1.62; P, 3.58; S, 3.70. Found: C, 70.62; 
H, 11.22; N, 1.65; P, 3.48; S, 3.75. I3C NMR (CDC13) 1- 
hexadecyloxyethyl-2-O- fragment: d 11.9 ppm (C-16); 23.9 
(C-15); 26.1 (C-2); 29.4-29.7 (m, C-5 to C-13); 31.9 (C-14); 
66.1 (d, CH~CH2OP, J = 6 Hz); 69.4 (d, C_H2CH2OP, J = 8 
Hz); 71.5 (C~I); DI~a-tocopheryl-6-O- fragment: 13.5 (5- 
CH3); 14.1 (7-CH3); 14.4 (8-CH3); 20.8 (C~4); 21.0 (C-3); 23.8 
(2-CH3); 74.9 (C-2); 141.6 (d~ C-6, J = 9 Hz); 148.7 (C-9) 
(nucleus); 19.7 (m, C-13, 12-CH3); 22.7 (m, 4-CH3, 8-CH3) 
(chain); 2-dimethylaminoethyl-l-O- fragment: 45.5 
(CHaN); 58.5 (CH2N); 67.6 (d, CH2OP, J = 6 Hz). 31p 
NMR (CDC13) d 65.3 ppm (s). IR(KBr, film) v 1246, 837 
(PO-C, P-OCt1); 1040; 818 (PO-C, P-OC); 722 cm -1 
(P = S). 

1-Hexadecyloxybutyl-4-O-(DL-a-tocopheryl-6-O)- 
(3-dimethylaminopropyl-14)-)selenophosphate lcdgSe. The 
phosphite lcdg was prepared using 1-hexadecyloxybutan- 
4-ol (c, 0.629 g, 2.0 retool), DL-a-tocopherol (d, 0.861 g, 2.0 
mmol) and 3-dlmethylamino-l-propanol (g, 0.206 g, 2.0 
mmol) following the procedure described for ladeS. 
Transformation to the selenophosphate lcdgSe was ac- 
complished by reaction with selenium (0.166 g, 2.1 retool) 
at 70~ for 5 b_ The crude derivative was purified by 
HPLC (System D). Yield of lcdgSe: 1.32 g (69%); n~ 
= 1.4873; Rf (System B), 0.28; Anal. Calcd. for 
C54H102NOsPSe (955.5): C, 67.87; H, 10.78; N, 1.47; P, 
3.24. Foun& C, 67.83; H, 10.75; N, 1.48; P, 3.24. 13C NMR 
(CDC13) (Fig. 2) 1-hexadecyloxybutyl-4-O- fragment: d 
11.9 ppm (C-16); 23.8 (C-15); 25.9 (CH~QCH2CH2CH2OP); 
26.3 (C-2); 27.0 (d, CH~CH2C_H2CH2OP, J =  8 Hz); 
29.4-29.7 (m, C-5 to C-13); 31.9 (C-14); 67.4 (d, 
CH~_CH2OP, J = 5 Hz); 70.0 (C_H2CH2CH2CH~OP); 71.0 
(c-1); DL-a-tocopheryl-6-O- fragment: 13.8 (5-CH3); 14.1 
(7-CH3); 14.6 (8-CH3); 20.8 (C-4); 21.0 (C-3); 23.8 (2-CH3); 
74.8 (C-2); 141.9 (d, C-6, J = 9 Hz); 148.7 (C-9) (nucleus); 
19.7 (m, C-13, 12-CHa); 22.7 (m, 4-CH 3, 8-CH a) (chain); 
3-dimethylaminopropyl-l-O- f ragment :  28.3 (d, 
C H2CH2OP, J = 8 Hz); 45.4 (CHaN); 55.8 (CH2N); 69.0 (d, 

CH2OP, J = 5 Hz). 31p NMR (CDCla) 6 68.8 ppm (t, 
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FIG. 2. Proton-deeoupled 75.43 MHz 13C nuclear magnetic 
resonance spec trum of 1-hexadecyloxybutyl-4-O-(DL-a- 
tocopherol~ O~J~Hmethylaminopropyl-l-O)selenophosphate, lcdgS~ 

JP- se - -453  Hz). IR  (KBr, film) v 1245, 834 (PO-C, P- 
OC~l); 1039, 789 (PO-C, P-OC); 735 cm -z (P = Se). 

RESULTS AND DISCUSSION 
As it  has  been shown, the  acyclic t r i~mides  of 
phosphorous acid offer a number  of advantages  over con- 
ventional  phosphoryla t ing  reagents  (10,11). Moreover, 
these phospbamide~ after appropriate activation, can also 
be subjected to stoichiometric alcoholysis under mild con- 
ditions to give mono;  di- and t r ies ter  phosphites  in high 
yields (13-15). 

The tHs(N,N-dimethyl)amide of phosphorous acid with 
iodine a t  the op t imum  molar  rat io of 1.05:0.05 was used 
as base  reagent, 1.1-Hexadecyloxyethan-2-ol a, 1-hexade ~ 
cyloxypropan-3-ol b, 1-hexadecyloxybutan-4-ol c, DL-a- 
tocopherol d, 2-dimethylaminoethanol e, l~imethylamlnc~ 
2-propanol f and 3-dimethylAmino-l-propanol g were 
selected as substrates for phosphorylatiom The synthesis 
was performed according to the method we recently pro- 
posed (13,14). 
The diesters lad, lbd, lcd were obtained in a "one-pot" 

procedure {Fig. 3) by consecutive treatment of the reagent 
I with equivalent quantities of the ether diols a, b, c and 
DI~a-tocopherol d at 70~ in high yields. This was pro- 
ven by transformation of the phosphites to the corres- 
ponding phosphate 1adO, thiophosphate lbdS, and 
selenophosphate lcdSe derivatives. The reverse 
phosphorylation sequence (DI~tocopherol first, and then 
an ether diol) led to transesterification, probably for both 
steric and chemical reasons. The reaction sequence 
established earlier for the synthesis of diol S- and O- 
phosphoroamidates of some sterols supports this explana- 
tion. The molecular masses of the diols chosen had no ef- 
fect on the rates of phosphorylation. 
The high selectivity of diester formation permits the 

direct synthesis of unsymmetrical triesters. Thus, an 
equimolar mixture of the third substrate, eg., imidazole 
and carbon disulfide, was treated in stoichiometric pro- 
portions with the crude diester intermediates lad, lcd at 
room temperature for 7 h {Fig. 4). Treating the reaction 

1.05 P[NICH3)2]3/O.0512 in benzene P- 

R10~ in benzene R10 
RZo/P N ( CH3I 2 I) "~P N (CH3) 2 

Yields: 80--87~ R20/101 (orS;Se) 

lad; lbd; lcd lad0; lbdS; lcdSe 

FIG. 3. For the synthesis of lad, lbd, led: 1.) RIOH = a, b, or c 
(70~ min); 2.) RzOH = d (70~ h); for the synthesis of 1adO: 3.) 
(C6H~CO)202 (20-25~ min); or lbdS:  Ss (70~ main); or lcdSe: 
Se (70 C/4 h). For a, lad, 1adO: R = 1-hexadecyloxyethyl-; b, lbd, 
lbdS: R 1 = 1-hexadecyloxypropyl~ c, led, lcdSe: R ' =  1-hexade- 
cyloxybutyl~ d, lad, lbd, led, 1adO, lbdS, ledSe: R 2 -- DL-a-toco- 
pheryl-. 

RIo\ in benzene RIo 

lad; led lade S; lcdg Se 
FIG. 4. For the synthesis of ladeS, ledgSe: 1.) R3OH = e, g/Im/CS~ 
(20-25~ h); 2.) S s (20-25~ minlLor Se (70~ h). For Iad, 
ladeS: R ~ = 1-hexadecyloxyethyl~ R ~ = DI~a-tocopheryl~ lcd, 
l odgSe. R s = 1-hexadecyloxybutyl~ R = = D IL3~tocopheryl~ e, ladeS: 
R �9 = 2-dimethy]nminoethyl~ g, lcdgSe: R = 3-dimethylamino-1- 
propyl~ Im = imidazole. 

product then with sulfur, or selenium, generated the 
triester thiophosphate ladeS, or the selenophosphate 
lcdgSe {Fig. 2), in good overall yields. 
Our attempts to obtain the 1-hexadecyloxypropyl-3-O- 

(1-dimethyisminopropyl-2-O) triester derivative of DL-a- 
tocopherol failed. Despite extended reaction times (up to 
one week), at the last synthetic step the third substrate 
f was not coupled with the activated diester intermediate 
lbd. The 1-flimethylAmino-2-propanol f was not reactive 
either toward the other diester phosphites lad, lcd. This 
is probably due to the steric hindrance at the methyl 
substituted secondary hydroxyl function of f. 
As a rule, reaction with selenium required relatively 

longer reaction times than oxidation or reaction with 
sulfur. No attempts were made to optimize this process. 
Conclusions on the structures of the compounds syn- 

thesized were drawn on the basis of spectral and micro- 
analytical datEL 13C NMR indicated that all character- 
istic signals present in the spectra of the starting sub- 
strates were also seen in the spectra of the corresponding 
target C~, S- and Se-phosphate derivatives. No chemical 
alterations in the alkyl ether diol (a, b, c), tocopheryl (d) 
and dimethylaminoalkyl (e, g) moieties were detected after 
oxidation, sulfurization or selenization. The 31p NMR 
spectral analysis provided compelling evidence that the 
latter processes concerned the px~I atom, exclusively, 
under the specific experimental conditions selectecL These 
results are in agreement with those reported in the litera- 
ture for analogous systems {7,11,15). 
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METHOD I 
Use of Acetyl Chloride/Methanol for Assumed Selective Methylation 
of Plasma Nonesterified Fatty Acids Results in Significant 
Methylation of Esterified Fatty Acids 
Youssef Hallaq a, Thomas C. Becket ~, Catherine S. Manno b and Michael Laposata a,* 
aDepartment of Pathology, Massachusetts General Hospital and Harvard Medical School, Boston, Massachusetts 02114 and 
bDepartment of Pediatrics/Division of Hematology, Children's Hospital of Pennsylvania and the University of Pennsylvania School of 
Medicine, Philadelphia, Pennsylvania 19104 

The albumin-bound nonesterified fatty acid pool in plasma, 
which represents a very small percentage of total plasma 
fatty acids, has previously been quantitated by a variety 
of methods. In the present study we determined that the 
nonesterified fatty acid concentrations in the plasma" quan- 
titated by a popular method using acetyl chloride and 
methanol which is reported to be specific for methylation 
of nonesterified fatty acids in the presence of esterified 
fatty acids (/.e., without prior isolation of the plasma non- 
esterified fatty acids), were significantly overestimated due 
to cleavage and methylation of esterified fatty addg Quan- 
titation of the contaminating fatty acid from the esterified 
pool demonstrated that the amount of fatty acid cleaved 
from the esterified pool was enough to exceed the entire 
mass of nonesterified fatty acids. As an established meth- 
od for comparison, we isolated nonesterified fatty acids 
from the plasma by thin-layer chromatography prior to 
methylation, using a number of simple precautions to limit 
oxidation. By performing all thin-layer chromatography 
steps in an atmosphere of nitrogen and by including fatty 
acid standards in the plasma with 0, 1, 2 or 4 double bonds, 
we were able to accurately and reproducibly determine the 
concentration of nonesterified fatty acids in the plasma" 
including arachidonate. We demonstrated that no oxida- 
tion occurred in the thin-layer chromatographic isolation 
of nonesterified fatty acids and that the coefficients of 
variation for repeat measurements of the same sample 
were <11% using our reference method. Our data indicate 
that the use of acetyl chloride and methanol for assumed 
selective methylation of plasma nonesterified fatty acids 
results in significant methylation of esterified fatty acids. 
Lipids 28, 355-360 (1993). 

Nonesterified fatty acids (NEFA) bound to albumin com- 
prise a very small percentage of the total plasma fatty acid~ 
Although the size of this pool changes with diet, the percent- 
age of the nonesterified fatty acids relative to total plasma 
fatty acids rarely exceeds 5% (1). The total nonesterified fat- 
ty acid pool has been quantitated by a variety of methods 
including colorimetric (2,3) and enzymatic (4-8) assays. 

The quantitation of the small pool of plasma nonesterified 
fatty acids without contamination by the much larger pool 
of esterified fatty acids has led many investigators to isolate 
the plasma nonesterified fatty acids before quantitatiorL 
However, the isolation of nonesterified fatty acids by meth- 
ods such as thin-layer chromatography (TLC) is time con- 

*To whom correspondence should be addressed at Room 235, Gray 
Bldg., Massachussetts General Hospital, Boston, MA 02114. 

Abbreviations: CE, cholesteryl esters; EDTA, ethylenedi,minetetra- 
acetic acid; LDL, low density lipoprotein; NEFA, nonesterified fatty 
acids; PL, phospholipids; TG, triacylglycerol; TLC, thin-layer chr~ 
matography. 

suming and without special precautions being taken to mini- 
mize oxidation can result in significant loss of the polyun- 
saturated fatty acid~ particularly arachldonate. To address 
this problem, a number of simple methods for measuring 
nonesterified fatty acids have been developed which do not 
involve prior nonesterified fatty acid isolation. One of these 
popular methods involving the use of acetyl chloride and 
methanol was developed by Lepage and Roy (7). In the pres- 
ent study we attempted to use that method to quantitate 
nonesterified arachidonate in the plasma Although the 
method was very efficient in methylating nonesterified fat- 
ty acids and was easy to perform, we found that the plasma 
concentrations of nonesterified arachidonat~ as well as the 
other fatty acids, were significantly overestimated using this 
approacl~ A similar observation has recently been made 
regarding a presumed selective method for nonesterified fat~ 
ty acid methylation involving diazomethan~ which was 
developed by Pace-Asciak (8). We therefore used TLC to first 
isolate plasma nonesterified fatty acids prior to methyla- 
tion and employed simple precautions (i) to limit oxidation 
of polyunsaturated moieties by spotting and scraping the 
TLC plate in an atmosphere of nitrogen, and (ii) to account 
for all oxidation-induced polyunsaturated fatty acid losses 
by including a variety of polyunsaturated fatty acids as well 
as an odd-numbered saturated fatty acid as internal stan- 
dards. Using this as a reference method, we were able to 
demonstrate that the acetyl chloride/methanol method 
developed for nonesterified fatty acid methylation also 
results in significant methylation of esterified fatty acids. 

MATERIALS AND METHODS 

Materials. Analytical grade solvents were used in all ex- 
periments. Acetyl chloride was purchased from Sigma (St. 
Louis, MO). Potassium carbonate {anhydrous) was ob- 
tained from Fisher (Pittsburgh, PA). Fat ty  acids, fatty 
acid methyl esters, triolein, triarachidonin, cholesteryl 
linoleate and cholesteryl heptadecanoate were purchased 
from Nu-Chek-Prep (Elysian, MN). Dipalmitoyl phospha- 
tidylcholine and diarachldonoyl phosphatidylcholine were 
obtained from Avanti {Pelham, AL). Prostaglandin E 2 
was a product of Caymen (Ann Arbor, MI). Bovine serum 
albumin was purchased from Sigm& TLC plates (silica gel 
60) were products of E. Merck {Darmstadt, Germany). 

Analysis of plasma nonesterified fatty acids. Blood sam- 
ples were drawn from fasting (for at least 8 h) or non- 
fasting donors into ethylenediaminetetraacetic acid 
(EDTA) vacutainers and placed on ice until centrifuged 
at 4 o C. Unless otherwise stated, donors were not fasting. 
All samples were centrifuged to obtain plasma, and the 
plasma from each sample was within 10 min after cen- 
trifugation frozen at - 80~  for periods of up to 1 wk. In 
separate studies (data not shown), storage under these 
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conditions was found to have no effect on plasma non- 
esterified fat ty acid concentrations. Plasma NEFA were 
quantitated in some experiments exactly according to the 
method of Lepage and ROy {see below) (7). In other ex- 
periments, NEFA analysis was performed using a modi- 
fied Lepage and ROy method in which the temperature or 
the ratio of methanol to acetyl chloride was varied. Alter- 
natively, NEFA were measured following extraction from 
plasma by a modified Folch method (9) after addition of 
known amounts of 17:0 (37 ~M), 20:1n-9 (30 bdVl), 20:2n-6 
(26.5 ~M) and 22:4n-6 (15 ~M) as internal standards. The 
fatty acids used as standards were not detected in the 
native plasma nonesterified fatty acid pool {data not 
shown). The inclusion of 22:4 as an internal standard per- 
mitted comparison of recoveries of fatty acids with 0, 1 
and 2 double bonds with an internal standard fatty acid 
possessing 4 double bonds. In all studies, the recovery of 
the four internal standards was very similar. Thus, there 
is no reason to believe that arachidonate, isolated from 
the plasma with higher concentrations of other nonesteri- 
fied fatty acids, should show a lower recovery than less 
unsaturated nonesterified fatty acids. In experiments in- 
volving NEFA isolation by TLC, lipid extracts were dried 
under nitrogen at room temperature" resuspended in 0.1 
mL of chloroform and spotted onto silica gel 60 TLC 
plates. During spotting, a gentle stream of nitrogen was 
kept flowing over the lower half of the plate The plates 
were developed in hexane/diethyl ether/acetic acid (70:30:1, 
by vol) which clearly separated plasma NEFA from other 
lipids, including phospholipids (PL), triacylglycerol (TG), 
and cholesteryl esters (CE). Nonesterified fatty acids, PL, 
TG and CE standards were simultaneously run as stan- 
dards in parallel lanes on the sample plates. For visualiza- 
tion and scraping, TLC plates were first placed in a dry 
TLC tank which was continuously flushed with nitrogen. 
After 5-10 rain, when the plate was dry, a glass pasteur 
pipette filled with iodine crystals connected by tygon tul> 
ing to a nitrogen source was inserted into the tank for 
another 2-5 rain until all bands became visible The iodine 
was allowed to sublime from the plate before the lipid 
bands were scraped off the plate. The tank was then tilted 
on its side, the pipette containing iodine crystals r~ 
moved, and nitrogen was allowed to continue to flow 
through the tank. NEFA bands were scraped from the 
plates in an atmosphere of nitrogen, and the scrapings 
were immediately added to 5 mL of methanol/acetyl chlor- 
ide. Excess silica in the mixture was found to reduce the 
efficiency of methylation. Because there were four inter- 
nal standards in all test samples, differences in methylat- 
ing efficiency between experiments had no effect on the 
final result. The tubes were vortexed for 1 rain and then 
incubated for 45 min at room temperature During incuba- 
tion the tubes were vortexed twice for 1 min each t ime 
The methylation reaction was stopped by adding 3 mL 
of 6% K2CO3. Fatty acid methyl esters were extracted in- 
to 0.2 mL hexane" dried under nitrogen and resuspended 
in 5 ~L of hexane" from which one b~L was injected into 
a Perkin-Elmer {Norwalk, CT) 8500 gas-liquid chromato- 
graph equipped with a flame ionization detector. Indi- 
vidual fatty acid methyl esters were separated on a WCOT 
capillary column (Supelcowax 10; Supelc~ Bellefonte" PA) 
using temperature programming from 150 to 250~ at a 
rate of 10~ Peaks were identified by comparison 
with the retention times of known standards, and peak 

areas were integrated. Individual fatty acid masses were 
determined using internal standards possessing the same 
number of double bonds. However, in all experiments, be- 
cause there was no loss of polyunsaturated fatty acids due 
to oxidation, masses determined for individual nonesteri- 
fled fatty acids were the same when calculated based on 
any of the four internal standards. 

Quantitation of hydrolysis of esterified fatty acids. 
Known amounts of dipalmitoyl phosphatidylcholine, di- 
arachidonoyl phosphatidylcholine, tripentadecanoin, tri- 
arachidonin, cholesteryl heptadecanoate, cholesteryl lino- 
leate and nonesterified 14:0 {43.8 nmol, 292 ~M), 18:0 {35.2 
nmol, 234 ~M) and 22:4n-6 (15 nmol, 100 ~M) were added 
to a test tube and dried to remove all solvents. Then 0.15 
mL of distilled water was added to mimic the aqueous 
serum component, and the sample was processed using 
the method of Lepage and Roy {7) exactly as described. 
Samples of the same lipid mixture were analyzed in paral- 
lel for total fat ty acid composition using the method of 
Tark et al. (10) to saponify and methylate the esterified 
fatty acids. For this purpose, the lipid extract was first 
dried under nitrogen and then resuspended in 0.6 mL of 
methylene chloride After vortexing, 1.0 mL of 0.5 M KOH 
was added, and the mixture allowed to sit for 30 min. 
Then, 1.0 mL of 6 M HC1 was added and, after vortexing, 
the sample was centrifuged at 100 X g for 50 rain at room 
temperature to separate the two phases. The bottom or- 
ganic layer was aspirated, dried under nitrogen and r~ 
suspended in a small volume of hexane for injection into 
the gas chromatograph. Percent hydrolysis of esterified 
fatty acids observed by the Lepage and Roy (7) method 
was calculated by dividing the concentration of methy- 
lated fatty acid generated by the Lepage and Roy {7) 
method by the total esterified fatty acid concentration in 
the sample for each of the individual lipids tested. 

Total plasma fatty acid quantitatior~ Plasma fatty acids 
were extracted according to the method of Cohen et aL 
(9) and then methylated using the method of Tark et al. 
(10), followed by the esterification method of Lepage and 
Roy (7). Application of this sequence of fractions was 
found to methylate both esterified fatty acids and non- 
esterified fatty acids. In these experiments, 17:0 was 
used as an internal standard. Alternatively, tripentadeca- 
noin or triheptadecanoin was used as an internal standard 
when only the method of Turk et al. (10) was employed 
as this method is more efficient for esterified than for 
nonesterified fatty acids. 

RESULTS 

We first performed a series of nonesterified fatty acid 
methylations using the method of Lepage and Roy (7) 
without modification (~[hble 1). We collected data from 34 
nonfasting subjects and 5 fasting subjects. These data 
were compared with those generated by Lepage and Roy 
(7), which were from one plasma sample analyzed five 
times. Table 1 shows that the concentrations of various 
nonesterified fatty acids found in fasting plasma were 
slightly higher than those in nonfasting plasma This is 
consistent with reports that TG hydrolysis in the fasting 
state elevates nonesterified fatty acid concentrations (11). 
The concentration of nonesterified arachidonate we ob- 
tained using the unr~odified Lepage and Roy (7) method 
in five specimens from fasting subjects was 36 ~M, which 
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was very similar to the arachidonate concentration in the 
sample analyzed by Lepage and Roy {35.5 t .~) ,  and not  
significantly different from the 25 ~VI value we obtained 
for a group of 34 nonfast ing individuals. To tes t  whether  
the concentrat ion of nonesterified arachidonate we ob- 
tained in both  cases could have been an overestimation, 
we pursued the possibility tha t  the unmodified Lepage 
and Roy (7) method may also lead to some methylat ion of 
bound fa t ty  acid in the plasma. The cleavage and methyla- 
tion of only a few percent of esterified fa t ty  acid would, of 
course, greatly confound the measurement  of the much 
smaller pool of nonesterified fa t ty  acid. Table 2 shows the 
results of experiments in which we determined the percent 
cleavage of esterified fa t ty  acids using the unmodified 
Lepage and Roy method. In these experiments we used 
TG, PL and CE, the amounts  of which were known from 
the amounts  of TG, PL and CE delivered from gravimetri- 
cally prepared stock solutions. In addition, the amounts  
of TG, PL and CE shown in the middle column of Table 
2 were confirmed by using 248 nmol of t r imyrist in as in- 
terual s tandard followed by alkaline hydrolysis, methyla- 
tion of the fa t ty  acids and quantitation by gas chromatog- 
raphy {10). We tested two TG, two PL and two CE stan- 
dards, one of each containing only saturated and the other 
only polyunsatura ted fa t ty  acids, to determine whether 
the degree of fa t ty  acid unsaturation had an effect on fat ty  
acid analysis by the unmodified Lepage and Roy (7) meth- 
od. There were no free fatty acids detected in the TG, PL 

and CE standards used in these studies The data, however 
indicate tha t  there was indeed cleavage and methylat ion 
of esterified fa t ty  acids. In plasma, the concentration of 
esterified fa t ty  acids is more than 100-fold greater than 
the concentration of nonesterified fa t ty  acids. Therefore, 
the 1.2-6.8% cleavage of esterified fa t ty  acids which we 
observed represents a substantial  amount  of contRmlna- 
tion relative to the pool of nonesterified fat ty  acicL We also 
found tha t  esterified polyunsaturated fa t ty  acids were 
more readily cleaved from TG and CE than were saturated 
fa t ty  acids, but  from PL saturated fa t ty  acids were cleav- 
ed as readily as polyunsaturated ones. The significantly 
higher rate of cleavage of polyunsaturated fa t ty  acids v s .  

saturated fa t ty  acids from TG and CE indicates tha t  the 
Lepage and Roy (7) method results in greater overestima- 
t ion of polyunsatura ted fa t ty  acid than  saturated fa t ty  
acid, part icularly as TG in the plasma occur at substan- 
tial concentrations. Thus, when assaying by the Lepage 
and Roy method, the amount  of cont8mlnating fa t ty  acid 
measured may actually exceed the mass of true nonesteri- 
fled fa t ty  acid. 

We observed similar problems when we a t tempted  to 
use the method of Pace-Asciak (8) for methylat ion of plas- 
ma nonesterified fa t ty  acids without prior isolation (data 
not  shown}. A report  demonstrat ing tha t  the Pace-Asciak 
method overestimates plasma nonesterified fa t ty  acid 
concentrat ions has recently been published {12}. The 
values for plasma nonesterified fa t ty  acids (nonfasting 

TABLE 1 

Nonesterified Fatty Acid Concentrations Determined by the Unmodified 
Lepage and ROy Method a 
MeOH/acetyl chloride 50:1 50:1 50:1 b 
Fasting/nonfasting Non fasting Fasting Unknown 
Number of samples 34 5 1 
Fatty acid pM Concentration 
16:0 182.6 + 61.7 240.9 +_ 56.3 260.5 
18:0 70.4 + 24.9 67.8 + 7.2 109.7 
18:1n-9 150.5 + 60.9 211.0 + 27.4 128.1 
18:2n-6 178.2 • 70.7 249.3 +_ 47.7 176.5 
20:4n-6 24.9 --+ 11.0 36.3 + 14.3 35.5 
Total 606.5 • 205.7 805.4 + 134.8 709.4 
aNonesterified fatty acid concentrations in plasma samples from fasting and nonfasting 

subjects were determined using the unmodified method of Lepage and ROy (Ref. 7) (room 
btemperature) as detailed in Materials and Methods. Values represent mean --- SD. 
The previously published values by Lepage and ROy are from one sample tested five 
times as reported in Reference 7. 

TABLE 2 

The Hydrolysis of Esterified Fatty Adds by the Unmodified Lepage and Roy Method a 
Concentration of Concentration of FA methyl 
FA in solution ester according to Ref. 7 % Ester 

Lipid FA (/~r (~M __- SEM) cleavage 

Triacylglycerol 
Tripentadecanoin Saturated 6456 77.7 --- 5.5 1.2 
Triarachidonin Polyunsaturated 5192 218.5 +-- 13.3 4.2 

Phospholipid 
DipMmltoyl PC Saturated 4632 301.7 - 10.3 6.5 
Diarachidonoyl PC Polyunsaturated 4095 231.7 + 8.8 5.7 

Cholesteryl ester 
Cholesteryl heptadecanoate Saturated 2034 32.0 + 2.1 1.6 
Cholesteryl linoleate Polyunsaturated 2005 135.4 + 7.3 6.8 

apercent hydrolysis was calculated as 100 • (mean concentration of methylated fatty acids according to Lepage and Roy method, Ref. 
7)/(concentration of esterified fatty acid in solution). FA, fatty acid; PC, phosphatidylcholine; n = 3 for all lipid moieties tested. 
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donors) obtained in our studies with the Pace-Asciak 
method (8) were: 16:0, 239 + 7; 18:0, 113 + 12; 18:1,195 
+_ 26; 18:2, 153 _+ 11; 20:4, 44 + 4 (all values inbaM; mean 
+_ SEM, n--3). These values were very similar to those 
reported by Lepage and Roy and were also similar to our 
own results obtained by the Lepage and Roy (7) method 
{Table 1). 

In an attempt to determine accurate and precise values 
for the individual nonesterified fatty acids in the plasma, 
including the polyunsaturated fat ty acids, free of con- 
tamination from the esterified fat ty acid pool, we com- 
pared the quantitation of nonesterified fatty acids by the 
Lepage and Roy method (at 0~ which decreases cleavage 
of esterified fatty acid but does not eliminate it) with the 
quantitation of plasma nonesterified fat ty acid following 
lipid extraction, isolation of NEFA by TLC, and methyla- 
tion of NEFA using the procedure of Lepage and Roy (7) 
(Table 3). It is important to note that in these experiments, 
spotting of the lipid extract onto the TLC plat~ drying 
of the developed TLC plate, identification of the bands 
on the plate and scraping the nonesterified fatty acid band 
from the TLC plate were all carried out in an atmosphere 
of nitrogen to prevent oxidation of polyunsaturated fat- 
ty  acids. Als(~ to account for all losses of both saturated 
and unsaturated NEFA, due to oxidation and other 
causes, we used an internal standard mixture of four fat- 
ty  acids with 0, 1, 2 or 4 double bonds (17:0, 20:1n-9, 
20:2n-6 and 22:4n-6). Each of the internal standards, in- 
cluding the polyunsaturated ones, when used in the cal- 
culation of plasma nonesterified fatty acid concentrations 
yielded the same results, indicating that only an insignifi- 
cant amount of polyunsaturated fatty acid oxidation, if 
any, occurred in our experiments. As shown in Table 
3, the concentrations of the individual nonesterified fat- 
ty  acids determined following isolation of plasma NEFA 
by TLC with precautions taken to avoid oxidation were 
significantly lower than the values obtained by Lepage 
and Roy (7). This was true not only for arachidonat~ 
but also for the other plasma nonesterified fat ty acids. 
A number of methods have been developed for the quan- 
titation of plasma nonesterified fat ty acids, most or all 
of which are less cumbersome than the reference method 
we used involving multiple internal standards and fr~ 

quent use of nitrogen in isolation of the nonesterified fat- 
ty  acids. However, these methods have generated values 
for plasma NEFA that  vary over a very wide range. In 
view of the reproducibility of the method we used involv- 
ing only conventional techniques, but avoiding shortcuts, 
and with the inclusion of multiple internal standards to 
account for various losses, it is likely that  the data pre- 
sented in Table 3 give the true NEFA concentrations in 
plasma. From the last column of Table 3, it can be seen 
that the concentrations of nonesterified fatty acids follow- 
ing isolation by TLC were 13-52% of the values obtained 
by the Lepage and Roy (7) method at 0~ As suggested 
by our earlier results shown in Table 2, these data also 
show that  the Lepage and Roy method overestimates 
polyunsaturated nonesterified fatty acids to a greater ex- 
tent than nonpolyunsaturated fatty acids. The nonesteri- 
fied arachidonic acid concentration measured following 
isolation by TLC was only 13% of the Lepage and Roy 
values. The concentration of nonesterified linoleic acid 
having two double bonds rather than four, was somewhat 
higher at 22%. Because the values for these two polyun- 
saturated fatty acids were lower relative to those for the 
more saturated fatty acids, the susceptibility of polyun- 
saturated fatty acid to oxidation during TLC was tested 
directly (Table 4). In the first two columns of Table 4, the 
plasma nonestorified fatty acid concentrations obtained 
by the unmodified Lepage and Roy {7) method on unfrac- 
tionated plasma are shown. Only one pL of more than 100 
/~L of extracted plasma sample was injected into the gas 
chromatograph, and the remainder of the sample contain- 
ing fatty acid methyl esters was subjected to TLC. The 
fat ty acid methyl ester band was identified, and as in all 
other experiments, scraped from the plate in an at- 
mosphere of nitrogen. The fatty acid methyl esters were 
then analyzed by gas chromatography. As noted by com- 
paring the first and second columns of Table 4, the per- 
centages for each individual fat ty acids are essentially 
identical, for linoleic and arachidonic acid as well as for 
the other nonesterified fatty acids. This indicates that the 
additional thin-layer chromatographic step to separate the 
nonesterified fat ty acids from TG, PL and CE did not 
result in oxidation of polyunsaturated fatty acids. We also 
performed other experiments to test for oxidation-induced 

TABLE 3 

Comparison of Nonesterified Plasma Fatty  Acid Concentrations Determined by the Lepage and Roy Method on Unfractionated Plasma 
vs. Methylation of Isolated Nonesterified Fatty  Acids a 

NEFA source Unfractionated plasma Isolated from plasma by TLC 
MeOH/acetyl chloride 50:1 50:1 
Reaction temperature 0~ RT 
Fastinglnonfasting Nonfasting Non fasting 
Number of samples 6 5 

Fatty acid ~r Concentration /~M Concentration 

16:0 86.3 +--_ 24.2 30.0 +_- 5.4 
18:0 28.4 -t- 4.9 14.6 • 1.7 
18:1n-9 72.8 + 11.6 27.8 • 11.9 
18:2n-6 83.1 + 17.1 18.1 • 4.4 
20:4n-6 14.0 +__ 5.6 1.8 +_ 0.4 

Total 284.6 • 58.6 92.3 + 21.1 

% Of unfractionated 
plasma 

35 
52 
38 
22 
13 
32 

aSamples of unfractionated plasma were processed for nonesterified fatty acid 
7) method at 0~ Nonesterified plasma fatty acids isolated by TLC were also 
layer chromatography; RT, room temperature. 

(NEFA) quantitation using the Lepage and Roy (Ref. 
quantitated. Values represent mean • SD; TLC, thin- 
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TABLE 4 

Fatty Acid Concentration Determined by the Lepage and Roy Method with or Without Prior Isolation 
of Nonesterified Fatty Acids by Thin-Layer Chromatography a 
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Source of fatty acids 
Plasma Plasma Standard mixture Standard mixture 

Fatty acid without TLC with TLC without TLC with TLC 

(% of total fatty acids) 
16:0 28.5 28.1 26.2 26.2 
18:0 9.5 9.7 7.9 8.3 
18:1n-9 32.0 30.8 24.7 24.9 
18:2n-6 26.7 27.6 35.9 35.3 
20:4n-6 3.3 3.8 5.3 5.3 
Total 100.0 100.0 100.0 100.0 
aplasma nonesterified fatty acids were methylated by the Lepage and Roy (Ref. 7) method, and the re- 

sultant fatty acid methyl esters split into two fractions; one fraction was purified by TLC, one was in- 
jected directly into the gas chromatograph. A standard mixture of fatty acid methyl esters was also split 
into two fractions and processed similarly. Values represent the mean of two determinations for each 
sample. TLC, thin-layer chromatography. 

loss of polyunsatura ted nonesterified fa t ty  acids follow- 
ing isolation by TLC, the data  for which are shown in col- 
umns 3 and 4 of Table 4. For these studies, we injected 
one ~L of a s tandard fa t ty  acid methyl  ester mixture 
directly into the gas chromatograph. We then chroma- 
tographed the same standard fa t ty  acid methyl  ester mix 
on a thin-layer plate" isolated the fa t ty  acid methyl  ester  
band, eluted it  and injected the eluted fa t ty  acid methyl  
esters into the gas chromatograph. As shown in Table 4, 
this did not  result  in oxidation of linoleate and arachi- 
donate. 

Collectively, the data  in Table 4 indicate tha t  as we per- 
formed the experiments,  there was no preferential loss of 
linoleate and arachidonate due to oxidation. In additional 
studies on 10 samples in which we did not  take precau- 
tions to limit polyunsatura ted  fa t ty  acid oxidation, TLC 
plates were allowed to sit exposed to room air for up to 
1 h, and then NEFA bands were scraped from the plate 
in room air over 5-10 rain. In all the 10 samples tested, 
no arachidonate was detected, and linoleate {as percent 
of total fa t ty  acid) decreased from 25-35% to 5-10%. This 
clearly shows that  isolation of NEFA by TLC before quan- 
t i tat ion will lead to spuriously low values, unless simple 
precautions are taken to limit oxidation-induced losses. 

Table 5 shows the reproducibility of the nonesterified 
fa t ty  acid measurements  following NEFA isolation by 
TLC when using multiple internal standards. In this series 
of experiments, we used the plasma from one subject and 
analyzed seven separate aliquots of the same specimen 
identically. The coefficients of variation were not large for 
any of the fa t ty  acids, with the highest values of 10.2 and 
10.7 observed for palmitoleic acid {16:1n-7) and arachi- 
donic acid (20:4n-6). These two particular nonesterified fat- 
ty  acids, because they occur at the lowest concentrations, 
showed the greatest  variabili ty in the measurements.  

DISCUSSION 

We have demonstra ted tha t  using the method of Lepage 
and Roy (7) to quanti tate plasma nonesterified fa t ty  acids 
leads to significant cleavage of esterified fa t ty  acids, 
which contaminates the nonesterified fa t ty  acid pool and 
makes accurate measurements  impossible In a recent 

TABLE 5 

Reproducibility of Nonesterified Fatty Acid Measurements 
Following Isolation by Thin-Layer Chromatography a 

NEFA ~V[ concentration 

Fatty acid Mean SD CV 

14:0 3.2 0.2 7.6 
16:0 40.1 1.9 4.7 
16:1n-7 3.3 0.3 10.2 
18:0 17.7 0.6 3.4 
18:1n-9 40.7 3.2 7.9 
18:2n-6 22.9 1.1 5.0 
20:4n-6 1.6 0.2 10.7 
Total 129.5 7.1 5.5 
avalues represent the mean + SD and include the coefficient of varia- 

tion (CV) for measurement of total NEFA and each individual fat- 
ty acid isolated from seven aliquots of the same plasma. NEFA, 
nonesterified fatty acids. 

report,  L i n e t  aL (12) provided evidence for extensive 
phospholipid fa t ty  acid methylat ion tha t  occurred dur- 
ing the assumed selective methylation of plasma free fa t ty  
acids by diazomethane (8). In the present  study, using a 
method for quant i ta t ing  nonesterified fa t ty  acid not  in- 
volving diazomethane, cleavage and methylat ion of fat- 
ty  acids esterified to phospholipids, as well as to trigly- 
cerides and CE, was observed. In the Discussion section, 
L i n e t  aL (12) s ta ted tha t  in the process of evaluating in 
detail the diazomethane method developed by Pace-Asciak 
they also observed that  the acetyl chloride/methanol 
method developed by Lepage and Roy (7) overestimates 
plasma nonesterified fa t ty  acid levels. L i n e t  aL (12) did 
not  support  this conclusion with datm Because of the 
reluctance of many investigators to work with diazo- 
methane, we assessed the acetyl chloride/methanol meth- 
od in some detail. In our evaluation, we quant i ta ted  the 
extent  of overestimation for various types of plasma 
nonesterified fa t ty  acids and demonstra ted the preferen- 
tial cleavage of esterified polyunsaturated fa t ty  acids from 
TG and CE, but  not  from PL. Thus, this report  and the 
one by Lin et  al. (12) provide quant i ta t ive evidence tha t  
two popular methods for the assumed selective methyla- 
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tion of nonesterified f a t t y  acids lead to overest imation of 
the small pool of p l a sma  free f a t ty  acids. The method  we 
used for comparison with the Lepage and Roy (7) method 
involved isolation of the nonesterified f a t ty  acids prior to 
methylat ion,  with precautions being taken  to l imit  f a t ty  
acid oxidation and to quant i ta te  any losses due to any ox- 
idation. The present method may  be somewhat  more cum- 
bersome than  the two direct methods,  but  it  provides ac- 
curate and precise measurements  of the free fa t ty  acid con- 
centrat ions in plasma.  

ACKNOWLEDGMENT 
This work was supported by Grant DK-43159 from the National In- 
stitute of Health. 

2. Lauwerys, R.R., (1969) Anal Biochem. 32, 331-333. 
3. Bnmk, S.D., and Swanson, J.R. (1981) Clin. Chem. 27, 924-926. 
4. Mulder, C., Schouten, J.A., and Popp-Snijders, C. (1983)J. Clin~ 

Chem. Clin. Biochem. 21, 823-827. 
5. Ramirez, I. (1984)J. Lipid ges. 25, 92. 
6. Degen, A.J.M., and Van Der Vies, J. (1985) Scand. J. Clin~ Lab. 

Invest. 45, 283-285. 
7. Lepage, G., and Roy, C.C. (1988)J. Lipid ICes. 29, 227-235. 
8. Pace-Asciak, C.R. (1989)J. Lipid Res. 30, 451-454. 
9. Cohen, P., Broekman, M.J., Verkley, A., Lisman, J.W3V., and 

Derksen, A. (1971)J. Clin~ InvesL 50, 762-772. 
10. Turk, J., Wolf, B.A., Ldkowith, J.B., Stump, W~T., and McDanieL 

M.L. (1986) Biochim. Biophys. Acta 879, 399-409. 
11. Dole, V.P., (1956) J. Clin. Invest. 35, 150-154. 
12. Lin, C., Blank, E.W., Ceriani, R.L., and Baker, N. (1991) Lipids 

26, 548-552. 

REFERENCES 
1. Henry, J.B. (1984) Clinical Diagnosis and Management by 

Laboratory Methods, 17th edn, p. 1432, W.B. Sannders Com- 
pany, Philadelphia. 

[Received April 14, 1992, and in revised form December 10, 1992; 
Revision accepted December 31, 1992] 

LIPIDS, VoI. 28, no. 4 (1993) 



361 

Profiling of Arachidonic Acid Metabolites in Rabbit Platelets 
by Radio Gas Chromatography 
Kazuki Akira, Tatsuji Nakamura, Yoshihiko Shinohara and Shigeo Baba* 
Tokyo College of Pharmacy, 1432-1 Horinouchi, Hachioji, Tokyo 192-03, Japan 

A method for profiling arachidonic acid metabolites by 
radio gas chromatography (GC) is described. The incuba- 
tion mixture of rabbit platelets with [14C]arachidonic acid 
was purified on a SepPak C m cartridge and derivatized 
with diazomethane, (~metbylhydroxylAmine and dlmethyl- 
isopropylsilyllmldazole. The recovery of total 14C-radi~ 
activity was  93.1 + 7.2%. Loss of radioactivity during 
derivatization was negligible. Baseline separations for 
[14C]arachidonic acid and its metabolites were obtained in 
a single run within 45 rain by GC using a synchronized ac- 
cumulating radioisotope detector (GC/SARD). The 
recovery of radioactivity from the GC column was virtual- 
ly 100%. The chemical structures of the metabolites were 
conFmned by GC/mass spectrometry; peaks of arachidonic 
acid metabolites were assigned by comparison of the 
methylene unit values with those of radioactive peaks in 
GC/SARD analyses. The intra-assay coefficients of varia- 
tion in GC/SARD analyses were less than 10%. The method 
was used to map the prof'de of arachidonic acid metabolites 
formed by rabbit platelets in the presence of indomethacin, 
baicalein or glutathione. 
Lipids 28, 361-364 (1993). 

Arachidonic acid (AA) is enzymatically transformed into a 
variety of oxygenated products (eicosanoids) v/a two main 
pathways (1). The cydooxygenase pathway leads to unstable 
endoperoxides that can be further converted to prostaglan- 
dins (PG) and thromboxanes (TX). The lipoxygenase path- 
way leads to hydroperoxyeicosatetraenoic acids (HPETE), 
hydmxyeicosatetmenoic acids (HETE) and leukotrienes (LT). 
Eicosanoids have a diverse range of physiological and phar ~ 
macological effect~ and sometimes opposing effects; for ex- 
ample, TXA 2 stimulates (2), but PGD 2 (3), PGI~ (4) and 
12-HPETE (5) inhibit platelet aggregatiom 

Recently there have been numerous attempts to correlate 
the anti-inflammatory, antipyretic and analgesic effects of 
substances like aspiri~ indomethacin and phenylpropionic 
acid derivatives with their ability to inhibit the production 
of AA metabolites in order to investigate the mechanism 
of action of these drugs (6-8). It is highly desirable to ex- 
amine and quantitate as broad a band of AA metabolites 
as possibl~ 

Radioisotope tracer techniques have been applied to in- 
vestigate the profile of eicosanoids formed from AA. Thin- 

*To whom correspondence should be addressed. 
Abbreviations: AA, arachidonic acid; DMiPS, dimethylisopropylsilyl; 
EDTA, ethylenediaminetetraacetic acid disodium salt; EPHETA, 
11,12~epoxy-10-hydroxyeicosa-5,8,14-trienoic acid; FID, flame ioniza- 
tion detector; GC, gas chromatography; GC/MS, gas chromatog- 
raphy/mass spectrometry; GSH, glutathione; HETE, hydroxy- 
eicosatetraenoic acid; 12-HHT, 12-hydroxyheptadecatrienoic acid; 
HPETE, hydroperoxyeicosatetraenoic acid; HPLC, high-performance 
liquid chromatography; LT, leukotriene; MU, methylene unit; PG, prc~ 
staglandin; SARD, synchronized accumulating radioisotope detector, 
TLC, thin-layer chromatography; TX, thromboxane; 8,9,12-THETE, 
8,9,12-trihydroxyeicosa-5,10,14-trienoic acid; 8,11,12-THETE, 8,11, 
12-trihydroxyeicosa-5,9,14-trienoic acid. 

layer chromatography (TLC) (9-11) and high-performance 
liquid chromatography (HPLC) (12-16) with radlodetection 
have been used for the separation of radioisotopically labeled 
eicosanoida The TLC methods do not provide sufficient 
resolutiorL The HPLC methods offer the advantage of high 
resolution and good reproducibility, but require long analysis 
times and a large amount of scintillation fluicL Although 
gas chromatography (GC) is generally accepted as one of 
the most effective methods for the separation of eicosanoids 
due to its excellent resolving power, GC combined with 
radiodetection (radio GC) has not been used previously for 
profiling complex mixtures of eicosanoida Radio GC has the 
inherent drawback (17) that enhancement in detection sen- 
sitivity results in decreased resolution; this has lowered the 
usefulness of the technique We have developed a radio GC 
system that utilizes a synchronized accumulating radioiso- 
tope detector (SARD) (18-20). In the SARD, seven identical 
counting tubes are connected in series so that signals from 
each counting tube are accumulated synchronously with the 
traveling radioactive gas particles. Moreover, the counting 
tubes are connected electrically by a mutual anticmincidence 
circuit so that the background counts are effectively lowered 
and signal-to-noise ratios are improved tenfold without a 
loss in chromatographic resolutiom SARD was successful- 
ly linked with capillary GC (21). The present paper describes 
a procedure for assessing the profile of eicosanoids formed 
from AA using [14C]AA and capillary GC/SARD. Rabbit 
platelet homogenates were used as a model system for 
developing the procedure because they are readily harvested 
and they actively metabolize AA both through the cycloox- 
ygenase and lipoxygenase pathways. 

MATERIALS AND METHODS 

Reagents. [1J4C]AA {specific activity, 2.06 GBq/mmol; 
radiochemical purity, 99.2%} and 12-(S)-hydroxy[5,6,8,9, 
ll,12,14,15(n).[3H]eicosatetraenoic acid ([3H]12-HETE; 
specific activity, 5.29 TBq/mmol; radiochemical purity, 
96.4%} were purchased from the Radiochemical Centre 
(Amersham, United Kingdom). Nonlabeled AA was pur- 
chased from Funakoshi {Tokyo" Japan). 12-HETE, 12-hy- 
droxyheptadecatrienoic acid (12-HHT) were purchased 
from Sigma (St. Louis, MO). TXB2 was kindly supplied 
by Upjohn Pharmaceutical Limited (Ibaraki, Japan). Di- 
methylisopropylsilyl(DMiPS)imidazole was purchased 
from Tokyo Kasei Kogyo {Tokyo, Japan). O-Methylhy- 
droxylamine.HC1 pyridine solution was purchased from 
Pierce {Rockford, IL). A Sep-Pak Cls cartridge was pur- 
chased from Waters Associates {Milford, MA). Indo- 
methacin and baicalein were purchased from Wako (Tokyo" 
Japan). Glutathione (GSH) was purchased from Kanto 
Chemical {Tokyo" Japan). 

Isolation of rabbit platelets. Fresh arterial blood {c~ 100 
mL) was collected from a Japanese white rabbit into 
plastic tubes with 1/10 vol of 3.8% sodium citrate and cen- 
trifuged at 140 • g for 15 min to separate the platelet- 
rich plasma. The platelet-rich plasma was further cen- 
trifuged at 750 • g for an additional 15 min. The platelet 
pellet obtained from 50 mL of platelet-rich plasma was 
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washed in 100 mL of 12 mM Tris-HCl buffer (pH 7.4) con- 
taining 134 mM NaC1 and 1.5 mM ethylenediaminetetra- 
acetic acid disodium salt (EDTA), and centrifuged at 750 
X g for 15 min. After a second wash in the same buffer, 
the final pellet was suspended in 15 mM Tris-HCl buffer 
(pH 7.4) containing 134 mM NaC1 and 5 mM D-glucose 
at a concentration of 3-5 X 105 platelets/~tL. The washed 
platelet suspension was stored at -80~ 

Sample preparation. Frozen platelets were thawed and 
homogenized by triplicate sonication at 27 kHz for 1 min. 
One mL of the homogenate (ca. 1 mg protein/mL) was in- 
cubated at 37~ for 5 min with [~4C]AA (10 nmol, 20 
kBq). The reaction was terminated by the addition of 0.2 
mL of 0.2 M citric acid {pH 3). The reaction mixture was 
applied to a Sep-Pak C18 cartridge which was washed 
with 5 mL each of methanol and water immediately before 
use. The cartridge was washed with 10 mL each of 5% 
ethanol/water, water, and petroleum ether and then eluted 
with 6 mL of methyl formate. The eluate was evaporated 
to dryness under a nitrogen stream. The residue was 
derivatized with diazomethane, O-methylhydroxylamine 
and DMiPS-imidazole as described previously {220. The 
derivatized sample was dissolved in 50 ~L of 1% pyri- 
dine/hexane, and 1-3 ~L was injected into the GC/SARD 
system. 

Samples for measurements by GC/MS were prepared as 
follows. Five mL of the rabbit platelet homogenate was 
incubated with 50 nmole of unlabeled AA and the incuba- 
tion products were purified and derivatized as described 
above. The derivatized sample was dissolved in 50 ~L of 
1% pyridineJhexane, and 0.5-1 ~L was injected into the 
GC/mass spectrometry (MS) system. 

Radio GC system. All radio GC analyses were per- 
formed on the GC/SARD system described previously (21). 
A wide-bore fused silica capillary column (12 m • 0.53 
mm) coated with Shimadzu (Kyot~ Japan) nonpolar 
CBP-1 (1 ~m film thickness) was used. The flow rates of 
helium were 5 mL/min for carrier gas and 50 mL/min for 
makeup gas. The column effluents were subjected to ox- 
idation (14C -* 14CO2) or oxidation/reduction (3H -~ 3H20 
--" 3H 2) in the oxidation/reduction tube, and the resulting 
gas was introduced into the SARD after mixing with 
counting gas (methane). In the SARD, the seven gas flow 
proportional counting tubes (inner volume, 10 mL) are ar- 
ranged in close packing and placed in a 30-mm thick cylin- 
drical lead housing. The counting tubes are connected by 
a mutual anti-coincidence circuit. The total flow rates of 
methane and helium in the SARD were maintained at 200 
mL/min. The sampling time (the transit time of the gas 
particles through one counting tube) (21) was set at 3 s, 
and the transit time of gas particles in the SARD system 
was 21 s (7 • 3 s). The column oven temperature was set 
at 180~ and increased at a rate of 2~ to 270~ 

Peak radioactivities, A (Bq), were calculated according 
to the following equation. 

radioactive peak intensity (counts) • I00 
A (Bq) = [1] 

transit time in the SARD (s) X OC peak yield (%) 

GC peak yields (percentage of the amount of an injected 
substance that reaches the detector system) were cal- 
culated by analyzing authentic [14C]AA {120 Bq) or 
[3H]12-HETE (120 Bq), according to the method in our 
previous papers {22,23}. 

GC/MS GC/MS analyses were performed on a Shamad- 
zu gas chromatograph model GC-14A equipped with a 
capillary column (10 m X 0.25 mm) coated with Supelco 
(Bellefont~ PA) nonpolar SPB-1 {film thickness, 0.25 ~rn), 
coupled directly to the source of Shimadzu QP-1000 EX 
mass spectrometer. Helium was used as carrier gas at a 
pressure of 0.5 kg/cm 2. The column oven temperature was 
maintained at 100~ for 1 min after injection and then 
increased at a rate of 10~ to 270~ The ion source 
temperature was set at 270~ A splitless injection mode 
was used, and the vent was opened at 1 min after injec- 
tion. Mass spectra were recorded in the electron impact 
mode at an electron energy of 70 eV and a trap current 
of 60 ~A. The mass spectra were recorded, covering an m/z 
range of 50-800 every 2 s. 

Liquid scintillation counter. The radioactivities were 
measured in 10 mL of toluene base scintillation cocktail 
with an Aloka (Toky~ Japan) liquid scintillation counter 
(LSC, 903 or 1000). 

RESULTS AND DISCUSSION 

The gas chromatographic analysis of eicosanoids has been 
described in several papers {24-27}. Maclouf and Rigaud 
(24) reported the complete resolution of some eicosanoids 
by capillary column GC using a flame ionization detec- 
tor (FID). However, this method is not suitable for profil- 
ing AA metabolites in biological samples due to the 
presence of several peaks on the GC tracing other than 
those from the analytes. The radio GC approach de ~ 
scribed here provided much clearer profiling as radiodetec- 
tion is not obstructed by endogenous compounds and 
derivatizing reagents. 

Sep-Pak C18 cartridges have been extensively used to 
separate AA metabolites from biological samples. The 
separation with Sep-Pak C1a cartridges utilized in the 
present study was essentially the same as that proposed 
by Powell (28}. [14C]AA and its metabolites were eluted 
with methyl formate with a recovery of 93.1 _+ 7.2% (n 
= 10). Loss of radioactivity during derivatization was 
negligible. 

A typical radiochromatogram obtained by incubation 
of rabbit platelet homogenate with [~4C]AA is shown in 
Figure 1. The recovery of radioactivity from the GC col- 
umn was virtually 100%. Baseline separations for all ma- 
jor products from platelets were obtained within 45 min 
under linear temperature programing conditions. The 

,80] 
! 

= ,2o A / | G ' 

g6 3 

10 15 20 25 30 35 40 min 

FIG. 1. Profile of [14C]eicosanoids and its metabolites in rabbit 
platelets. Column, nonpolar [used silica capillary column (12 m X 
0.53 mm); temperature programming, 180-270~ at 2~ injected 
radioactivity, 514 Bq. 
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DMiPS derivatives were shown to be well separated and 
more stable than the corresponding trimethylsilyl  deriva- 
tives. 

Radioactive peaks in GC and HPLC are usually tenta- 
tively identified by comparing the retention t imes with 
those of reference standards. However, this approach is 
often ambiguous. In the present study, an a t t empt  was 
made to directly confirm the structures of the metabolites 
by GC/MS analyses. The incubation mixture  with un- 
labeled AA was extracted and derivatized in a procedure 
similar to tha t  used for labeled AA and was analyzed by 
GC/MS. Each  peak in GC/MS analysis was assigned by 
comparison of the methylene unit (MU) (29,30) values with 
those of the radioactive peaks in GC-SARD analysis. The 
metabolites in peaks A (MU; 22.2), B (MU; 24.0), C (MU; 
26.0) and I (MU; 23.5) were identified as AA, 12-HHT, 12- 
H E T E  and TXB2, respectively, by comparison with the 
mass spectra with those of authentic compounds. The m e  
tabolite in peak D (MU; 26.0) was identified as 11,12- 
epoxy-10-hydroxyeicosa-5,8,14-trienoic acid (EPHETA). 
Its mass spectrum showed the major fragment ions at m/z: 
4 1 9 [ M -  31, loss of OCH3], 4 0 7 [ M -  43, loss of CH- 
(CH3)2], 3 1 0 [ M -  140, loss of OHCCHzCH=CH(CH2) 4- 
CH3], 297[M - 153, loss of CH(O)CHCH2CH=CH(CH2) 4- 
CH3], 279[M - (140 + 31)], 267[M - (140 + 43}], 265 
[M - (111 + 31 + 43), loss of (C-13 to C-20), OCH 3 and 
CH(CH3)~], 221[M - (111 + 118), loss of (C-13 to C-20) 
and DMiPSOH]. The mass spectra of peaks F (MU; 31.2), 
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r ~  
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~100 
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FIG. 2. Radio gas ehromatogram of [3H]12-hydroxyeicosatetraenoic 
acid after treatment with diszomethane, ~methylhydroxylAmlne and 
dimethylisopropylsilyi-imidazole.  See Figure 1 for gas 
chromatographic conditions. Injected radioactivity, 100 Bq. 

TABLE 1 

Reproducibility of Analyses of [14C]Araehidonic Acid iAA) 
and Its Metabolites 

% of Injected Coefficient of 
Peak a Metabolite b radioactivity c variation (%) 

A AA 7.1 • 0.04 0.6 
B 12-HHT 3.1 --- 0.26 8.4 
C+E 12-HETE 18.4 • 0.94 5.1 
D EPHETA 8.6 • 0.02 0.2 
F+G+H THETEs 18.6 • 0.34 1.8 
I TXB 2 6.6 • 0.25 3.8 
apeaks designated by letter refer to Figure 1. 
bl2-HHT, 12-hydroxyheptadecatrienoic acid; 12-HETE, 12-hy- 
droxyeicosatetraenoic acid; EPHETA, 11,12-epoxy-10-hydroxy- 
eicosa-5,8,14-trienoic acid; THETE, trihydroxyeicosa-5,9,14-tri- 
enoic acid; TXB 2, thromboxane B 2. 

c514 Bq (n = 3). 
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FIG. 3. Effects of inhibitors on [140]AA metabolism. One mL of platelets homogenate (co. I mg protein/mL) was preincubated for 5 min 
with inhibiturs (added in 1/~L ethanol) prior to addition of [14C]AA (I0 nmol, 8 kBq). Other procedures were as described in the Experimen- 
tal section. Injected radioactivity, 300-500 Bq; (A), control; (B), indomethacin (56/~d); (C), baicalein (I0 pM); (D), GSH (I raM). Abbrevia- 
tions as in Table I. 
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G (MU; 31.3) and H (MU; 31.6) were a lmost  identical. The 
metabol i tes  reflected in these peaks  were identified as a 
mixture  of stereoisomers of 8,9,12-trihydroxyeicosa-5,10, 
14-trienoic acid (8,9,12-THETE) and 8,11,12-THETE 
because the mass  spectra  showed the characterist ic  frag- 
ment  ions a t  m/z 241 and 271 with similar intensity; this  
means preferential f ragmentat ion occurs between the two 
adjacent  DMiPS-subs t i tu ted  hydroxyl groups in 8,9,12- 
and 8,11,12-THETE s, respectively. 

Thermal  decomposition on a GC column has been noted 
in the analysis of H E T E s  (31,32). Some decomposition for 
12-HETE was also observed in our investigation. Figure 
2 shows a r ad iochromatogram of au thent ic  [3H]12- 
H E T E  after  derivatization. The main  peak  (t R 21.1 min; 
MU 26.1) is followed by a slightly elevated background 
and then by the second peak  (tR 25.5 min; MU 27.7). The 
MU value of the second peak was identical to tha t  of peak 
E in Figure 1. 

The count ing reproducibili ty of the GC/SARD sys tem 
was determined by repeated injections (n = 3). Each peak 
radioactivity was calculated based on the GC peak yields. 
The GC peak  yields of the metabolites,  except for 12- 
H E T E ,  were assumed to be equal to t ha t  of AA (22). The 
GC peak yield of 12-HETE was 34.2% (coefficient of varia- 
t ion 5.7%, n = 3). The intra-assay coefficients of varia- 
t ion in GC/SARD analyses were less than  10% (Table 1). 

Inhibi t ion studies were performed in order to confirm 
the val idi ty of the present  method.  [14C]AA was incu- 
ba ted  with  platelets  in the presence of indomethacin (56 
haM), baicalein (10~M) or G S H  (1 mM). Examples  of the 
rad iochromatograms obtained are shown in Figure 3. In- 
domethacin  inhibited cyclooxygenase and eliminated 
12-HHT and TXB 2. Baicalein, a selected inhibitor of 
12-1ipoxygenase, inhibi ted fo rmat ion  of 12-HETE,  
E P H E T A ,  8,9,12-THETE and 8,11,12-THETE. G S H  in- 
hibited format ion of E P H E T A ,  8,9,12-THETE and 
8,11,12-THETE but  increased format ion of 12-HETE by 
GSH-dependent  peroxidase (33,34). 

The present  capillary GC/SARD approach provides a 
useful method for profiling AA metaboli tes  and can also 
be used to detect  inhibitors of AA metabolism. 
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on the Structural Parameters of Phosphatidylcholines 
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Most saturated diacyl phosphatidylcholines C(X~.C~DPC 
(saturated 1,2-diacyl-sn-glycerc~3-phosphocholine with X 
carbons in the sn-1 acyl chain and Y carbons in the sn-2 
acyl chain}, in excess water, can self-assemble into lamel- 
lae which, upon heating, may  undergo multiple thermo- 
tropic phase transitions at well<lefined, discrete tempera- 
tures. The transit ion temperature  corresponding to the 
main or the gel to liquid~crystalline phase transition (Tm} 
is known for many bilayers of fully hydrated phospha- 
tidylcholines. In this study, we have analyzed the T m 

values of 44 molecular species of phosphatidylcholines in 
terms of their  s t ructural  and packing characteristics in 
the gel-state bilayer. Two general equations are thus de- 
rived: T ,  = 1 6 2 . 2 6 -  3651.71 ( l / N ) -  88.42 (AC/N) for 
C(X):C(Y)PC with X t> Y, and T m - - 1 5 7 . 6 8 -  3525.44 
(l/N) -- 93.28 (AC/N) for C(X):C(Y)PC with X < Y. Here, N 
is the minimal hydrophobic thickness of the dimeric 
C(X):C(Y}PC in the gel-state bilayer and AC is the effec- 
tive chain length difference between the sn-1 and sn-2 acyl 
chains for the monomeric C(X}:C(Y}PC in the gel-state 
bilayer. The advantage of these two equations in predict- 
ing the T m values for phosphatidylcholines with AC/CL 
values in the range of 0.07 to 0.40 is their simplicity. A 
figure containing a to ta l  of 173 calculated T m values is 
also presented. 
Lipids  28, 365-370 (1993). 

has four terms with three variables (AC, AC/CL and 1/CL); 
moreover, these variables are related to two structural  
parameters (AC and CL) which are determined by the con- 
formations of the two acyl chains of a monomeric phos- 
phatidylcholine molecule in the gel-state bilayer. Here, the 
structural parameter AC denotes the effective chain length 
difference (in C-C bonds lengths along the chain) between 
the two acyl chains, and the other  structural  parameter, 
CL, is the effective length of the longer of the two acyl 
chain, also in C-C bonds (9,10), as shown in Figure 1A. 

A fundamental  and impor tant  concept of biochemistry 
is that  the structural characteristics of biomolecules exist- 
ing as either monomers or aggregated assemblies are ulti- 
mately responsible for their physical and chemical prop- 
erties in the cell and in aqueous solution, under physiolog- 
ical conditions. Of the many physical properties associated 
with the main or the gel to liquid-crystalline phase tran- 
sition for phospholipid bilayers in aqueous solution, the 
phase transition temperature  (Tin) is the one tha t  can be 
most  accurately determined experimentally (1-3). The Tm 
values for aqueous lipid dispersions prepared from satu- 
rated, identical-chain phosphatidylcholines have been 
shown by several groups (4,5) to be related to certain struc- 
tural features of the lipid molecules, such as the acyl chain 
length and the chain end perturbation (6,7). More recently, 
the structure~property relationship has been extended ftm 
ther (8) to include mixed-chain phosphatidylcholines, thus 
allowing the accurate prediction of Tm values from the 
structural  characteristics expressed by a large number of 
phosphatidylcholines. The general equation of Huang  (8), 
Tm= 154.2 + 2.0 (AC) - 142.8 (AC/CL) - 1512.5 (I/CL), 

*To whom correspondence should be addressed at Department of 
Biochemistry, Box 440, Health Sciences Center, University of 
Virginia, Charlottesville, VA 22908. 

Abbreviations: C(X):C(Y)PC, saturated 1,2-diacyl-sn-glycero-3-phos- 
phocholine with X carbons in the sn-1 acyl chain and Y carbons in 
the sn-2 acyl chain; MW, molecular weight; RMSE, root mean square 
e r r o r ;  T m, the phase transition temperature; VDW, Van der Waals 
distance. 

FIG. 1. Computer-generated diagrams to illustrate the acyl chain 
packing in (A) single crystal of C(14):C(14)PC, (B) a dimeric packing 
unit of C(X):C(Y)PC ~saturated 1,2<liacyl-sn-glycere-3-phospbocholine 
with X carbons in the sn-1 acyi chain and Y carbons in the sn2 acyl 
chain) constructed based on the monomeric structure of (A). Only 
the diglyceride moiety of the lipid molecule is drawn in (I3). AC is 
the effective chain length difference between the two chains in a 
monomeric lipid molecule. It equals 1.5 C-C bond lengths for 
C(14):C(14)PC in the gel~state bilayer. CL is the effective length of 
the longer of the two acyl chains. N is the distance separating the 
two carbonyl oxygens of the sn-1 acyl chains. VDW is the Van der 
Waals distance separating the two methyl termini. 
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The ratio of AC/CL is thus the normalized chain length 
difference for phosphatidylcholines in the highly ordered 
gel state. 

In this communication, alternative equations are pre- 
sented for predicting the T~ values for fully hydrated 
saturated phosphatidylcholines which can undergo the gel 
to liquid-crystalline phase transition upon heating. In this 
new approach, the transition temperature is also related 
to two structural parameters (N and AC). These equations, 
however, are simpler, having only three terms. Moreover, 
the predictive power is also improved in comparison with 
that  of the general equation of Huang (8). 

RESULTS 

The structural parameters: AC AC/CL and N. Prior to 
defining the various structural parameters, it is appro- 
priate to briefly mention the structural characteristics of 
the two acyl chains in dimyristoyl phosphatidylcholine, 
C(14)'C(14)PC. This is an identical-chain phosphatidyl- 
choline whose crystal structure has been determined by 
X-ray diffraction technique (11). In single crystals, the C(1) 
and C(2) carbon atoms of the glycerol backbone and the 
fat ty acyl chain ester-linked to the sn-1 position of the 
glycerol C(1) atom form an all tTans zigzag chain (Fig. 1A). 
The initial segment of the sn-2 acyl chain, however, ex- 
tends perpendicularly from the sn-1 acyl chain, but bends 
over at the second carbon atom, C2, to become parallel to 
the sn-1 acyl chain, as schematically illustrated in Fig- 
ure 1A. Moreover, the orientation of the two chain planes 
within each lipid molecule is alternately parallel and per- 
pendicular to each other in the bilayer assembly. In Fig- 
ure 1A, the two zigzag planes of the sn-1 and sn-2 acyl 
chains of a C(14):C(14)PC molecule are shown to be perpen- 
dicular to each other. Another structural feature of the 
two acyl chains, as illustrated in Figure 1A, is that  the 
two terminal methyl groups are mismatched. This mis- 
match is defined as the effective chain length difference 
(AC) between the two acyl chains which, for C(14):C(14)PC 
in the crystalline state, is about 3.7 ]k or 3.0 carbon-carbon 
bond lengths along the long chain axis. The two acyl 
chains are tilted with an angle of about 12~ relative to 
the axis perpendicular to the bflayer surface For identical- 
chain C(14):C(14)PC in the gel-state bilayer, the structural 
features of the lipid acyl chains observed in the single 
crystals are essentially preserved; however, the chains are 
tilted more with an angle of about 30~ (12) and the axial 
displacement of the two methyl termini along the bilayer 
normal is about 1.5 carbon-carbon bond lengths (13). 

The structural parameter AC is defined for a 
C(X):C(Y)PC (saturated 1,2-diacyl-sn-glycero-3-phospho- 
choline with X carbons in the sn-1 acyl chain and Y 
carbons in the sn-2 acyl chain) molecule in the gel-state 
bilayer based on the inherent mismatch of 1.5 C-C bond 
lengths between the two terminal methyl groups in 
the monomeric C(14):C(14)PC as follows: AC = I(X - 1) -- 
(Y - 1 - 1.5)1 = IX - Y + 1.51, where X and Y are the 
total numbers of carbon atoms in the saturated sn-1 and 
sn-2 acyl chains, respectively. The normalized chain length 
difference between the sn-1 and sn-2 acyl chain for a 
C(X):C(Y)PC molecule in the gel-state bilayer is expressed 
as AC/CL, where CL is the effective length of the longer 
of the two acyl chains in C-C distance along the chain. 

When two phosphatidylcholine molecules are packed in 
the partially interdigitated mode, as shown in Figure 1B, 
a structural parameter, N, can be employed to specify the 
distance between the two carbonyl oxygens of the sn-1 acyl 
chains in the two opposing bilayer leaflets. This distance 
is tantamount to the minimal hydrophobic thickness of 
a dimeric unit of phosphatidylcholine molecules packed 
in the gel-state bilayer, and it can be expressed in C-C bond 
lengths along the long molecular axis of the lipid. As 
shown in Figure 1, the structural parameter, N, of the 
dimeric unit is related to the two structural parameters 
of the monomer (AC and CL) as follows: N = 2 C L -  
AC + VDW. For C(X):C(Y)PC with X >I Y, it can easily be 
shown that the value of N is related to X and Y as follows: 
N = 2(X-l) - (X-Y + 1.5) + VDW (Van der Waals dis- 
tance) = X + Y - 0.5, where the VDW between the two 
opposing terminal methyl groups is assumed to be three 
C-C bond lengths along the chain. In fact, this equation 
of N = X + Y - 0.5 is general for all gel-state phospha- 
tidylcholines, C(X):C(Y)PC, which are packed in the par- 
tially interdigitated mode. 

The main phase transition temperature as a function 
of  lipid structural parameters. In the past three years we 
have examined the thermotropic phase behavior of aque- 
ous dispersions prepared from four series of saturated 
diacyl phosphatidylcholines by high-resolution differen- 
tial scanning calorimetry (14-16). Within each series, all 
members have a common molecular weight (MW); how- 
ever, the values of AC/CL are varied progressively from 0.05 
to 0.67. When the T m (or AH) values of these four series 
of lipids are plotted against the normalized acyl chain 
length difference, biphasic curves as shown in Figure 2 
are observed. We find that in the Tm (or AH) vs. AC/CL 
plot, the Tm (or AH) value of the lipid dispersion within 
each of the four series decreases initially with increasing 
chain asymmetry. In fact, within the range of AC/CL 
values of 0.09-0.40, the experimental T m values appear 
to fall on a linear curve The minimum value of T~ within 
each lipid series corresponds to the phosphatidylcholine 
molecule with a AC/CL value of about 0.41. Beyond the 
minimum value, the T~ value increases with increasing 
value of AC/CL; moreover, the data fall on a bell-shaped 
curve with the maximum value of Tm at AC/CL of about 
0.56. A detailed interpretation of the biphasic phenome- 
non is given elsewhere (15,16). 

All the published calorimetric Tm values for saturated 
diacyl phosphatidylcholines with AC/CL values ranging 
from 0.07 to 0.40 are summarized in Table 1. There are 
44 data points, 24 of them belong to the four homologous 
series of lipids labelled as the C(14):C(14)PC, 
C(15):C(15)PC, C(16):C(16)PC and C(17):C(17)PC series. 
The T~ values of these 24 lipids are plotted in Figure 3 
against AC/N. Clearly, within each series, the T~ values 
of lipids with longer sn-2 acyl chains can fit into a curve 
which lies slightly but consistently below the T~ curve 
for lipids with longer sn-1 acyl chains. The difference in 
Tm, albeit small, can be assumed to arise from the 
possibility that the lipid-lipid interaction for C(X):C(Y)PC 
with X > Y, in the gel-state bilayer, is somewhat different 
from that for C(X):C(Y)PC with Y > X. 

The dependence of  T~ on structural parameters. An in- 
teresting feature of the experimental data shown in 
Figure 3 is that  the Tm values for various C(X):C(Y)PC 
with constant values of MW are linear functions of AC]N. 
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FIG. 2. Plot of the main phase-transition temperature (Tin) V$. the 
normalized chain length difference (AC/CL) between the two acyl 
chains of various phosphatidylcholines. The various phusphatidyl- 
cholines are grouped into four homologous series according to 
their molecular weight  IMW), and the MW of the four series corre- 
spond to those of Cfl7):C(17)PC, C(16):C{16)PC, C(15):C(15)PC and 
C(14):C(14)PC, respectively. 

Similarly, linear lines fitting T= values are observed at 
constant AC values in the T m vs. AC/N plot. These linear 
property-structure relationships suggest that the T m 

value of the C(X):C{Y)PC bilayer may depend on the in- 
terplay of the two structural parameters AC and N. That 
is, T m = a o -I- al (l/N) + a2 (AC/N) + ... might give a good 
fit to all T m data obtained from aqueous dispersions of 
C(X):C{Y)PC with X > Y or with X < Y, where a0, al and 
a 2 are constants.  

When the 22 experimentally observed Tm values of 
C(X):C(Y)PC with X >/Y, shown in Table 1 {points Nos. 
1-22), are subjected to statistical analysis using a multi- 
ple regression approach, a regression equation of T m = 
162.26 - 3651.71 (l/N) -- 88.42 (AC/N) is obtained, with 
a correlation coefficient {o) of 0.9996 and a root mean 
square error (RMSE) of 0.4791. Similarly, a regression 
equation of T m = 157.68 - 3525.44 (l/N) - 93.28 (AC/N) 
with o = 0.9995 and RMSE = 0.5332 is obtained for 
C(X):C(Y)PC with X < Y, when the other 22 T m values 
from Table 1 (points Nos. 23-44) are subjected to multi- 
ple regression analysis. 

The calculated and the experimental Tm values for all 
44 molecular species of phosphatidylcholines are com- 
pared and the results are summarized in Table 1. Within 
each set of the data, only one lipid exhibits a deviation 

of greater than I~ between the calculated and the ob- 
served Tm values (AT=). The greatest deviation is observ- 
ed for C(17):C(15)PC. This deviation, 1.2~ corresponds 
to a relative error of 3.3% in ~ or a relative error of 
0.4% in absolute temperatur~ Because of the excel- 
lent agreement between the calculated and experimental 
T m values, the two regression equations, T m -~ 162.26 -- 
3651.71 {l/N) - 88.42 {AC/N) for C(X):C(Y)PC with X >i Y 
and T m = 157.68 -- 3525.44 (l/N) -- 93.28 (AC/N) for 
C(X):C{Y)PC with X < Y, can be used reliably to predict 
the T m values for C(X):C(Y}PC with AC/CL values in the 
range of 0.07-0.40. Consequently, a table containing a 
total of 173 predicted T m values is presented in Figure 4. 

DISCUSSION 

It has long been recognized that in excess water all 
saturated diacyl phosphatidylcholines with long acyl 
chains exhibit unique transition characteristics upon heat~ 
ing, and that the main phase transition temperature (T m) 
increases with increasing chain length, all other things 
being equal (17,18). Recently we have examined and ana- 
lyzed the structure-property relationship for a large num- 
ber of saturated diacyl phosphatidylcholines C(X):C(Y)PC; 
we showed that the T m values for various C(X):C(Y)PC 
with AC/CL values in the range of 0.09-0.40 can be related 
to the structural parameters AC and CL as follows (8): 
T m = 154.2 + 2.0 (AC} - 142.8 (hC/CL} - 1512.5 (1/CL). 
This general equation of Huang's (8) was derived based 
on (i) the statistical analysis of T m values obtained with 
23 molecular species of C(X):C(Y)PC; and (ii) the structural 
parameters (AC and CL) associated with the monomeric 
unit of C(X):C(Y)PC in the gel-state bilayer. Although the 
predictive power of the general equation of Huang (8) is 
very high, this equation is cumbersome, having four terms 
and three variables {AC, AC/CL and 1/CL). 
More experimental T m values for fully hydrated 

C(X):C(Y)PC with AC/CL values in the range of 0.07-0.40 
have been published {17,18); hence, the data base for our 
statistical analysis can be expanded to include 44 Tm 
values. Together with the knowledge of the proposed 
dimeric packing model for C{X):C(Y)PC in the gel-state 
bilayer as given in Figure 1B, we now derive the follow- 
ing two equations: 

For C(X):C(Y)PC with X >/Y 

T m = 162.26 - 3651.71 (I/N) - 88.42 (AC/N) [1] 

with o = 0.99962, RMSE = 0.47910 

For C(X):C(Y)PC with X < Y 

T m ---- 157.68 -- 3525.44 (l/N) -- 93.28 (AC/N) [2] 

with o = 0.99951, RMSE = 0.53319 

where o is the correlation coefficient. 
The major advantage of these two new equations is their 

simplicity. Each equation has only three terms with two 
variables (1/N and AC/N). A single equation can also be 
derived to fit all 44 data points. This equation, T m ~- 
158.67 - 3532.18 {l/N} - 94.99 (AC/N) with o = 0.99883 
and RMSE = 0.83735, is less accurate in predicting T m 
due to its smaller value of o and larger value of RMSE. 
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TABLE 1 

The Main Phase Transition Temperatures (T m) for Saturated 
with AC/CL Values in the Range of 0.07-0.40 a 

Diacyl PhosphatidylchoHnes 

No. Lipid AC 1/N Tra ~ Tm cal AT m Reference 

1 C(13):C(13)PC 1.5 0.0392 13.9 13.9 0.0 up b 
2 C(14):C(14)PC 1.5 0.0364 24.1 24.6 -0.5 15 
3 C(15):C(15)PC 1.5 0.0339 34.0 34.0 0.0 15 
4 C(16):C(16)PC 1.5 0.03175 41.4 42.1 -0 .7  19 
5 C(17):C(17)PC 1.5 0.02985 49.0 49.3 -0 .3  15 
6 C(18):C(18)PC 1.5 0.0282 53.3 55.7 -0 .4  19 
7 C(19):C(19)PC 1.5 0.0267 61.8 61.3 0.5 19 
8 C(20):C(20)PC 1.5 0.0253 66.4 66.5 -0.1 19 
9 C(21):C(21)PC 1.5 0.0241 71.1 71.1 0.0 19 

10 C(22):C(22)PC 1.5 0.0230 74.8 75.3 -0 .5  19 
11 C(17):C(16)PC 2.5 0.0308 43.2 43.1 0.1 up 
12 C(15):C(13)PC 3.5 0.0364 18.8 18.2 0.6 15 
13 C(16):C(14)PC 3.5 0.0339 28.4 28.0 0.4 15 
14 C(17):C(15)PC 3.5 0.03175 37.7 36.5 1.2 16 
15 C(18):C(16)PC 3.5 0.02985 44.4 44.0 0.4 14 
16 C(18):C(15)PC 4.5 0.0308 38.1 37.7 0.4 up 
17 C(16):C(12)PC 5.5 0.0364 11.3 11.8 -0 .5  15 
18 C(17):C(13)PC 5.5 0.0339 21.2 22.0 -0 .8  15 
19 C(18):C(14)PC 5.5 0.03175 31.2 30.9 0.3 16 
20 C(19):C(15)PC 5.5 0.02985 39.0 38.7 0.3 14 
21 C(19):C(14)PC 6.5 0.0308 31.8 32.2 -0 .4  up 
22 C(20):C(14)PC 7.5 0.02985 33.2 33.5 -0 .3  14 
23 C(12):C(16)PC 2.5 0.0364 21.7 21.0 0.7 15 
24 C(13):C(17)PC 2.5 0.0339 30.5 30.3 0.2 15 
25 C(14):C(18)PC 2.5 0.03175 39.2 38.4 0.8 16 
26 C(15):C(19)PC 2.5 0.02985 44.8 45.5 -0 .7  14 
27 C(22):C(26)PC 2.5 0.02105 77.8 78.6 -0 .8  up 
28 C(11):C(17)PC 4.5 0.0364 13.9 14.2 -0 .3  15 
29 C(12):C(18)PC 4.5 0.0339 23.5 23.9 -0 .4  15 
30 C(13):C(19)PC 4.5 0.03175 32.5 32.4 0.1 16 
31 C(14):C(20)PC 4.5 0.02985 39.8 39.9 -0.1 14 
32 C(15):C(21)PC 4.5 0.0282 46.1 46.5 -0 .4  20 
33 C(16):C(22)PC 4.5 0.0267 52.8 52.5 0.3 20 
34 C(17):C(23)PC 4.5 0.0253 57.9 57.8 0.1 20 
35 C(18):C(24)PC 4.5 0.0241 62.7 62.6 0.1 20 
36 C(20):C(26)PC 4.5 0.0220 70.7 71.0 -0 .3  20 
37 C(13):C(20)PC 5.5 0.0308 33.1 33.4 -0 .3  up 
38 C(11):C(19)PC 6.5 0.0339 17.3 17.6 -0 .3  15 
39 C(12):C(20)PC 6.5 0.03175 25.6 26.5 -0 .9  16 
40 C(13):C(21)PC 6.5 0.02985 34.1 34.3 -0.2 14 
41 C(16):C(24)PC 6.5 0.0253 53.2 53.1 0.1 up 
42 C(18):C(26)PC 6.5 0.0230 63.9 62.7 1.2 8 
43 C(14):C(24)PC 8.5 0.0267 43.3 42.5 0.8 up 
44 C(16):C(26)PC 8.5 0.0241 53.3 53.6 -0.3 up 

aLipids from Nos. 1-22 are C(X):C(Y)PC with X i> Y, and the calculated values of Tm cal (column 6) are 
obtained from T m ---- 162.26 - 3651.71 (l/N) - 88.42 (AC/N). Lipids from Nos. 23-44 are C(X):C(Y)PC with 
X < Y, and the calculated values of Tm cal (column 6) are obtained from T m = 157.68 - 3525.44 (l/N) -- 
93.28 (AC/N). 

bUnpublished calorimetric results from this laboratory. 

The  general  e q u a t i o n  of H u a n g  {8) also can  be revised 
based  on  the  avai lable  T m values  of 44 points ,  and  the  
r e su l t i ng  equa t i on  is T m = 153.67 - 1.73AC -- 1498.03 
( 1 / C L ) -  139.66 (AC/CL) wi th  o -- 0.9986 and  R M S E  = 
0.90878. J u d g i n g  from the  correlat ion coefficient and  the  
RMSE,  the  accuracy of the  revised e q u a t i o n  is infer ior  in  
compar i son  wi th  the  two new equa t ions  presen ted  in  th is  
paper. The  general  e q u a t i o n  of H u a n g  (8) also can  be con- 
sidered separa te ly  for C(X):C(Y)PC wi th  longer  or wi th  
shor te r  sn-1 acyl chain.  The  r e su l t ing  equa t ions  are: 
Tm --- 154.86 + 1.75AC -- 1521.03 (IICL) - 136.97 (AC/CL) 
with o = 0.9989 and RMSE = 0.81287 for C(X):C(Y)PC 
with longer sn-I acyl chain (X >i Y), and Tm = 148.92 + 

3.01 AC - 1406.26 (1/CL) - 166.33 (AC/CL) wi th  o = 0.9993 
a nd  R M S E  = 0.63108 for C(X):C(Y)PC wi th  longer  sn-2 
acyl cha in  (X < Y). Again ,  the  accuracy of p red ic t ing  T= 
values for these two equa t ions  can be compared wi th  t h a t  
of E q u a t i o n s  1 a nd  2 according  to the i r  o a nd  R M S E  
values. Clearly, E q u a t i o n s  I a nd  2 are be t t e r  in  p red ic t ing  
the  T m values  for C(X):C(Y)PC. 

The  fact  t h a t  E q u a t i o n s  1 and  2 are s impler  a nd  be t t e r  
t h a n  the  general  e q u a t i o n  of H u a n g  (8) can  be a t t r i b u t e d  
to the  different  s t r u c t u r a l  models  employed in  de r iv ing  
the  s t ruc ture~proper ty  re la t ionship.  The  bas ic  s t r u c t u r a l  
model  used  in  de r iv ing  E q u a t i o n  1 or E q u a t i o n  2 is a 
d imeric  model  (Fig. 1B), whereas  the  earl ier  equa t i on  of 
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FIG.  4. Calculated T m values for  173 molecular  s p e d e s  of s a tu ra t ed  diacyl phosphat idylchol lnes .  The X and Y values  in C(X):C(Y)PC 
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in Figure  3. 
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H u a n g  (8) is based on a s t ructural  model of the monomer. 
Much s t ructural  information is inherently incorporated 
with a dimeric unit; consequently, a dimeric model ulti- 
mate ly  leads to improved character izat ions of the struc- 
ture-proper ty  relationship for phospholipid bilayers. 

Finally, we should comment  on the physical meaning  
of the individual t e rm in each of the two derived equa- 
tions. The first term, a constant,  corresponds to the max- 
imal  T m value for the lipid bilayer comprised of phospha- 
tidylcholine molecules with infinitely long acyl chains. The 
second t e rm relates to the negat ive value of the inverse 
of the minimal hydrophobic thickness {N). As the minimal 
hydrophobic thickness becomes progressively larger, the 
Tm value correspondingly becomes higher. The third 
t e rm can be regarded as a per tu rba t ion  term. The close 
chain-chain interaction in the gel-state bilayer may  be per~ 
turbed  by  the bulky chain terminal  methyl  groups and 
this per tu rba t ion  is reflected by the negat ive value of AC 
{15,16). At  a cons tant  value of N, the ratio of AC/N in the 
third t e rm is negative, thus  making  a negat ive contribu- 
t ion to the overall T= value of the lipid sys tem under  
study. Briefly, the equat ions derived in this paper  em- 
phasize t ha t  the T~ values of sa tura ted  diacyl phospha- 
tidylcholines in excess water  depend critically on the in- 
terplay of two s t ructural  parameters ,  AC and N, obtained 
f rom the dimeric lipid molecules in the gel-state bilayer. 
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The long~hain phosphatidylcholine/sodium cholate aque- 
ous system as substrate for human pancreatic phospho- 
lipase A 2 (PLA2) was investigated. At a constant  phos- 
phatidylcholine (PC) concentration of 8 mM, the enzyme 
activity increased with a decrease in cholate (C) concen- 
tration up to a PC/C ratio of approximately 0.8 and then 
rather abruptly decreased to lower values at a ratio above 
1.5. At  ratios between 0.8 and 1.5, an increasing lag phase 
in the PLA 2 activity was seen, indicating a progressive 
decrease in substrate availability to the enzyme. Reaction 
mixtures with a PC/C ratio of up to 0.67 were optically 
clear solutions composed of mixed bile salt/PC micelles 
of increasing mixed micellar aggregate size. Ratios be- 
tween 0.67 and 1.5 were characterized by an increase in 
turbidity (at 330 and 450 nm) due to increasing formation 
of vesicles or liposomes. Above a PC/C ratio of 1.5, a sharp 
increase in turbidity was seen due to increasing forma- 
tion of bilayer structures other than vesicles. Pure vesicles 
obtained by dialysis of mixed micellar solutions were not 
hydrolyzed by the enzyme. Addition of bile salts reversed 
the inhibition which was accompanied by a decrease in 
turbidity. Phosphatidylcholine was preferred as substrate 
for human PLA 2 when present in large mixed disc-like 
bile salt micelles. Vesicular or other types of lamellar 
liquid-crystalline phases of long-chain phosphatidylcho- 
line did not  serve as substrate for PLA2. 
Lipids 28, 371-375 (1993). 

The activity of pancreatic phospholipase A2 (PLA2) [EC 
3.1.1.4] against long-chain unsaturated phosphatidyl- 
choline (PC) dispersed in bile salt (BS) solution depends 
on the molar PC/BS ratio (1). Optimal activity has been 
reported to occur at a ratio of about 0.5, varying somewhat 
with the structure of the components. PLA2 was found 
not to hydrolyze PC at a PC/BS molar ratio greater than 
1 or less than 0.2 (1). With respect to the physical state 
of the substrate" it was observed that  an optically clear 
micellar solution was obtained at a PC/BS molar ratio 
below 0.4. The substrates used were human bile, intralipid 
emulsions or PC from egg yolk dispersed in a mixed 
trihydroxy-dihydroxy-conjugated bile salt solution; the 
physical state of the substrates was not further charac- 
terized. Hoffman et al. (2) studied the activity of porcine 
PLA~ on egg PC/cholate (C) mixed micellar solutions at 
5 mM PC. They found that the enzyme activity was 
related to the molar PC/C ratio within the mixed miceUe 
rather than to the bulk concentration of PC. When the 
ratio of micellar PC to C within the micelle was varied 
from 0.2 to 2.0, the enzyme activity was increased 10-fold. 

*Address correspondence at P.O. Box 94, S-22100 Lund, Sweden. 
Abbreviations: BS, bile salt; C, cholate; IMC, intermicellar concen- 
tration; MW, molecular weight; PC, phosphatidylcholine; PLA 2, 
phospholipase A2; SDS, sodium dodecylsulfate; TLC, thin-layer 
chromatography. 

Long-chain unsaturated PC, which forms bilayer struc- 
tures (vesicles) in water, has generally been found to be 
a poor substrate for PLA 2 (3,4). PC/BS mixed micellar 
aggregates are thus good substrates for PLA2 but it is 
unclear to what extent other types of PC aggregates will 
function as substrates. In view of the increase in knowl- 
edge that has been gained in recent years on the physical 
state of the aqueous long-chain PC/BS system (5-7), it 
seemed of interest to further characterize the interaction 
of PLA2 with experimentally defined physical substrate 
structures. A study with a partially similar objective was 
published (8) when the present work was well under way. 

MATERIALS AND METHODS 
Materials. PC, prepared from soybean (Epikuron 200), was 
kindly supplied by Lucas Meyer (Hamburg, Germany), it 
was better than 95% pure as confirmed by thin-layer 
chromatography (TLC). The main fatty acid components 
were: saturated fatty acids, 18%; 18:1, 12%; 18:2, 65%; and 
18:3, 5%. Sodium cholate (C) was purchased from Serva 
(Heidelberg, Germany) and was better than 99% pure as 
judged by TLC. Human PLA2 was prepared from pan- 
creatic juice essentially according to Grataroli et al. (9). 
The enzyme was pure according to sodium dodecyl sulfate 
(SDS)/polyacrylamide gel electrophoresis. A preparation 
with an optical density of 1.46 at 280 nm was used. 
Centricon-10 [10,000 molecular weight (MW) cutoff] and 
Centricon-100 (100,000 MW cutoff) filters were products 
of Amicon (Amicon Division, W.R. Grace and Ca, Dan- 
vers, MA). The filters were used as described in the manu- 
facturer's manual. The radioactive products 1-palmitoyl-2- 
[9,10-3H]oleoyl PC and [14C]cholate were from Amersham 
(Buckinghamshire, England). 

Determination of PLA~ activity. The availability of 
substrate for the enzyme was measured titrimetrically 
using a Mettler pH stat assembly (Mettler Instruments 
A.G., Ztirich, Switzerland). Ten mL portions of the PC/C 
dispersions were pipetted into glass vials, the pH was ad- 
justed to 8.0 and 10-20 ~L of the enzyme solution was 
added. The pH was maintained at 8 for at least 10 min, 
and the activity was calculated from the slope of the titra- 
tion curve in ~a-nole/min. With samples with a PC/C ratio 
of 0.8 to 1.5, a latency period was initially seen before the 
steady state was reached. This type of titration curve is 
often observed with PLA 2, and initial rates as well as 
steady state rates have been calculated. By extrapolating 
the steady state curve to the time axis, the lag time (in 
rain) was calculated. 

Preparation of micellar solutions and vesicles. PC in 
aqueous C solution was dispersed as described by Almog 
et aL (6) either by hydration of lipid films in 135 mM NaC1 
or by rapid dilution of concentrated mixed micellar disper- 
sions into 135 mM NaCI solutions. In the former case, PC 
and NaC were weighed into glass flasks and dissolved 
in chloroform]methanol (1:1, vol/vol). The solvent was 
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evaporated to form a thin film, and the flasks were kept 
under vacuum overnight to remove residual solvent. The 3.0 
lipids were then dispersed by adding the appropriate vol- 
ume of buffer that was 135 rnM in NaCI, 1 mM in Ca 2+ 
and 0.5 mM in THs/HCI, pH 8.0. Equilibration was rapid =e 
and the dispersions were used 1-2 h after preparation. 

In the dilution experiments, aqueous solutions were 
prepared which were 100 mM in PC and 50-100 mM in 8 20 
NaC. These were clear micellar solutions, except for the o 
PC/C solutions of ratios 100:62.5 and 100:50, which were 
turbid. Dilutions were then made by mixing 8 mL of the 
above solutions with 92 mL of the above buffers, or buf- 
fers with NaC when appropriate, under constant stirring. ~ 10 
This way, dilutions of PC were obtained in the PC/C range 8 
from 8:32 to 8:4, which all contained a dilution of PC of 
1:12.5. The rate of vesiculation was fast and maximum 
turbidity, when present, was reached after 1-2 h; this was 
followed by a steady state over 24 h. The solutions were 
in general allowed to "age" at room temperature overnight 
before being used as substrates. Turbidity of the disper- 
sions was measured at 330 and 450 nm using a Hitachi 
U-1 100 spectrophotemeter (Toky(~ Japan). 

Filtration of PC dispersions using Centricon filters, o 
Generally clear filtrates were obtained. The filtration rates 
were slow in some cases with dispersions of high turbid- 
ity. In such cases better filtration rates were obtained with 
the Centricon-10 filters if the dispersion were pre-filtered 
through a Centricon-100 filter. In the filtration studies, 
radioactively-labeled PC and C were used to calculate con- 
centrations in the filtrates. Appropriate amounts of PC 
and C were mixed in a glass flask with 1-palmitoyl-2- 
[9,10-3H]oleoyl PC and [~4C]cholate in chloroform]metha- 
nol solution. The solvent was evaporated after the solu- 
tions became clear. The dried films were dispersed in buf- 
fer under constant stirring. Samples were taken for deter- 
mination of radioactivity before filtration and from the 
filtrates. 

RESULTS 

The importance of the PC/C ratio for the activity of 
PLA~ The PC concentration in the bulk phase was kept 
constant at 8 mM and the C concentration was varied 
from 4 to 32 mM. In the experiments, the results of which 
are given in Figure 1, the dispersions were prepared by 
hydrating the dry PC/C film in buffer. The films were 
dispersed by the use of a magnetic stirrer. At low PC/C 
ratio the solutions were clear and the optical density at 
330 and 450 nm low until a PCJC ratio of 0.67. At this 
point the values started to increase more sharply at 330 
than at 450 nm, with a discontinuity at a molar ratio of 
PC/C of 1.5. Increasing turbidity of the solutions above 
a ratio of 0.67 was also observable in normal light. The 
activity of PLA2 increased from the PC/C of 0.25 up to 
approximately 0.8 and then dropped abruptly. At PC/C 
ratios of 0.89 to 1.14, a lag phase was seen before a con- 
stant rate of hydrolysis was attained. The lag time in- 
creased with increasing PC/C ratio and became very long;, 
for a PC/C ratio of 1.6 a constant and low rate of hydrolysis 
could only be seen after 90 rain of incubation. At even 
higher ratios the lag time became too long to be ex- 
perimentally measured. 

Vesicles (or liposomes) as substrate for PLA 2 and the 
effect of adding C Liposomes were prepared by diluting 
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12 10 8 ~ 4 2 NaC 
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0.25 0.33 0.5 0.67 1.0 2.0 PC/C 
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4.0 3.0 2.0 1.5 1.0 0.5 C/PC 

FIG. I. Plots of phosphoUpase A 2 (PLA z) activity (O), optical den- 
sity (OD) at 330 nm (A) and 450 nm ([:]) over Concentration of eholate 
(C), the phosphatidylcholine (PC)IC ratio, and C/PC rati~ The disper- 
sions were 8 mM in soybean PC, 135 mM in NaCl and I mM in CaCI. 
NaC, sodium cholate. 

a micellar solution of PC/C, 100 mM of each, 12.5 times 
in 135 mM NaC1 and by leaving it overnight. This disper- 
sion had an optical density at 450 nm of 0.33 and was 
dialyzed against two changes of 10 times the volume of 
the sodium chloride buffer. During the dialysis the optical 
density increased to 0.49. The liposome suspension was 
not hydrolyzed by PLA2. When C was added back to the 
liposomal dispersions, they cleared and became substrates 
for the enzyme Such an experiment is seen in Figure 2. 
Tarbidity of the liposomal dispersions decreased after add- 
ing C. PLA2 activity was measured 2 h after the addition 
of C. At low cholate and high turbidity a lag time was 
seen; at a concentration of 3.8 mM (PC/C 2.0) the lag time 
was 47 rain, at 7,4 mM C (PC/C 1.0) no lag time was seen. 

After diluting PC/C {100:100) 12.5 times in 135 mM 
NaCl, maximal turbidity was reached after 1-2 h, followed 
by a steady state for at least 24 h. The PLA2 activity 
followed the same pattern with a tendency to a slow 
decrease over time (not shownl. The results indicate that 
formation of liposomes (vesiculation) is a fast process and 
that the liposomes are rather stable They also show that 
dissolution of vesicles by bile salt is a fast process. 

Filtration of PCC dispersions of different ratios through 
Centricon filters. The results of these experiments are seen 
in  Figures 3 and 4. No PC passed the Centricon-10 filter 
with a molecular cutoff of MW 10,000 at any BS concen- 
tration (Fig. 3). This means that no mixed micelles passed 
this filter. The C concentration in the filtrates increased 
linearly with total C concentration, and thus represents 
the intermiceUar concentration of C (monomers + sim- 
ple C micelles) (10). From these figures the PC/C ratio in 
aggregated form in the bulk phase can be calculated and 
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FIG. 2. Phospholipase A 2 (PLA2) activity (~ao l /m| . )  (O) and optical 
density at 45() um (O) of l iposomal dispersions of 8 mM PC 2 h after 
the addition of sodium cholate (NaC) to obtain different final con- 
centrations of cholate. At  intermediate bile salt concentrations there 
was a lag phase before PLA 2 activity reached a steady state. In the 
figure the initial rates are connected by a broken line with the c o l  
responding final steady state rates. At  low cholate concentrations, 
no PLA 2 activity was seen. 
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FIG. 3. Results obtained in the Centricon-10 filtration experiments 
of dispersions of 8 mM phosphatidylcholine (PC) in cholate (C) solu- 
tions at different PC/C ratios. The symbols  indicate: percent of PC 
in the filtrate (o);  concentration of cholate (mM) in the filtrate (A) 
which equals the intermicellar concentration (monomers + simple 
micelles), PC/C ratio in the aggregated form at different cholate con- 
centrations (O). NaC, sodium cholate. 

is given in Figure 3. It  increases from 0.64 at a PC/C ratio 
of 0.33 in the bulk phase to 5.49 at a PC/C ratio of 2. 

When filtered through Centricon-100 filters, the filtrates 
were~ in principle, clear {some filters were leaking and the 
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FIG. 4. Results obtained i l l  the Centrleen-l~} f i l t l~t ion experiments 
of dispersions of 8 m M  phosphatidylcholine (PC) in  chointe (C) sola- 
tions at different PCIC ratios. The symbols  indicate concentrations 
of PC (raM) in the filtrates out of a total  of 8 mM (O); concentra- 
tion of C in aggregate form in the filtrates (mM) (A). PC/C ratio in 
aggregated form at different PC/C ratios in the bulk dispersion (O). 
NaC, sodium cholate. 

filtrates were discarded). Figure 4 shows the concentra- 
tion of PC in mM (total PC 8 raM)  in  the filtrates as a 
function of the PC/C ratia PC passed through the filters 
and therefore was in mixed micellar solutiorL With increas- 
ing PC/C rati~ the concentration of PC in the filtrates 
decreased steeply after a PC/C ratio of 0.67, and PC was 
absent from the filtrate at a ratio of 2. This indicates that 
with a decrease in C, vesicles and other aggregated forms 
of PC were formed that  were not able to pass through the 
Centricon-100 filter. The concentration of C in the filtrate 
fell sharply with decreasing total concentration of C. The 
C found in the filtrates was in intermicellar and mixed 
miceUar forrm As the intermicellar concentration of C was 
obtained from the Centricon-10 experiments, these figures 
together can be used to calculate the amount of C in ag- 
gregated form in the Centricon-100 experiments, as well 
as the PC/C ratios. The latter figures from the Centricon-10 
and Centricon-100 experiments were similar. 

D I S C U S S I O N  

The physiological substrate for pancreatic PLA2 in the 
small intestinal content is long-chain PC in BS disper- 
sions. Although such systems have been studied in vitro 
(1,2) as substrate for PLA2, no systematic determination 
of the enzyme activity in relation to the physical state of 
the substrate had been done until recently (8). In the pres- 
ent work, the studies were done at a constant PC concen- 
tration of 8 mM and at varying concentrations of sodium 
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C The solutions were used as substrate for human pan- 
creatic PLA2, and the enzyme activity measured was 
correlated with the PC/C ratio. The physical state of the 
dispersions was defined by measuring the optical density 
at 330 and 450 nm and by filtering through synthetic 
filters with defined MW cutoffs. The interpretation of the 
data was aided based on studies on aqueous BS/lecithin 
systems that have been published in recent years. Mazer 
et  al. (5) have shown that  at low PC/C ratios, simple BS 
micelles coexist with small-size mixed BS lecithin micelles. 
As the PC/C ratio increases, the number of simple miceUes 
decreases to furnish BS for the formation of mixed 
micelles. The solubilization of further PC at an increased 
PC/C ratio leads to a reorganization of mixed micellar size 
and structure, The data of Mazer et  aL (5) seem to indicate 
that  disk-shaped mixed miceUes are formed which grow 
in size up to the mixed miceUar phase limit. Above this 
limit bilayer structures in the form of unilamellar vesicles 
or liposomes appear; these are metastable and precipitate 
as bilayered structures other than vesicles. Almog et  aL 
(6) have reported that for equal total concentration of PC 
and C, any mixture with a concentration of 8 mM or less 
was vesicular. The size of the vesicles was dependent on 
the dilution, and for the 12.5 times dilution used here the 
hydrodynamic radius was around 500~. The turbidity at 
a given dilution thus depends on the vesicular size and 
the number of vesicles. If the results of our experiments 
are interpreted against the background discussed above, 
it appears that in Figure 1, the mixed micellar phase boun- 
dary can be located by the appearance of turbidity that  
occurs at a PC/C ratio of 0.67. The turbidity is due to the 
formation of vesicles. The abrupt increase in the turbid- 
ity at a PC/C ratio of 1.5 represents a transition of vesicles 
to precipitated bilayer structures (5). Figure 1 thus can 
be divided into three zones marked A, B and C. Zone A 
contains monomeric C in equilibrium with simple miceiles 
and mixed PC/C micelles. The coexistence boundary, de- 
fined by Mazer et  al. (5), separates regions in which both 
simple and mixed micelles exist from the region in which 
only mixed micelles are present, and is indicated by an 
increase in the hydrodynamic radii but cannot be located 
in our experiments. In zone A, PLA2 activity increases 
linearly up to a PC/C ratio of 0.5 and thereafter shows a 
steeper increase in activity into Zone B, where vesicles 
start to forn~ In our experiments the total concentration 
of PC is constant at 8 mM; hence increase in PLA2 ac- 
tivity must be due to increased availability of PC to the 
enzyme. Therefore, it appears that the large-size, mixed 
disk-like miceUes are the preferred substrate for PLA2. 
Zone B contains large mixed PC/C micelles coexisting with 
an increasing number of unilamellar vesicles, which is 
reflected in a sharp decrease in enzyme activity. When the 
relative C concentration is too low, the vesicles aggregate 
to form precipitated bflayer structures which are essen- 
tially unavailable as substrate. This transition starts at 
a PC/C ratio of 1.5 and is indicated by a sharp increase 
in turbidity. 

Inside Zone B, starting at a PC/C ratio of 0.89, a lag 
phase in the PLA2 activity begins to appear, which in- 
creases to 90 rain at a ratio of 1.6. The lag phase, which 
increases with the PC/C ratio, can likely be explained by 
decreasing availability of PC in the vesicular structures 
to the enzyme. The fact that  the activity starts after a 
lag phase is probably due to product activation, as fatty 

acids and lysoPC affect the bilayer structure (10,11). By 
removing C from vesicles by dialysis, pure metastable 
vesicles are obtained (6). Such vesicles are not a substrate 
for PLA2. Adding C back to the system resulted in a 
decrease in the turbidity and appearance of enzyme ac- 
tivity after the addition of PLA2 (see Fig. 2). At low 
cholate concentration, a long lag phase occurred. The 
presence of cholate in the bilayer is therefore important 
for the activity of PLA2. The studies with Centricon 
filters allowed the calculation of the PC/C ratio in the ag- 
gregated form and showed an increase from 1.2 to 4 in 
Zone B. For optimal activity, the PC/C ratio in the ag- 
gregates should be around 2. It has previously been shown 
that in bilayer structures of PC within a limited tempera- 
ture region just above the transition temperature (in the 
absence of bile salts), the PLA2 activity increases at a 
gradually increasing rate due to a change in the transi- 
tion temperature because of the appearance of products 
of the enzyme reaction {3,4}. Structural defects in the 
substrate bilayer introduced by sonication have also been 
shown to facilitate the hydrolysis by PLA 2, and this has 
led to the conclusion "that structural irregularities in the 
packing of the substrate molecules facilitate the action 
of PLA2 on bilayers" (4}. In an analogous way it appears 
that such irregularities can be induced by BS, thus affect- 
ing the activity of PLA2. The presence of low PC/BS 
molar ratios (0.17-0.28) in native human bile (1) explains 
why this substrate is almost unavailable to PLA2. 
Figures obtained on human duodenal contents, however, 
indicate PC/BS molar ratios of around 0.6, which should 
be optimal for attack by human PLA2 {12}. 

The results of the present study are, in many respects, 
confirmatory of those of a previous report (8) which was 
published when the present study was essentially finishe~ 
In the work by Gheriani-Gruszka et  aL (8), the hydrolysis 
of egg PC in mixtures with C by porcine pancreatic 
PLA2 was studie~ It was found that increasing the C/PC 
ratio (decreasing the PC/C ratio} in the micelle resulted 
in a decreased (increased) initial velocity of hydrolysis. 
Special attention was given to the hydrolysis of C contain- 
ing unilamellar vesicles. These were found sensitive to the 
ratio of C/PC in the vesicles, and it was concluded that  
large structural fluctuations are introduced into the 
vesicles by the presence of C, thus promoting the activa- 
tion of the enzyme In the present study, C was added back 
to the vesicles obtained by dialysis, and the results were 
also interpreted to indicate that the presence of C in the 
bilayer is important for the activity of PLA2. Another in- 
terpretation of the results would be that adding C to the 
vesicles results in the formation of mixed micelles which 
are substrates for the enzyme. 
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An extracellular triacylglycerol lipase (EC 3.1.1.3) from 
Pythium ultimum strain N~  144 was purified by am. 
monium sulfate precipitation, and by diethylamiuoethyl 
Sepharose CLUB and Sephacryl S-200 chromatography. 
The purified enzyme preparation showed a prominent 
polypeptide band in polyacrylamide gel electrophoresis, 
associated with esterase activity according to activity 
staining. Molecular weight of the protein was estimated 
at 270 kD using gel filtration on Sephacryl ~200, and 68 
kD by sodium dodecyl sulfate-polyacrylamide gel elee- 
trophoresis indicating that the enzyme may be a tetramer. 
The optimum pH and temperature for activity of the en- 
zyme were 8.0 and 30~ respectively. Activity was re- 
duced by Co 2+, Fe 2+, Sn 2+ and Mn 2+ and stimulated by 
Ca 2+, Mg 2+, Na +, K + and surfactants such as taurocholic 
acid, Triton X-100, n~ctyl  glucoside, n~lodecyl-f~-D. 
maltoside, ~[(3~cholRmidopropyl) dlmethylammonio]-l-prr 
panesulfonate(CHAPS), and 3-[~cholRmidopropyl)dlmethyl. 
ammonio]-2-hydroxy-l-propanesulfonate. The apparent 
maximum specific activity was 42 pmole/mln/mg in the 
absence of CHAPS and 77/anole/min/mg in its presence. 
The reaction rate was progressively higher with increas- 
ing number of double bends in the substrate, and the en- 
zyme showed a preference for triacylglycerols contRini~g 
fatty acids having the c/s double bond configuration. 
Lipids 28, 377-382 (1993). 

Lipases (EC 3.1.1.3, glycerol ester hydrolases) mainly cata- 
lyze the hydrolysis of triacylglycerols to diacylglycerols and 
free fatty acids, but some lipases are also known to catalyze 
the hydrolysis of mono- and diacylglycerok and the in- 
teresterification of oils (1,2). Lipases are produced by a wide 
variety of organisms, including fungi (3). Lipases from 
several fungi representing mostly the Ascomycotina, 
Deuteromycotina and Zygomycotina have been isolated and 
partially characterizer Microbial lipases have become in- 
dustrially important in the modification of fats and oils (4). 

Extracellular lipase production by the filamentous fungus 
Pythium ultimurn strain Na 144, which belongs to the 
primitive fungal class Oomycetes, was suggested in our 
previous studies on the production of fungal oil enriched in 
arachidonic and eicosapentaenoic acids; Le, cultures readi- 
ly utilized soybean off as a co~arbon substrate for growth 
(5,6). This report describes the isolation, purification and pr~ 
perties of an extracellular lipase from this fungus. 

1AAES publication No. 6-933419. 
*To whom correspondence should be addressed. 
Abbreviations: BSA, bovine serum albumin; CHAPS, 3-[(3~holamidc~ 
propylklimethylammonio]- 1-propanesulfonate; CHAPSO,3-[{3-cholami- 
dopropyl)dirnethylammonio] -2-hydroxy- 1-propanesfulfonate; DEAE, 
diethylaminoethyl; DG, diacylglycerol; EDTA, ethylenediaminetetra- 
acetic acid; EGTA, ethyleneglycol-b/s-(~-Aminoethyl etber)N,N,N',hF- 
tetraacetic acid; FFA, free fatty acids; MG, monoacylglycerol; SDS-- 
PAGE, sodium dodecyl sulfate-polyacrylamide gel electxophoresis; TG, 
triacylglycerol; TLC, thin-layer chromatography; Vma~, maximum 
specific activity. 

MATERIALS AND METHODS 

Materials. Trizma maleate (Tris maleate), lipase substrate 
(50%, vol/vol olive oil emulsion), tristearin, triolein, tri- 
linolein, trilinolenin, trielaidin, taurocholic acid, 3-[(3- 
cholamldopropyl)dimethylammonio] -1-propanesulfonate 
(CHAPS), 3-[(3~holamidopropyl)dimethylammonio]-2-hy- 
droxy-l-propanesulfonate (CHAPSO), Fast blue RR salt, 
o-naphthyl acetate, bovine serum albumin (BSA), oval- 
bumin, carbonic anhydrase, a-lactalbumin, diethylamino- 
ethyl (DEAE) Sepharose CL-6B, Sephacryl S-200 and 
reagents for polyacrylamide gel electrophoresis were from 
the Sigma Chemical Ca (St. Louis, MO). Dye reagent for 
protein assays was purchased from Bi~Rad Laboratories 
(Richmond, CA), and molecular weight standards for gel 
chromatography were obtained from Boehringer Man- 
nheim (Mannheim, Germany). All other reagents were of 
the highest purity available. 

Fungus. Pythium ultimum strain No. 144, obtained 
from D.J.S. Barr of the Biosystematic Research Center, 
Central Experimental Farm (Ottawa, Canada), was main- 
tained in Vogers medium (5) at 18~ with rotary shaking 
at 120 rpm. The fungus was transferred to new medium 
at approximately 6-d intervals. 

Lipase production- The fungus was cultivated for 6 d 
at 18~ in 250-mL Erlenmeyer flasks containing 100 
mL Vogel's medium and 2 mL soybean oil in a Lab-line 
rotary incubator shaker at 120 rpm. Inoculations were 
made with 5 mL of blended mycelium from a 6-day-old 
culture grown as described above Mycelia were separ- 
ated from the medium by suction filtration in a Buchner 
funnel, and the lipases were then isolated from the 
medium. 

Lipase purification. Proteins were precipitated from the 
culture medium with ammonium sulfate (85% saturation). 
After standing in the ammonium sulfate solution for 16 
h at 4 ~ the precipitate was collected by centrifugation 
at 15,000 rpm for 30 min and then dissolved in 50 mM 
sodium phosphate buffer pH 7.5 containing 10% glycer- 
ol (buffer A). Undissolved materials were removed by 
centrifugation as before, and the solution was dialyzed 
against the same buffer overnight. The dialyzate was 
placed on a DEAE-Sepharose CL-6B column (25 mm X 
100 mm) which had been equilibrated with Buffer A. The 
column was washed sequentially with 100 mL each of Buf- 
fer A containing 0.05, 0.1, 0.2, 0.3 and 0.5 M NaC1 and 
finally with 50 mM sodium phosphate buffer pH 7.5 (Buf- 
fer B) containing 1.0 M NaC1. The highest lipase activity 
was found in the fraction eluted with Buffer B contain- 
ing 1.0 M NaCI. This fraction was dialyzed against Buf- 
fer A and concentrated by passage through a DEAE- 
Sepharose CL-6B column (10 m m •  20 mm). Lipase was 
eluted with a minimal volume of Buffer B containing 1.0 
M NaCL and the eluate was dialyzed against Buffer A and 
then placed onto a Sephacryl ~200 column (15 mm X 400 
mm) previously equilibrated with Buffer A. The active 
fractions were concentrated by DEAE column chromatog- 
raphy as before Glycerol (10%) was added to the buffer 
during purification and long term storage (4-6 mon) to 
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prevent the loss of enzyme activity. All procedures were 
carried out at 0-4~ 

Assay of lipase activity. Lipase activity was measured 
by the method of Ota et al. {7). Composition of the reac- 
tion mixture was 2 mL 0.2 M Tris maieate-NaOH buffer 
pH 8.0, 1 mL 0.06 M CaC12, 5 mL deionized water, 1 mL 
olive off emulsion 150% vol/vol olive off) and 1 ml, of the 
enzyme preparation appropriately diluted with Buffer A. 
When substrates other than olive oil were used, they were 
emulsified in 5 mL deionized water with or without 
CHAPS (1.6 raM}, but otherwise the reaction mixture was 
the same as described above. The emulsion was made us- 
ing a Ross micro-mixture emulsifier {Charles Ross & Son 
Co., New York, NY). The reaction mixture was incubated 
at 30~ with constant reciprocal shaking (45 cycles/rain). 
After 60 rain, 20 mL of an acetone/ethanol (1:1, vol/vol} 
solution were added to stop the reaction, and the free fat- 
ty  acid content was determined by titration with 0.05N 
aqueous NaOH. The reaction mixture without enzyme 
(blank) was also incubated as described above, but the en- 
zyme was added prior to titration. The amount of product 
formed during incubation was calculated by subtracting 
the amount of free fat ty acid in the blank from that  of 
the reaction mixture after incubation with the enzyme. 
One unit of lipase was defined as the amount of enzyme 
required to liberate 1 Fmol of fatty acid per rain under the 
conditions specifie(k The assay method for the P. ultimum 
lipase was standardized using the olive oil emulsion as 
the source of substrate` The time course of hydrolysis was 
measured at various enzyme dilutions at constant sub- 
strate concentrations to establish the incubation time for 
the assay. The reaction was linear over time for 60-120 
min at enzyme/substrate ratios where fatty acid release 
was between 35 to 70/~mol. Thus, 60 min was selected as 
the incubation time. 

Values for the apparent Km and Vm=~ (maximum speci- 
fic activity) were determined from reciprocal plots of 
substrate (triolein) concentrations vs. initial reaction rates 
(8). Initial reaction rates for all substrate concentrations 
were determined by appropriately diluting the enzyme 
preparation. Optimum temperature for the reaction was 
determined by measuring activity after incubation for 60 
min at temperatures between 20 to 60~ Tris male- 
ate/NaOH (0.2 M) buffer at different pH values (4 to 10) 
was used to determine pH dependence of the enzyme at 
30~ 

Treatments within each experiment were done in tripli- 
cate, and each experiment was done at least twice. 

Positional specificity determination. The course of trio- 
lein (0.1 mL triolein in 10 mL reaction mixture as de- 
scribed above) hydrolysis by the lipase was followed by 
thin-layer chromatography (TLC). Small portions of the 
reaction mixture were removed at 0, 1, 3 and 5 h of incuba- 
tion period. Diethyl ether was added to stop the reaction 
and to extract the products. The extraction was done at 
4~ and the extract was kept at 4~ prior to analysis. 
Samples were applied to silica gel layers (250 ~n  thick) on 
20 cm • 20 cm glass plates, and the plates were developed 
in chloroform/acetone (96:4, vol/vol) as the solvent system- 
Components of the reaction mixture were visualized with 
iodine vapor and identified by comparison of their migra- 
tion rates with those of known standards (Sigma). 

Effects of temperaturr metal ions, chelators and sur- 
factants on lipase activity. The effect of temperature on 

lipase activity was determined by measuring the activi- 
ty  remaining after exposing the enzyme for 60 min to 
various temperatures (20-60~ after which time the en- 
zyme activity was determined under the assay condition 
described above. 

To determine the effects of metal ions and various sur- 
factants and chelators on lipase activity, the enzyme was 
incubated for 10 min at 20~ in 0.2 M Tris-maleate-NaOH 
buffer, pH 8.0, containing the agents to be tested, and then 
enzyme activity was determined as befor~ 

Molecular weight determination. Molecular weight of 
the purified lipase was determined by SDS-PAGE using 
7.5% slab gels (9) and by gel filtration on a Sephacryl 
S-200 column (15 mm • 400 mm). In the case of sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE), BSA, ovalbumin, carbonic anhydrase and a-lactal- 
bumin were used as standards. Proteins were stained on 
the gels with Coomassie blue. For gel chromatography, the 
column was calibrated using the Boehringer kit for 
molecular weight determination. 

Activity staining. Native PAGE was performed on a 
7.5% slab gel, and the enzymatically active (esterase) zone 
was identified by staining with 0.03% Fast blue RR salt, 
0.05% a~naphthyl acetate and 1% acetone in 25 mL Tris- 
HCL at pH 7.4 (10). 

Protein determination. Protein was determined col- 
orimetrically at 595 nm using the Bio-Rad protein reagent 
according to the Bradford method with BSA as the 
standard. 

RESULTS AND DISCUSSION 

Enzyme purification. Most of the proteins in the medium 
were precipitated by ammonium sulfate` In the case of 
DEAE-chromatography, most of the proteins having 
essentially no lipase activity were removed from the col- 
umn with a stepwise gradient of NaC1 solution up to 0.5 
M. Most of the lipase activity was eluted as a single peak 
with 1.0 M NaC1; the specific activity of the enzyme was 
increased 3.5-fold by this chromatographic step (Table 1). 
The specific activity was increased only slightly with the 
final purification step using Sephacryl S-200 gel chro- 
matography. Total recovery of lipase activity was 22%. The 
active fraction was relatively pure according to native 
PAGE and activity staining (Fig. 1). However, minor pro- 
teins with relatively low molecular weights were also 
observed when the active fraction was subjected to SDS- 
PAGE (Fig. 2). Further purification was not achieved us- 
ing DEAE-Cibacron blue 3GA-agarose or CM cellulose 
chromatography, both of which resulted in low recovery 
(less than 5%). The final specific activity of the lipas~ after 
DEAE and Sephacryl chromatography, was about 63 
units/mg protein which is relatively low compared to some 
of the fungal extracellular lipases reported previously, ag., 
447 U/mg protein for Goetrichum candidum (11), 331 for 
Aspergillus niger (12), 3485 for Mucor miehei Lipase A 
(13) and 7638 for Rhizopus delemar (14). Clearly the ac- 
tivities of lipases from different fungal sources vary con- 
siderably. We have observed that  the addition of surfac- 
tants to the incubation mixture increased activity of the 
P. ultimum lipase up to 161 units/mg protein (see below). 
Further studies have indicated that the amount and type 
of surfactant plays an important role in the activity of the 
Pythium lipase and that the activity could be increased 
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LIPASE FROM PYTHIUM 

TABLE 1 

Purification of an Extracellular Lipase from Pythium ultimum strain No. 144 a 
Volume Protein Specific activity b Yield 

Steps (mL) (mg) (units/mg protein) (%) 

Media 1000 134 17.4 100 
(NH4)2SO 4 precipitation 100 91 16.8 66 
DEAE Sepharose CL-6B 10 15 60.5 39 
Sephacryl S-200 5 8 62.9 22 
aDetails for each purification step are described in Materials and Methods. DEAE, di- 
bethylaminoethyl. 
Specific activity is defined as the amount of protein (mg) that catalyzed the release of 
1 banol of free fatty acid per minute from emulsified olive oil at 30~ and pH 8.0. 
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Major lipase 

Minor lipases 

+ 

A B C 
FIG. I. Polyacrylamide gel electrophoresis (native) of crude and 
purified extracellular llpase preparations from Pythium ultimum 
with staining for esterase activity. A) Crude preparation; B) after 
diethylaminoethyl (DEAE) Sepharose CL-6B; C) after DEAE and 
Sephacryl S-200. The detailed method for activity staining is de- 
scribed in the Materials and Methods section. 

tenfold over that  of the control without surfactant (Mozaf- 
far, Z., and J.D. Weete). 

The enzyme preparation contained a prominent  poly- 
peptide possessing esterase act ivi ty according to activi- 
ty  staining on PAGE {Fig. 1), but  there were also several 
minor polypeptides on the gel showing activity {Fig. 1A). 
The production of multiple lipases seems to be typical of 
fungi such as A. niger {12}, Saccharomycopsis lipolytica 
(7), G. candidum NRRL Y-553 (15) and Penicilliurn cy- 
clopium {16}. I t  is not  known whether  the different P. 
ultirnum lipases are the result of post-synthesis modifica- 
tions of single gene products, such as proteolytic break- 
down as suggested for lipases from S. lipolytica (7), of N- 
glycosylation as for the lipases from G. candidum (15) or 
of more than one lipase gene as suggested for the lipases 
from P. cyclopiurn {16}. The prominent  lipase from R 
ultimurn, which had the slowest mobility in the gel, was 
separated from the others by ammonium sulfate precipita- 
tion and DEAE chromatography, and it is this lipase that  
was further  characterized. 

Molecular weight. The est imated molecular weight of 
the major polypeptide in the purified extracellular lipase 
preparation from R ultimurn was 68 kD according to SDS- 

+ 

A B C D E F G 
FIG. 2. Sodium dodecyl sulfate-polyacrylRmlde gel eleetrophoresis 
of purified Hpase from Pythium ultimum. A) Crude preparation; B) 
after (NH4)2SO 4 precipitation; C) purified lipase; D) bovine serum 
albzzmln {68 kD); E) ovaihnmin (45 kD); F) carbonic anhydrase (29 kS); 
G) a-lactalbumin (14.2. kD). 

PAGE (Fig. 2). However, chromatography under nonde ~ 
naturing conditions indicated that the molecular weight 
of the lipase was 270 kD, suggesting that the enzyme ex- 
ists as a tetramer. Most fungal extracellular lipases are 
monomers having molecular weights ranging from 19 to 
64 kD. Exceptions are a 207 kD lipase from Candida defo~ 
rnans {17) and tha t  from Neurospora crassa which exists 
as a dimer with 27 kD molecular weight subunits  {18}. 

Effect of ternperature and pH. Hydrolyt ic  act ivi ty was 
detected between 20 and 60~ but  opt imum activity was 
at  30~ The enzyme retained full activity when exposed 
to 20-40~ for 60 min prior to assay. However, activity 
decreased substantial ly when exposed to temperatures 
above 40~ and disappeared completely on t rea tment  for 
60 min at 60~ This appears to be typical of most  fungal 
lipases except for those from R. delernar (19) and Humi- 
cola lanuginosa No. 3 which exhibited act ivi ty at 60~ 
(20). 
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Activi ty  of the P. ultimum lipase was observed over the 
range p H  4-10, bu t  the p H  op t imum was 8. Most  ex- 
tracellular fungal lipases have acid or neutral  p H  optima, 
and very few are alkaline lipases. 

Effects of metal ions, chelators and surfactants on lipase 
activity. The effects of various meta l  ions, chelators and 
surface active reagents on the act ivi ty of the extracellular 
lipase from P. ultimum were also investigated. Na +, K +, 
Ca 2+ and Mg 2+ enhanced ac t iv i ty  by 56 to 150%, with 
the monovalent  cations giving the s t rongest  s t imulatory  
act ivi ty  (Table 2). Fe 2+, Co 2+, Sn 2+ and Mn 2+ reduced ac- 
t iv i ty  by 14 to 86% (Table 2). Perhaps the reduction in ac- 
t iv i ty  by the la t ter  cat ions was due to their  catalyt ic  ef- 
fects on oxidation, i.e., their presence promoted the oxida- 
tion of unsa tura ted  f a t ty  acids. Similar results have been 
reported by others for lipases from different sources 
(17,20). 

Six sur fac tants  were tes ted for their  effects on lipase 
act ivi ty  by  adding them to the reaction mixture  contain- 
ing the propr ie tary  emulsified olive oil (Sigma) as the 
subs t ra te  Whereas the surfactants  were added to the reac- 
tion mixtures at  concentrations below their critical micelle 
concentrations, some of their concentrations differed such 
t ha t  i t  was not  possible to make  direct compar isons  of 
their  effects on lipase act ivi ty  in all cases. However, the 
sur fac tants  generally s t imulated lipase ac t iv i ty  by 117 
to 300% (Table 2). Triton X-100, C H A P S  and C H A P S O  
were all added to the reaction mixture  a t  a final concen- 
t ra t ion of 0.8 mM and exhibited the grea tes t  s t imulat ion 
of act iv i ty  at  317, 367 and 400%, respectively (Table 2). 
Whether  the s t imulat ion of lipase act ivi ty  was due to a 
direct interaction of the sur fac tan t  with the enzyme or 
to an al terat ion of emulsion propert ies  which in turn  af- 

fected act ivi ty  is not  known. However, different surfac- 
t an ts  affect fungal lipases differently. For example, Triton 
X-100 and n-octyl glycopyranoside inhibited lipases from 
Candida rugosa and G. candidum, but  Triton X-100 stimu- 
lated the lipase from Rhizopus arrhizus (21}. 

Kinetic parameters. Apparen t  Km and Vm~ values ob- 
tained for lipase with triolein as the subs t ra te  in the ab- 
sence of C H A P S  were 25 mM and 42 pmol/min/mg pro- 
tein, respectively. These values were 20 mM (Kin} and 77 
~rnol/mln]mg protein (Vm~), respectively, when C H A P S  
was added to the reaction m i x t u r e  The apparent  Km 
values with and wi thout  C H A P S  were not  significantly 
different, bu t  the apparent  Vm~ values for the reaction 
in the presence of the surfactant  was significantly higher 
than  wi thout  it (P < 0.001). The increased Vm~ is prob- 
ably due to an improvement  in emulsion properties of the 
reaction mixture  which favor more enzyme molecules b e  
coming act ive  Only up to 30 mM triolein could be emulsi- 
fied in the absence of CHAPS.  Above this concentration, 
dispersibil i ty of the off in aqueous solutions decreased, 
and a thick cream was formed. On the other hand, 60 mM 
triolein was readily emulsified in the presence of CHAPS.  

Activity as a function of substrate unsaturation. The 
lipase from P. ultimum has marked  preference for sub- 
s t ra tes  containing cis-unsaturated f a t ty  acids {Table 3). 
For example, the rate of hydrolysis of trielaidin (18:1 
trans-9) was 82% less than  t ha t  for triolein (18:1 cis-9). 
There was no detectable hydrolysis of t r is tear in  by this 
e n z y m e  Since t r is tear in  and trielaidin are solid a t  room 
temperature" the poor lipase act ivi ty  toward these sub- 
s t ra tes  may  have been due to poor emulsification, al- 
though an emulsifier was used to disperse the subs t ra tes  
in water. 

T A B L E  2 

Effects  of Cations, Chelators and Surface Act ive  Agents  on the Act iv i ty  
of the Extracellular Lipase from Pythium ultimum strain No. 144 

Substances a 
Control (none) 
Sodium chloride (500 mM) 
Potassium chloride (500 mM) 
Calcium chloride (6 mM) 
Magnesium chloride (5 raM) 
Ferrous chloride (5 raM) 
Manganous chloride (5 raM) 
Cobaltous chloride (5 mM) 
Stannous chloride (5 raM) 
EDTA (5 raM) 
EGTA (5 mM) 
Taurocholic acid (4 raM) 
Triton X-100 (0.8 raM) 
n-Octyl glucoside (2.5 raM) 
n-Dodecyl-/J-D-maltoside (0.02 raM) 
CHAPS (0.8 raM) 
CHAPSO (0.8 raM) 

Activity b Relative 
(pmol/min/mg protein) activities c 

40.4 • 0.8 d 100 
101.0 • 3.21 250 
101.4 • 4.1 f 250 
63.0 • 2.01 156 
75.1 • 2.4 f 186 
17.4 • 0.8 f 43 
34.7 • 1.2 e 86 
28.7 • 0.8 f 71 
5.7 • 0.8 f 14 

32.7 • 1.2 e 81 
36.0 • 1.2 e 89 

107.9 • 4.0 f 267 
128.1 • 4.0 f 317 
80.8 • 3.2 f 200 
87.7 • 3.2 f 217 

148.3 • 4.4 f 367 
161.6 • 4.8 f 400 

aEDTA, ethylenediaminetetraacetic acid; EGTA, ethyleneglycol-bis-(f~aminoethyl- 
ether)N,N,N',N'-tetraacetic acid; CHAPS, 3-[{3-cholamidopropyl)dimethylammonio]- 
1-propanesulfonate; CHAPSO, 3-[C3-cholomidopropyl)dimethylamonio]-2-hydroxy'l- 
propanesulfonate. Concentrations of the additives in the reaction mixture during ac- 
tivity determination are shown in parentheses. 

bEach value is the mean _ SD of three determinations. Statistical significance was assess- 
ed by Student's t-test. The significance of differences between respective values is shown 

as P; P < 0.01 between d and e; and P < 0.001 between d and f. Details regarding the 
activity determinations are given in Materials and Methods. 

cvalues were calculated relative to the control (without additives) using mean values. 
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TABLE 3 

Substrate Specificity of Lipase Activity 

Activity b Relative 
Substrate a (~ol/min/mg protein) activities (%)c 

Triolein (18:lcis-9) 
Trilinolein (18:2cis-9,12) 
Trilinolenin (18:3cis-9,12,15) 
Trielaidin (18: l trjzns-9) 
Tristearin (18:0) ~ 

37.5 • 1.0 e 100 
41.7 • 0.6 f 111 
45.8• 1.5g 122 
6.8 • 0.8g 18 

0 0 
aTriacylgiycerols were emulsified in 5 mL deionized water with CHAPS (for abbrevia- 
tion, see Table 2) (1.6 raM). Substrate concentration in the 10 mL reaction 
mixture was 20 mM for triolein, trilinolein, trilinolenin and trielaidin; and 5 to 10 mM 
for tristearin. CHAPS concentration in the reaction mixture was 0.8 raM. The reaction 
mixture (pH 8.0) was incubated at 30~ for 60 rain, and the free fatty acids were titrated 
with 0.05 N NaOH as described in Materials and Methods. 

bEach value is the mean • SD of three determinations. Significance was assessed by Stu- 
dent's t-test; P < 0.01 between e and f, and P < 0.001 for e and g and f and g. 
Values were calculated relative to triolein using only the mean values. 
No titrable fatty acid was detected when either taurocholic acid (4 raM) or CHAPS (0.8 
raM) were used as surfactants. 
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FIG. 3. Thln-layer chromatography of products of triolein hydrolysis 
by extracellular Hpase from Pythium ultimum. The reaction condi- 
tions are given in the Materials and Methods section. TG, triacyl- 
glycerol; 1,3-DG, 1,3-diacylglycerol; 1,2-DG, 1,2-diacylgiycerol; FFA, 
free fatty acid; MG, monoacylglycerol. 

The rate  of triacylglycerol hydrolysis increased with in- 
creasing number  of double bonds per molecule This result 
is unlike those reported previously wi th  lipases from C 
deforrnans and H. lanuginosa N a  3 for which the presence 
of two and especially three double bonds in the C~s fat- 
t y  acid chains reduced the rate  of hydrolysis (17,20). In  
contrast ,  an extraceUular l ipase from the fungus G. can- 
didum can hydrolyze triacylglycerol containing 18:1 cis-9 

and 18:2 cis 9,12 unsatura ted  fa t ty  acids from natural  and 
synthet ic  subs t ra tes  regardless of their  posit ion within 
the subs t ra te  molecule (22). We cannot  say unequivocal- 
ly whether the differences in Py th ium lipase act ivi ty with 
different subs t ra tes  were due to differences in emulsion 
properties of substrates,  or the substrate  s tructure per  se, 
but  lipases isolated from various sources have been shown 
to exhibit  different subs t ra te  preferences. For example, 
lipases from IV. crassa readily hydrolyzed triacylglycerols 
with C16 and C18 fa t ty  acids, hydrolyzed equally satu- 
rated and unsa tu ra ted  subs t ra tes  (18), bu t  hydrolyzed 
triacylglycerols with short  chain fa t ty  acids (C4-C10) at  a 
very slow rate~ A lipase from S. lipolytica preferred sub- 
strates with short  chain fa t ty  acids and required oleic acid 
as an act ivator  (7). Furthermore, multiple forms of lipases 
from the same fungus have been shown to exhibit different 
subs t ra te  preferences on the basis  of ei ther acyl chain 
length (12) or degree of unsa tura t ion  (16). 

Positional specificity. Figure 3 shows the course of 
triolein hydrolysis by the lipase from P. ul t imum. 1,2- 
Diolein was produced along with monoolein and oleic acicL 
1,3-Diolein was not  detected by TLC. I t  is clear from the 
TLC analysis of the reaction mixture  tha t  the lipase did 
not  hydrolyze the ester  bond at  posit ion 2 of triolein, in- 
dicat ing t ha t  the enzyme has 1,3-positional specificity 
which has been typical  of the fungal lipases studied 
previously. 
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Purification and Characterization of a Fatty Acid Binding Protein 
from Human Prostatic Tissue' 
Aziz A. Chaudry a and Asim K. Dutta-Roy b,* 
aDepartment of Urology, Aberdeen Royal Infirmary, Aberdeen AB9 2ZD and bReceptor Research Laboratory, Division of Biochemical 
Sciences, Rowett Research Institute, Aberdeen, AB2 9SB, Scotland, United Kingdom 

Epidemiological studies suggest the existence of a strong 
relationship between the incidence of prostatic cancer and 
the intake of dietary lipids in humans. However, very lit- 
tle information is available on intracellular fatty acid 
metabolism in human prostatic tissue. The objective of 
this study was to identify and subsequently characterize 
a fatty acid binding protein of human prostatic tissue. 
A fatty acid binding protein (FABP) was purified and 
characterized from human prostatic tissue. The purified 
FABP had an apparent molecular mass of 15.0 +__ 1.0 kDa 
as averaged from three different methods, sodium do- 
decylsulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE), gel filtration and amino acid analysis. The pI 
value of the protein was determined to be 6.8. Scatchard 
analysis of fatty acid binding to the purified FABP from 
malignant prostatic tissue showed a Kd value of 0.53 + 
0.02 ~M for arachidonic acid (n = 5). The Kd values of 
FABP purified from benign prostatic tissue were 0.57 +_ 
0.02 ~M for oleic acid and 0.51+__ 0.04 ~M for arachidonic 
acid (n = 5). Fatty acid analysis revealed that the level 
of endogenously bound araehidonic acid was about 
2.~fold higher in FABP from malignant than from benign 
tissue. In addition, both malignant and benign tissues con- 
tained the same concentration of FABP. The concentra- 
tions of FABP in malignant and benign tissues were 
19.2 • 1.8 and 21.4 +_ 2.1 ~g per mg of total cytosofic pro- 
tein, respectively. Characterization based on amino acid 
composition, isoelectric point and fluorescence with dan- 
syl undecanoic acid suggests that the FABP may not be 
of the heart type, but is rather more closely related to the 
fiver type. As malignant prostatic tissue produces more 
PGEz compared to benign tissue, our data suggest that 
FABP may help enhancing the synthesis of the prosta- 
glandin in malignant tissue by facilitating arachidonic 
acid transport. 
Lipids 28, 383-388 (1993). 

Fatty acid binding proteins (FABP) belong to a family of 
small molecular weight cytosolic proteins (14-15 kDa) 
which are found in abundance in a number of tissues of 

1A preliminary account of this work was presented at the Bio- 
chemical Society Meeting, London, December 16-18, 1991, and 
published as an abstract (Ref. 1). 

*To whom correspondence should be addressed at Receptor Research 
Laboratory, Division of Biochemical Sciences, Rowett Research 
Institute, Bucksburn, Aberdeen AB2 9SB, Scotland, United 
Kingdom. 

Abbreviations: Dansyl undecanoic acid, 11-(dansylamino)undecanoic 
acid; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; 
EFA, essential fatty acid; FABP, fatty acid binding protein(s); FPLC, 
fast protein liquid chromatography; 15-HPETE, 15-hydroperoxy- 
eicosatetraenoic acid; 5-HPETE, 5-hydroperoxyeicosatetraenoic acd; 
5-HETE, 5-hydroxyeicosatetraenoic acid, PITC, phenylisothio- 
cyanate; PMSF, phenylmethylsulfonyl fluoride; PGE 1, prostaglan- 
din El; PGE 2, prostaglandin E2; PGD2; prostaglandin D2; PGA1, 
prostaglandin A1; PGA 2, prostaglandin A2; A12-pGJ2, 9-deoxy A9,12- 
13,14-dihydro-prostaglandin D2; SDS-PAGE, sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis. 

mammals, birds, fish and insects (2,3). Intracellular fatty 
acids are critical molecules for energy delivery and for the 
synthesis of membrane lipids and lipid mediators. Thus 
FABP may have regulatory functions in energy produc- 
tion as well as in the synthesis of membrane lipids and 
lipid mediators (prostaglandins, leukotrienes and throm- 
boxanes). The significance of FABP in intracellular fatty 
acid metabolism has been demonstrated in several studies 
(2,3). FABP are also associated with cell growth and 
regulation by virtue of binding various growth inhibitory 
and stimulatory compounds (4). Liver-type FABP binds 
various eicosanoids such as prostaglandin E1 (PGE1) (5), 
the lipoxygenase metabolites of arachidonic acid (6) and 
growth inhibitory cyclopentenone prostaglandins such 
as A12-pGJ2 (9-deoxy Ag.12-13,14-dihydro-prostaglandin D2) 
and prostaglandin Az (PGA=) (7). FABP binds these cy- 
clopentenone prostaglandins avidly and apparently trans- 
ports them to the nuclear membrane (7,8). These prosta- 
glandins induce gadd 153 mRNA, a member of a novel 
class of genes associated with growth arrest and DNA 
damage (9). In the phospholipids of malignant human pro- 
static tissue, only the arachidonic acid (20:4n-6) level was 
significantly lower compared to the level in benign tissue; 
no difference was observed in the levels of linoleic acid 
(18:2n-6) or dihomogammalinolenic acid (20:3n-6) (10). The 
reduced arachidonic acid level in phospholipids of malig- 
nant tissue may be due to increased synthesis of prosta- 
glandin E2 (PGE2), which is reported to be a tumor pro- 
moter in prostatic tissue (11-13). FABP have been im- 
plicated in prostaglandin metabolism as well as in cell 
growth and regulation (4,14); however, no information is 
available on FABP in human prostatic tissue Here we 
report the purification and characterization of a FABP 
from human prostatic tissue 

MATERIALS AND METHODS 

Materials. [1-14C]Oleic acid (53 mCi]mmol) and [5,6,8,9,11, 
12,14,15-3H(n)]arachidonic acid (83.6 mCi]mmol) were ob- 
tained from New England Nuclear (Hertfordshire, United 
Kingdom). Sepharoses CL-4B, rabbit anti-human albumin 
IgG and unlabelled fatty acids were obtained from Sigma 
Chemicals (Poole, United Kingdom). The molecular weight 
protein standard kit, and pI marker proteins (pI 3.5 to 9.3) 
were obtained from Pharmacia-LKB Biotechnology (Upp 
sala, Sweden). 11-(Dansylamino)undecanoic acid (dansyl 
undecanoic acid) was obtained from Molecular Probes 
(Junction City, OR), and Lipidex-1000 was obtained from 
United Technologies Packard (Downers Grove, IL). All 
other reagents used were of analytical grade quality. Pro- 
static tissue was obtained from Aberdeen Royal Infirmary, 
Aberdeen, Scotland. 

Preparation of FABP. Prostatic tissue was obtained 
from patients undergoing surgical removal of the prostate 
gland with a provisional diagnosis of benign or malignant 
prostatic disease Prostatic tissue was collected fresh at 
operation and was immediately frozen in liquid nitrogen 
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and then stored at -70~ until required. Samples were 
classified as benign or malignant by histological examina- 
tion. FABP was purified separately from malignant and 
benign prostatic tissues following the procedures as de- 
scribed previously with slight modifications (5). Typically, 
20 g prostatic tissue (pooled tissues either from benign 
or malignant samples) was washed twice with ice~cold 
saline to remove blood. The tissue was then blotted and 
weighed. After chopping, the tissue was homogenized in 
70% (wt/vol) 20 mM Tris-Hcl buffer, pH 7.4, containing 
1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM 
phenylmethylsulfonyl fluoride (PMSF) and 0.25 mM 
sucrose. After centrifugation at 5000 X g for 15 min, the 
pellet was discarded and the supernatant was then cen- 
trifuged at 110,000 X g for i h 20 min at 4~ The super- 
natant obtained after the second centrifugation was sub- 
jected to 70% ammonium sulfate saturation, then cen- 
trifuged at 10,000 X g for 20 rain. The supernatant was 
dialyzed against 10 mM Tris-HC1 buffer containing I mM 
dithiothreitol (DTT), 1 mM EDTA and 0.002% sodium 
azide at 4 ~ for 24 h and concentrated by ultrafiltration 
using a filter with a molecular weight cut-off of 3,500 
daltons (Amicon Diaflow, Glucocestershire, United King- 
dom). The dialyzed and concentrated fraction was termed 
fraction "A". FABP was then finally purified to homo- 
geneity from fraction "A" by fast protein liquid chroma- 
tography (FPLC) (Pharmacia-LKB Bioteclmology, Upp- 
sala, Sweden) using Sephacryl S-300 and Superose 12 col- 
umns, respectively. The presence of FABP in protein sam- 
ples at different stages of purification was monitored 
using the radiochemical binding assay as described else 
where. Protein was detected in column fractions by 
measuring absorption at 280 nm. 

The protein concentrations in the tissue homogenate or 
in the pooled column fractions were determined according 
to the Bradford method using bovine serum albumin as 
standard (15). The FABP concentrations calculated from 
quantitative amino acid analysis were used only for deter~ 
ruination of Bma~ and K d values of fatty acid binding. In 
some cases, it was necessary to delipidize the FABP prep 
aration. Delipidation of protein was done by passing 
through a Lipidex-1000 column (0.5 X 8 cm) at 37~ as 
described previously (16). 

Sephacryl S-300 chromatography. All the chromato- 
graphic procedures described below were carried out at 
4~ Approximately 30 mg of proteins from de-albu- 
minized fraction "A" were applied to an FPLC Sephacryl 
S-300 column (2.6 • 60 cm) which had previously been 
equilibrated with 10 mM Tris-HC1 buffer, pH 8.2 contain- 
ing 0.1 mM PMSF, 1 mM DTT, 1 mM EDTA and 0.002% 
sodium azide The fractions containing FABP were eluted 
with the same buffer at a flow rate of 1 mL/min. The 
FABP fractions were then pooled (300-350 mL) and con- 
centrated for further purification. 

Superose 12 column chromatography. The FABP frac- 
tions eluted from the Sephacryl S-300 column still con- 
tained some high molecular weight proteins. Further 
purification was achieved by applying 5 mg of the eluted 
FABP to an FPLC Superose 12 column (26 • 1.6 cm) 
which had previously been equilibrated with the same buf- 
fer used in the Sephacryl S-300 column. The fractions 
containing fatty acid binding activity were eluted at 
40-65 mL. They were pooled and concentrated for further 
studies. 

Polyacrylamide gel electrophoresis and molecular mass 
determination. The purity of the FABP preparation at 
each step was assessed by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (SDS-PAGE) under reduc- 
ing conditions on SDS Phast gel homogeneous 20 (Phast 
System, Pharmacia-LKB Biotechnology). The relative 
molecular mass of FABP was determined with the aid of 
marker proteins. The purified protein was kept at -70~ 
for further study. 

Isoelectrofocusing ofFABP. Isoelectric focusing of the 
delipidized FABP was performed in the Phast system 
(Pharmacia-LKB Biotechnology) on a Phastgel IEF 3-9, 
exactly as described in the instrument manual. 

Amino acid analysis. Amino acid analysis of the puri- 
fied FABP was carried out using a Waters Pico-Tag Amino 
Acid Analyser {MiUipore, Edinburgh, United Kingdom). 
Protein (100 ~L) was hydrolyzed with 6.0 N HC1 at l l0~ 
for 18 h. The phenylisothiocyanate (PITC)-amino acids 
generated were identified using a Cls reverse-phase nar- 
row bore cartridg~ Norleucine was used as an internal 
standard (200 nmol/mL). Cysteine and methionine were 
analyzed as cysteic acid and methionine sulfone~ 
respectively. 

The amino acid composition of proteins constitutes a 
set of integral residue numbers, whereas amino acid 
analysis gives nonintegral numbers. However, a minimum 
can be obtained in the function 

= r~. Ix i - nearest integerl 
Y L= 1 nearest integer 

�9 100 11 I1] 

which allows us to find the appropriate integers for each 
amino acid and to calculate the corresponding relative 
molecular mass {17). In the above equation, y (in %) 
represents the average deviation from the nearest integer 
of n different amino acids present in the protein, x,. is the 
non-integral residue number of amino acid i, calculated 
in relation to an arbitrary 'key' amino acid. To cover the 
prospective range of the relative molecular mass, a set of 
integer values is chosen for the key amino acid. 

Fatty acid binding assay. The fatty acid binding assay 
was performed as described previously using the Lipidex 
method (5). Typically, 10-20 ~g of protein in 50 mM Tris- 
HC1 buffer, pH 7.4, was incubated with 1 ~M [14C]oleic 
acid, or [3H]arachidonic acid, for 20 min at 37~ in a 
total volume of 200 ~L. After incubation, the assay mix- 
ture was cooled and 100 ~L of Lipidex-1000 suspension 
was added to remove the unbound radioligand. After fur- 
ther incubation for 10 min at 4~ it was centrifuged. 
Radioactivity was determined in 100 ~L of supernatant 
by liquid scintillation counting. Non-specific binding was 
determined in the presence of a 1000-fold excess of un- 
labelled fatty acids. For accurate determination of binding 
kinetics, Scatchard analysis was performed by incubating 
15 ~g of delipidated FABP in the presence of 100 ~M 
Triton X-100 (18) in the above assay mixture with various 
concentrations of oleic acid or arachidonic acid {0.1-1 ~M). 

Cytosolic protein samples or column fractions were 
routinely tested for FABP contents at 1 ~ [14C]oleic 
acid concentration. 

Fatty acid analysis. Endogenous fatty acids from FABP 
were extracted according to the method of Folch et aL (19). 
The fatty acid composition was then analyzed in a 
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Hewlett-Packard gas chromatograph (Hewlett-Packard, 
Geneva, Switzerland), after methylat ion of fa t ty  acids by 
methanolic HC1 as described previously (20). 

Fluorescence assay. For the determination of FABP con- 
centrat ions in benign and malignant  prostat ic tissue by 
the fluorescence method, tissues (average weight 2.23 g, 
n -- 5) were separately processed and fraction "A" was pre- 
pared as described above. As albumin also binds dansyl 
undecanoic acid, albumin was removed by passing the 
samples through an affinity column of rabbit  anti-human 
albumin IgG bound to Sepharose CL-4B after  activation 
with tresyl chloride Concentrations of FABP in these 
samples were measured by a fluorescence assay described 
previously (21). Dansyl undecanoic acid (0.1 raM) solution 
was prepared in 20 mM Tris-HCl buffer, pH 7.8. Fluores- 
cence measurements  were carried out  in a Perkin-Elmer 
Luminescence spectrophotometer  LS-5B (Perkin-Elmer, 
Buckinghamshire, United Kingdom) at  22~ Fluores- 
cence intensi ty was measured at  500 nm after excitation 
at  350 nm, with a slit width of 10 nm for both  excitation 
and emission. Small aliquots (5 ~L) of dansyl tthdecanoic 
acid stock solution (0.1 raM) were added by a micro 
syringe to the cuvettes containing either buffer or pro- 
tein sample (3 mL). Maximum fluorescence enhancement 
for aliquots of de~albnmlnized fraction "A" was then deter- 
mined. FABP concentrat ion was est imated in these sam- 
ples by using a s tandard curve prepared with purified 
FABP from prostate tissue, as described earlier (21,22). 

Statistical analysis. Differences between the benign and 
malignant  prostat ic tissues were assessed by means of 
Student 's  unpaired t-test. Differences were considered 
significant when the P value was less than 0.05. Results 
are expressed as means +_ SD. 
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FIG. 1. Chromatography of prostate supernatant on a fast protein 
liquid chromatography (FPLC) Sephacryl S-300 column. De-albu- 
minized fraction "A" (30 mg) was loaded onto an FPLC Sephacryl 
S-300 column equilibrated with 10 mM Tris-HCl, pH 8.2, containing 
0.002% sodium azide and I mM dithiothreitol and l mM 
ethylenediaminetetraacetic acid. The proteins were eluted with the 
same buffer. The trace is representative of approximately 8 separa- 
tions carried out. The fraetlous containing fatty acid binding activity 
are marked by fatty acid binding protein (FABP). FABP fractions 
were then pooled and purified further using a Superose 12 column. 

RESULTS 

Identification and purification of FABP from human pro- 
static tissue. The purification protocol of prostatic FABP 
is summarized in Table 1. FABP was purified to homo- 
geneity both  from benign and malignant human prostatic 
tissue as described in the Methods sectiow Figure 1 shows 
the elution profile of de-albuminized fraction "A" from 
Sephacryl S-300 column. FABP fractions emerged around 
300-350 mL. Figure 2 shows an SDS-PAGE (15%) of the 
70% ammonium sulfate fraction (supernatant) and FABP 
fractions obtained from the Superose 12 column. SDS- 
PAGE of the purified FABP protein showed a single band 
with a mobility tha t  corresponded to a M r 14,400. FABP 
was purified from both  malignant  or benign prostat ic 
tissues, as described in the Methods section, yielding 0.51 
+_ 0.02 mg FABP/g wet tissue (n -- 5). 

FIG. 2. Sodium dodecyl sulfate-polyaerylnmide gel electrophoresis 
(SDS-PAGE) of proteins. Fractions were separated in an SDS-PAGE 
gel (20%) and stained for protein with coonmssie blu~ Lane 1, purified 
fatty acid binding protein eluted from Superose 12 column; Lane 
2, 70% ammonium sulfate fraction; Lane 3, the molecular mass 
markers, phosphorylase b (94 kDa), bovine serum albumin (67 kDa), 
ovalbumin, (43 kDa), carbonic anhydrase (30 kDa), soybean trypsin 
inhibitor (20.1 kDa), lactalbumin (14.4 kDa). 

Amino acid composition and molecular mass determina- 
t-ion. The amino acid composition of FABP by individual 
determinations is given in Table 2. In this protein, 2 Cys, 

TABLE 1 

Summary of FABP Purification from Human Prostatic Tissues a 

Protein Specific binding Purification Yield 
Purification step (mg) activity (nmol/mg) (fold) (%) 

110,000 X g supernatant 538.8 0.3 1.0 100.0 
70% (NH4) 2 SO 4 fraction 145.7 0.8 2.5 69.2 
Sephacryl ~300 column 21.6 5.8 16.8 67.9 
Superose 12 column 10.1 12.9 37.5 70.3 

aProtein was determined by the Bradford method (15). FABP, fatty acid binding protein(s). 
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TABLE 2 

Amino Acid Composition of FABP from Malignant Prostate Tissue a 

Amino acid residues Number of residues 

Asx 15 
Glx 9 
Ser 9 
Gly 18 
His 10 
Arg 7 
Thr 6 
Ala 10 
Pro 4 
Wyr 5 
Val 10 
Met 1 
Cys 2 
Ile 7 
Phe 6 
Trp n.d. 
Lys 7 

an.d, Not determined. See Table 1 for abbreviation. 

1 Met, 6 Phe, 7 Arg and large numbers of Lys, Leu, Val 
and Pro residues were present (Table 2). Trp was not deter- 
mined. An estimation of the M r value of FABP from 
amino acid analysis by reduction of the residues using 
Leu, Thr, Gly and Asx as key amino acids gave average 
value of 14,895. The molecular mass was calculated to be 
15.0 • 1.0 kDa when averaged from three different deter- 
minations (amino acid composition, SDS-PAGE and gel 
filtration}. The procedure of the Bradford method gave a 

value of protein mass which was 1.4- to 1.6-fold lower than 
tha t  determined by quanti tat ive amino acid analysis. 
Isoelectric focusing of the purified FABP also revealed 
a single band with a pI  value of 6.85 {results not shown). 

Fatty acid binding activity. Prufied FABP from malig- 
nant  and benign tissues showed similar binding kinetics 
toward arachidonic and oleic acids. Scatchard analysis 
showed a Kd value, for FABP from benign prostate tissue, 
of 0.57 • 0.01 ~/ I  for oleic acid and 0.51 • 0.04/AVI for 
arachidonic acid (n = 5), whereas the Kd values for FABP 
from malignant  tissue were 0.53 • 0.02 glVl for oleic acid 
and 0.44 • 0.01 ~Vl for arachidonic acid (n = 5) (Table 3). 
The maximal binding capacities (Bma x) for oleic acid and 
arachidonic acid were 1.4 and 1.7 tool per mol of FABP, 
respectively. 

Fatty acid analysis. The composition of endogenously 
bound fa t ty  acids from purified FABP from malignant  
and benign tissues is shown in Table 4. No significant dif- 
ference was observed in the levels of individual fat ty acids 
except the level of arachidonic acid which was 2.5-fold 
greater in FABP of malignant  tissue compared to tha t  of 
benign t issue Malignant prostatic tissue FABP contain- 
ed 4.6 m o l e s  of arachidonic acid per mg of protein as com- 
pared to 1.8 nmoles arachidonic acid per mg of protein in 
FABP of benign tissue {P < 0.05, t-test). However, the total 
endogenous fat ty acid bound to FABP in these two tissues 
did not differ significantly, 78.1 and 76.0 nmoles per mg 
FABP (P > 0.623, t-test, n = 5) in malignant  and benign 
tissues, respectively. 

Quantitation of FABP in benign and malignant human 
prostatic tissue. Dansyl  undecanoic acid was used as a 
fluorescence probe to determine FABP levels in the 
fraction "A". Interaction of dansyl undecanoic acid with 

TABLE 3 

Scatchard Analysis of Fatty Acid Binding to Prostatic FABP a 

FABP (malignant tissue} FABP (benigh tissue} 

Fatty acids Kd ( ~ )  Bma x (mol/mol) Kd (~/[) Bma x (moYmol) 

Oleic acid 0.53 • 0.02 1.42 • 0.34 0.57 • 0.01 1.52 • 0.23 
Arachidonic acid 0.44 • 0.01 1.65 • 0.39 0.51 • 0.04 1.72 • 0.27 

aThe binding values were determined from Scatchard individual isotherms. The amount 
of prostatic FABP used was approximately 15/~g (n -- 5). See Table 1 for abbreviation. 

TABLE 4 

Endogenous Fatty Acids Associated with FABP Purified from Benign and Malignant 
Human Prostatic Tissues a 

Fatty acid 

(nmol per mg of protein) 

FABP (malignant tissue) FABP (benign tissue) 

16:0 18.4 • 2.4 17.4 _ 1.7 
18:0 7.1 • 1.4 6.5 • 1.2 
18:1n-9 20.4 __ 3.2 24.8 • 2.9 
18:2n-6 26.8 • 4.0 24.4 • 3.4 
18:3n-6 0.6 • 0.0 0.7 • 0.0 
20:3n-6 0.2 • 0.0 0.1 • 0.0 
20:4n-6 4.6 • 0.9 1.8 -- 0.0 b 

aEach value is the mean • SD (n = 5). See Table 1 for abbreviation. 
bSignificantly different from the malignant, P < 0.05, Student's t-test. 
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prostate FABP caused a large fluorescence enhancement 
and a considerable shift both in the excitation maxima 
(from 330 to 350 nm) and emission maxima (550 to 
500 nm) wavelength (data not shown). FABP concentra- 
tions in benign and malignant prostatic tissues were 
estimated to be 19 +_ 1.8 and 21 _ 2.1~g per mg of 
cytosolic protein (P> 0.534, n -- 5), respectively, as 
measured in "fraction A" of these samples using the 
fluorescence assay described in the Methods section. The 
validity of this method was confirmed by measuring the 
total FABP content in fraction "A" after adding known 
amounts of pure FABP. The accuracy of quantitation of 
FABP by this method was found to be within 95-97%. 

DISCUSSION 

Our data demonstrate for the first time the presence of 
an FABP in human prostatic tissue. The FABP was 
purified and characterized from both benign and malig- 
nant prostatic tissue. The relative molecular mass of the 
purified FABP was calculated to be 15.0 + 1.0 kDa as 
derived from three independent methods (SDS-PAGE, gel 
filtration and from amino acid analysis). The average 
molecular mass of prostate FABP is similar to the size 
of FABP types from other species (2,3). No significant dif- 
ference was observed in FABP concentrations between 
malignant and benign prostatic tissue` The N-terminal of 
this protein was found to be blocked; therefore sequenc- 
ing was precluded. The relative excitation maxima at 
274 nm and emission maxima at 309 nm are due to tyro- 
sine residues, while the small peak at 258 nm reflects the 
presence of phenylalanine residues (data not shown). The 
fluorescence analysis revealed that  FABP does not have 
a tryptophan moiety as is also the case for liver FABP 
(2). Amino acid analysis of the FABP revealed the presence 
of one Met, two Cys, six residues of Phe and a large 
number of His and Arg residues. 

So far, three different FABP types have been identified 
and characterized in man: liver, heart and intestinal FABP 
(23-25). The FABP types are reported to differ markedly 
in their isoelectric point, amino acid composition, fluores- 
cence with dansyl undecanoic acid and immunological 
cross-reactivities (3). Our data on amino acid composition, 
pI value and the fluorescence with dansyl undecanoic acid 
suggest that prostatic FABP may not be of the heart type 
The pI value of prostate FABP is 6.85 which is similar 
to liver-type FABP (neutral pI value), whereas heart-type 
FABP are acidic proteins (pI about 5.0) (2). The amino acid 
composition of prostatic FABP also clearly differs from 
the heart-type FABP, the major differences being the 
presence of two Cys residues in prostate FABP, which are 
absent in heart-type FABP (2). Furthermore, the absence 
of Trp in prostate FABP suggests that it may be more 
related to liver-type, which is devoid of Trp residue (3). 
Fluorescence data on the interaction of prostatic FABP 
with dansyl undecanoic acid showed a marked shift of 
both excitation and emission wavelength and a large fluo- 
rescence enhancement which are similar to those observed 
with liver-type FABP but not with heart-type FABP 
(21,22). However, further work on immunochemical reac- 
tivities of prostatic FABP against anti-sera of known 
human FABP types, as well as amino acidtcDNA sequence 
analysis of the protein or Northern blotting of mRNA, 
is required for definitive conclusions. 

The binding kinetics showed no difference in the Kd 
values of FABP of malignant and benign prostatic tissues 
for oleic acid and arachidonic acid. The values of the same 
order of magnitudes as the Kd are described for other 
FABP types (2). A discrepancy is usually observed with 
the stoichiometry of ligand binding by FABP. In our ex- 
periments, prostate FABP appears to bind more than one 
mole of oleic or arachidonic acid (1.4 to 1.7 mol fatty acid 
per mol FABP). It has been generally accepted that FABP 
bind one mole of fatty acid per mol of protein (2). Liver- 
type FABP has a binding stoichiometry which appears 
to vary between 1 and 3 (23,26-28). The differences in 
Bm~ value may be due to variations in procedures 
employed for the radiochemical binding assay, prepara- 
tions of FABP, as well as for the ligand preparation. 

Prostate FABP endogenously bound 76 to 78 nmoles 
fatty acids per mg of protein which is equivalent to 1 mol 
fatty acid bound per tool FABP. In viv~ the protein would 
be fully loaded with ligands only if the Bm,~ is around 
one mole fat ty acid per mol of FABP. However, the B=~ 
of the prostate FABP appears to be 1.4 to 1.7 mol per mol 
protein. The molar ratio of endogenously bound fatty 
acids is reported to vary between 0.4 and 1.3 mol per mol 
of FABP (2). The isolation procedures for FABP may also 
have effects on the quantity of endogenously bound fatty 
acids. This variation could also be due to the results of 
lipolysis before or during the homogenization of tissue` 
Although the prostatic tissue used for FABP preparation 
was immediately frozen after surgical removal, it is very 
unlikely that  freezing will stop tissue lipolysis complete- 
ly. Despite the similar affinity for arachidonate, the en- 
dogenous level of this fatty acid in FABP of malignant 
tissue was found to be 2.5-fold higher than that of benign 
tissue, possibly indicating an increased level of free 
arachidonic acid in the cytoplasm of malignant tissue com- 
pared to benign tissue` FABP isolated from various tissues 
differ both qualitatively and quantitatively in bound long- 
chain fat ty acids. In the present case, differences may be 
the result of higher activity of phospholipase(s) in malig- 
nant prostatic tissue compared to benign tissue` Altera- 
tions of essential fatty acid (EFA) and prostaglandin 
metabolism in malignant human tissues have been re- 
ported (10,29,30). Whether profiles of endogenously bound 
fatty acids to FABP reflect the status of intracellular fatty 
acid and prostaglandin metabolism in malignant and 
benign tissues remains to be established. In any event, 
our data show that more arachidonic acid is endogenously 
bound to FABP of malignant tissue compared to benign 
tissue. The increased arachidonic acid bound to FABP of 
malignant prostate tissue and the reduced arachidonic 
acid levels in phospholipids of malignant tissue compared 
to benign tissue (10) may suggest a difference in the degree 
of phospholipase activity in these tissues. Increased 
prostaglandin synthesis in the kidney of genetically hype~ 
tensive rats is thought to be facilitated by increased levels 
of arachidonic acid bound to FABP (14). The synthesis 
of prostaglandins depends on the availability of substrate` 
However, it is tempting to speculate that FABP in malig- 
nant prostatic tissue may help to enhance prostaglandin 
synthesis by transporting more arachidonic acid to the 
cyclooxygenase in the endoplasmic reticulum. Whether 
FABP enhance prostaglandin synthesis by increasing 
arachidonic acid transport needs further investigation. 
Preliminary studies showed that malignant prostatic 
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t issue  p roduced  12-fold more  P G E  2 t h a n  the  ben ign  
t i ssue  when these  t issues  were incuba ted  wi th  r a d i o  
labelled arachidonic  acid (31). 

I n  addi t ion  to f a t t y  acid binding,  l iver-type F A B P  also 
b inds  PGE1, g rowth  inhib i tory  cyc lopentenone  prosta-  
g landins  (A12-PGJ 2, PGA1 and  P G A  2) and  g rowth  st imu- 
l a to ry  l ipoxygenase  metabol i tes  (15-HPETE,  15-hydro- 
peroxyeicosa te t raenoic  acid; 5 - H P E T E ,  5-hydroperoxy- 
eicosatetrenoic acid, 5 -HETE,  5-hydroxyeicosatetraenoic  
acid), with similar affinities (Kd in nanomolar  range) (5-7). 
However, the  impl ica t ion of these  observa t ions  in cell 
growth and regulation is no t  ye t  elucidatecL Since prostate  
F A B P  appears to be closely related to the  liver-type FABP, 
future studies on its role in intracellular eicosanoid metal> 
olism and  t r a n s p o r t  in p ros ta t e  t i ssue  should  give us  a 
be t t e r  u n d e r s t a n d i n g  of the  precise funct ion  of F A B P  in 
cellular g rowth  and  regulat ion.  

I n  conclusion,  we have identif ied and  purif ied F A B P  
f rom benign  and ma l ignan t  h u m a n  pros ta t ic  t i s s u e  The  
pros ta t i c  F A B P  seem to  be more  related to l iver-type 
F A B P  wi th  respect  to amino acid composi t ion,  electro, 
phoret ic  behavior  and  f luorescence data ,  bu t  i ts  precise 
role remains  to  be established.  
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Trans.Monoenoic and Polyunsaturated Fatty Acids in Phospholipids 
of a Vibrio Species of Bacterium in Relation to Growth Conditions 
R.J. Hendersona, *, R.-M. Millar a, J.R. Sargent a and J..P. Jostensen b 
aN.E.R.C. Unit of Aquatic Biochemistry, Department of Biological and Molecular Sciences, University of Stifling, Stirling FK9 4LA, 
Scotland and/>The Norwegian College of Fishery Science, University of Tromse, N-9037 Tromse, Norway 

A Vibrio species of bacterium known to contain the 
polyunsaturated fatty acid 20:5n-3 was grown in both 
freshwater and seawater media at 5 and 20~ and ex- 
amined for adaptive changes in lipid composition. Phos- 
phatidylethanolamine (PE) and phosphatidylglycerol 
(PG), together with a smaller proportion of nonesterified 
fatty acids (NEFA), comprised almost all the lipid under 
all growth conditions examlued. Temperature had a more 
pronounced effect than the salinity of the medium on lipid 
composition. The proportion of PE in total lipid was 
always higher at 5 than at 20~ Conversely, the propor- 
tion of NEFA was lower at 5 than 20~ whereas that of 
PG was not altered. The levels of saturated fatty acids 
in total lipid, PE and PG were all decreased by growth 
at 5~ No differences were observed with respect to 
growth temperature in the levels of c/s 16:1n-7, the prin- 
cipal monoenoic fatty acid in both PE and PG. Trans 
16:1n-7 was found to comprise 12.8-15.2% of fatty acids 
in PE and PG of bacteria grown at 5~ but only 4.4-8.5% 
of phospholipid fatty acids in bacteria cultured at 20~ 
Regardless of medium composition, a reduction in growth 
temperature from 20 to 5~ also caused the proportions 
of 20:5n-3 to increase from around 0.8 to 4.4% in PE and 
from around 4 to 20% in PG. The simultaneous occurrence 
of trans 16:1n-7 and 20:5n-3 is unique to this Vibrio species 
of bacterium. The increased proportions of both these 
fatty acids with decreasing temperature suggest that they 
have a role in retailoring biomembrane phosphoHpids dur- 
ing temperature acclimation of the bacterium. 
Lipids 28, 389-396 {1993). 

In general, the lipids of bacteria do not contain polyun- 
saturated fatty acids (1). An exception to this rule is the 
occurrence of polyunsaturated fatty acids in a few species 
of marine bacteria (2-5} isolated from diverse sources in- 
cluding seawater, deep sea sediments and the intestines 
of fish. These bacteria are invariably motile and Gram- 
negative, with Vibrio species being the most common {4,5). 

Studies to date on the lipids of these bacteria which con- 
rain polyunsaturated fatty acids have examined only their 
total lipid and have not reported the distribution of in- 
dividual fatty acids in the component lipid classes. Fur- 
thermore, although the biosynthesis of monounsaturated 
fatty acids has been well studied in bacteria (11, nothing 
is known of the mechanisms of bacterial synthesis of 
polyunsaturated fatty acids. 

An increase in the level of unsaturated fatty acids in 
phospholipids of eukaryotic poikilotherms, both inverte- 
brate and vertebrate, has been shown frequently to occur 
as an adaptation to a decrease in environmental temper- 

*To whom correspondence should be addressed. 
Abbreviations: GC/MS, gas chromatography/mass spectrometry; 
HPLC, high-performance liquid chromatography; HPTLC, high- 
performance thin-layer chromatography; NEFA, nonesterified fatty 
acids; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; P~, 
retardation factor; Tris, tris(hydroxymethyl)aminomethane. 

ature (6-8). In contrast, the effect of changes in en- 
vironmental temperature on the detailed lipid composi- 
tion of bacteria has been less well studied. The few studies 
that have been carried out show that there is no uniform- 
ity between different bacterial species in the changes that 
occur in lipid composition in response to changes in 
growth temperatur~ For example, in marine Vibrios, in- 
creases in the proportion of monounsaturated fatty acids, 
or increased synthesis of shorter chain fatty acids or no 
changes at all have all been observed as responses to 
reduced growth temperature (91. Most recently, the inter- 
conversion of cis and trans isomers of 16:1n-7 has been 
implicated in the thermal adaptation of a psychrophilic 
species of Vibrio {10,11). 

In addition to growth temperature, the salt concentra- 
tion of the medium may also influence the lipid composi- 
tion of bacteria. This aspect has been studied in several 
species of bacteria including species of Paracoccus (12), 
Staphylococcus (13,14), Vibrio (15) and Pseudomonas (16). 
With Gram-negative bacteria in general, the proportions 
of phosphatidylglycerol (PG) and phosphatidylethanol- 
amine (PE} increase and decrease, respectively, with in- 
creasing salt concentration in the growth medium (12,15, 
16). However, the effect is somewhat different with the 
Gram-positive Staphylococcus species in that the PG 
decreases with increasing salinity while cardiolipin in- 
creases (13,14}. Changes in fatty acid composition of total 
lipid are also observed in relation to the salinity of the 
growth medium_ Thus, the level of monounsaturated fatty 
acids in total lipid has been shown to decrease signifi- 
cantly when marine species of Vibrio are grown in medium 
of reduced salinity (17) whereas with the moderate 
halophile Vibrio costicola the relationship between salt 
concentration and the proportion of monounsaturated 
fatty acids is parabolic with a maximum at 1.0 M (18). 

To establish whether adaptive changes occur in the lipid 
composition of bacteria which are capable of producing 
polyunsaturated fatty acids, the lipids synthesized by a 
Vibrio species known to contain 20:5n-3 were examined 
in relation to growth conditions. 

MATERIALS AND METHODS 

Chemicals. Lipid standards were purchased from Sigma 
Chemical Co. Ltd. (Poole, Dorset, United Kingdom} and 
Supelchem U.K. Ltd. {Saffron Walden, United Kingdom}. 
Solvents were of glass distilled or high-performance liquid 
chromatography (HPLC) grade and were supplied by 
Rathburn Chemicals {Walkerburn, United Kingdom}. 

Organism and growth conditions. The Vibrio species 
used in the study was originally isolated as described 
elsewhere {19) from the gut of Arctic char (Salvelinus 
alpinus L.} maintained in freshwater. To remove lipid from 
growth media, Oxoid general purpose nutrient broth 
powder {Unipath Lt~, Basingstoke, United Kingdom} was 
extracted with chloroform/methanol 12:1, vol/vol), filtered 
and air dried before being used for the preparation of the 
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media. The defatted nutrient broth was made up at a con- 
centration of 13 g/L either in distilled water or artificial 
seawater {approximately 0.4M NaC1) buffered with 1.6 
mM Tris HC1 to produce freshwater and seawater medium, 
respectively. The pH of both media was 7.2. Cultures were 
grown in the dark under sterile conditions in glass con- 
ical flasks in temperature~controlled shaking incubators 
at either 5 or 20~ Growth rates were assessed by mea- 
surement of absorbance at 600 nm against non-inoculated 
medium as the blank. Bacterial cells were harvested from 
cultures grown at 20 and 5~ after 24 h and 5 d, respec- 
tively, by centrifugation at 7,000 • g for 10 min. The 
resulting pellet was resuspended in the washing buffer of 
Hanna et  al. (18) and the centrifugation repeated. Pellets 
of cells were lyophilized and weighed prior to lipid 
extraction. 

Lip id  analysis. Lipid was extracted by blending pelleted 
cells with chloroform/propan-2-ol (2:1, vol/vol) in a glass/ 
Teflon homogenizer. The organic phase was then filtered 
and washed with one-quarter its volume of 0.88% (wt/vol) 
KC1. After removal of the solvent by evaporation under 
nitrogen, the lipid extract was desiccated overnight 
in vacua After weighing, the lipid extract was redissolved 
in a known volume of chloroform/methanol (2:1, vol/vol) 
and stored at -70~ until analyzed further. 

Lipid class analyses were performed by high-perform- 
ance thin-layer chromatography {HPTLC) using various 
solvent systems. Separated lipid classes were identified 
by reference to authentic standards and by the staining 
of chromatograms with reagents specific for functional 
groups {20}. Two-dimensional HPTLC was performed 
using methyl acetate/propan-2-ol/chloroform/methanol/ 
0.25% KC1 (25:25:25:10:9, by vol) and chloroform/metha- 
nol/7M aqueous ammonia (65:35:5, by vol) for development 
in the first and second dimensions, respectively. For quan- 
titation of lipid classes, plates were developed to two- 
thirds of their length in chloroform/methanol]water 
(65:25:4, by vol) followed, after drying of the plate, by 
development to full distance with hexane/diethyl ether/ 
acetic acid (90:10:1, by vol). Developed chromatograms 
were sprayed with 3% {wt/vol} copper acetate in 8% 
(vol/vol) phosphoric acid and the stained classes quanti- 
tated by scanning densitometry using a Shimadzu (Kyot~ 
Japan} CS9000 dual wavelength scanner attached to a Shi- 
madzu DR-13 data recorder as described elsewhere {21}. 

For analysis of their constituent fatty acids, lipid classes 
were separated by HPTLC using the double development 
solvent system described above Developed chromato- 
grams were sprayed lightly with (0.01% wt/vol) 2',7'- 
dichlorofluorescein in methanol and viewed under ultra- 
violet light. Bands of adsorbent containing the required 
classes were scraped from the plates and subjected to acid- 
catalyzed transesterification to produce the methyl ester 
derivatives of the constituent fat ty acids {20}. Fatty acid 
methyl esters were purified by HPTLC on silica gel plates 
using hexane/diethyl ether/glacial acetic acid (85:15:1, by 
vol} as developing solvent and recovered from the adsorb- 
ent by elution with hexane]diethyl ether (1:1, vol/volL Ali- 
quots of total lipid were also subjected directly to the acid- 
catalyzed transesterification procedure. 

The analyses of fatty acid methyl esters of total lipid 
were performed using a Packard {Pangbourne, Berks., 
United Kingdom} 436 gas chromatograph equipped with 
a CP Wax 51 fused silica capillary column (50 m • 0.34 

mm i.d.} (Chrompack UK Ltd., Milharbour, London, 
United Kingdom), on-column injection and H2 as carrier 
gas. The oven temperature was programmed to increase 
from 50 to 225~ during the course of an analysis. For 
the analysis of fatty acid methyl esters of individual 
phospholipid classes, a fused silica capillary column 
coated with BPX 70 (25 m • 0.32 mm i.d.} was used, and 
the oven temperature was programmed to rise from 50 to 
180~ These samples were further analyzed using a 
chemically bonded CP Sil 5CB fused silica capillary col- 
umn (50 m • 0.34 mm i.d.} with a single step thermal gra- 
dient from 50 to 260~ at 4~ 

Separated methyl esters were identified by comparison 
with known standards and were quantitated using a 
Shimadzu CR-3A recording integrator attached to the gas 
chromatograph. The unsaturated nature of component 
methyl esters was confirmed by hydrogenation using 
PtO2 followed by re-analysis. Identities were confirmed 
by gas chromatography/mass spectrometry (GC/MS) of 
selected samples by Dr. W:W. Christie, Hannah Research 
Institute, Ayr, United Kingdom, using conditions de- 
scribed elsewhere {22). 

To confirm the identity of trans 16:1n-7, the fatty acid 
methyl esters of representative samples were separated 
on HFrLC plates impregnated with silver nitrate using 
hexane/diethyl ether/glacial acetic (94:4:2, by vol) as the 
developing solvent system (23). Components correspond- 
ing to saturated, c i s - m o n o u n s a t u r a t e d  and trans-mono-  
unsaturated fatty acid methyl esters [identified by com- 
parison of retardation factor (Rf} values with those of 
authentic standards run on the same chromatogram] were 
recovered from the adsorbent and analyzed by GC using 
the BPX70 phase as described above. The methyl ester 
of t rans  16:1 was isolated as a component having an Rf 
value between that of saturated and c i s -monounsa tura ted  
fatty acids. 

Further confirmation of the identity of t rans  16:1n-7 
was obtained by stereospecific epoxidation with peracetic 
acid of fatty acid methyl esters separated by argentation 
chromatography (24). The epoxy derivatives were analyzed 
by GC using the BPX70 capillary column described above 
The oven temperature was programmed to increase from 
the injection temperature of 50 to 150~ over 2.4 min and 
then after 18 min to increase to 220~ at 3 rain. The 
separated epoxy derivatives of the methyl esters of the 
cis and trans isomers of 16:1n-7 in samples were identified 
by comparison of retention times of derivatives synthe- 
sized using standards of these fatty acids. 

Student's t-test was used to determine the significance 
of differences between pairs of particular means (25), and 
differences were considered significant when P < 0.05. For 
the sake of clarity, values which are significantly different 
are not denoted in tables but are referred to in the text. 
The effects of the two factors {temperature and medium 
composition} were assessed by means of a two-way analy- 
sis of variance at a confidence level of 95% (P < 0.05) (25). 

RESULTS 

G r o w t h  characteris t ics .  The Vibrio was capable of grow- 
ing in both freshwater and seawater media. Growth rates, 
as assessed by absorbance measurements, were much 
higher at 20 than 5~ (Fig. 1) in both types of media. At 
20~ the growth rates of bacteria grown in freshwater and 
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FIG. 1. Growth rates of Vibrio sp. cultured at 5 and 20~ in 
freshwater and seawater medieL O, Seawater medium; e ,  freshwater 
medium. Note different scales on x-axis. 

seawater media were initially similar but diverged as the 
culture aged so that  cultures grown in seawater medium 
finally contained fewer cells. The growth rate of bacteria 
at 5 ~ was higher in the freshwater medium than seawater 
medium over the initial 4 d of culture; but thereafter a 
higher biomass was observed in the seawater medium. 
Nevertheless, the influence of media composition on 
bacterial growth in Figure I was not marked. In contrast, 

further experiments showed that  the Vibrio had poor 
growth rates in media containing 1M or 1.5M NaC1 (data 
not shown). 

Lipid content. Bacteria growth in seawater medium at 
20~ contained only 4.5% of their dry weight as lipid 
whereas this component accounted for 7.4-7.9% of the dry 
weight of bacteria cultured under the other three condi- 
tions examined {Table 1). However, the only significant dif- 
ference in lipid content was that observed between bac- 
teria grown in seawater medium and bacteria grown in 
freshwater medium at 20 ~ No statistically significant 
differences in lipid content existed between bacterial 
cultures in relation to growth temperatur~ 

Lipid class composition. The lipid of the bacteria in all 
cultures was composed mainly of PE and PG {Table 1). 
At a given temperature (5 or 20~ the lipid class com- 
position was very similar for cells grown either in fresh- 
water or seawater media. In bacteria grown at 5~ more 
than 50% of the total lipid was PE, with PG and non- 
esterified fatty acids comprising around 31 and 12%, 
respectively, while at 20 ~ in both media the percentage 
of PE was substantially lower, and that of nonesterified 
fatty acids much higher, than at 5 ~ The proportion of 
PG was only slightly higher in cells grown at 20~ than 
in those grown at 5~ in either medium. Overall, temper- 
ature affected lipid class composition more than the 
nature of the medium. LysoPE was present in trace 
amounts in lipid extracted from all cultures. When, in 
preliminary studies, chloroform]methanol (2:1, vol/vol) was 
used as extraction solvent, the levels of nonesterified fatty 
acids in the total lipid were notably higher, and those of 
PE and PG correspondingly lower {data not shown), than 
the values presented in Table 1. No components were 
observed in the total hpid extract which gave a positive 
stain for carbohydrate moieties. 

Fatty acid composition of total lipid The fatty acid com- 
positions of total lipid from the Vibrio grown at 5 and 
20~ in freshwater and seawater media are presented in 
Table 2. The major fatty acid component of total lipid was 
always the monounsaturated 16:1, but under the condi- 
tions employed complete resolution of the component cis 
and trans isomers of 16:1 was not attainable using the CP 
Wax 51 column. Overall, monounsaturated fatty acids ac- 
counted for just over half of the total fatty acids present 

TABLE 1 

Effect  of Growth Temperature and Medium Composition on Lipid Content and Lipid Class Composition of Vibrio sp. 
Showing Significance of Each Factor and Their Interaction a 

5~ 20~ Significance level (P) 

Seawater Freshwater Seawater Freshwater Temp. Medium Interaction b 

Lipid content 
(% dry weight) 7.90 + 2.19 7.36 • 0.50 4.53 • 1.45 7.80 _ 0.60 

Lipid class composition 
(% total lipid) 

PE 55.6 • 3.7 53.0 • 1.6 38.9 • 1.7 38.7 • 4.2 
PG 31.1 • 1.3 34.5 • 3.1 36.3 - 0.5 38.8 _ 1.6 
NEFA 13.3 • 3.0 12.3 • 1.6 24.7 + 2.0 22.4 + 3.5 

0.0000 
0.0024 0.0278 
0.0001 

0.0446 

D 

aValues are means _ SD obtained with three cultures. 
bInteraetion between temperature and medium composition. PE, phosphatidylethanolamine; PG, phosphatidylglycerol; NEFA, nonesterified 

fat ty acids; -- ,  not significant. 
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TABLE 2 

Effect of Growth Temperature and Medium Composition on Fatty Acid Composition (wt%} of Total L i p i d  

from Vibrio sp. Showing Significance of Each Factor and Their Interaction a 

5~ 20~ Significance level (P) 
Fatty acids Seawater Freshwater Seawater Freshwater Temp. Medium Interaction b 

/-12:0 0.5 + 0.1 0.4 • 0,1 0.7 + 0.2 0.3 + 0.1 -- -- -- 
12:0 4.0 ___ 0.4 2.0 ___ 1,7 4.3 +__ 0.3 3.4 + 0,3 -- 0.0103 - -  

i - 1 4 : 0  0.3 ___ 0.1 0.2 ___ 0.1 0.3 +-- 0.0 0.3 + 0 . 1  - -  - -  - -  

1 4 : 0  2.9 ___ 0.1 4.3 ___ 0,2 2.4 +__ 0.2 1.8 + 0.2 0.0000 0.0324 0.0000 
14:1n-5 0.6 ___ 0.1 0.5 __- 0.1 0.3 +-- 0.0 0.3 • 0.1 0.0000 -- -- 
i-15:0 10.9 • 0.4 12.6 • 0.4 11.6 • 0.5 15.4 • 2.0 0.0200 0.0019 -- 
w15:0 0.5 • 0.1 0.6 • 0.3 0.3 +__ 0.1 0.3 • 0.3 -- -- -- 
15:0 3.1 ___ 0.2 2.2 • 0.3 5.2 +__ 0.2 5.8 • 1.5 0.0001 -- -- 
15:1n-6 2.1 ___ 0.5 1.0 • 0.2 1.9 +__ 0.1 3.0 • 1.4 0.0420 -- 0.0230 
16:0 10.4 • 0.3 13.3 • 0.5 14.5 • 1.8 13.3 • 0.3 0.0042 -- 0.0051 
16:1 38.0 • 1.0 39.8 • 1.6 31.7 + 0.7 28.9 • 0.6 0.0000 -- 0.0182 
i-17:0 0.6 • 0.2 0.6 • 0.2 1.1 • 0.1 1.4 • 0.4 0.0033 -- -- 
17:0 0.7 • 0.1 0.4 • 0.1 2.7 + 0.8 2.9 • 0.2 0.0000 -- -- 
17:1n-8 6.7 ___ 0.3 3.1 ___ 0.4 10.6 +__ 0.8 10.7 • 1.9 0.0000 0.0052 0.0044 
17:1n-6 1.4 • 0.1 0.5 • 0.2 1.2 • 0.2 1.4 • 0.2 0.0030 0.0030 0.0003 
18:0 1.1 • 0.4 1.4 + 0.4 1.2 +_- 0.5 1 . 3  • 0 . 2  - -  - -  - -  

1 8 : 1 n - 9  1.7 • 0.1 1.7 • 0.2 3.0 • 0.4 2.7 • 0.4 0.0002 -- -- 
18:1n-7 4.2 • 0.1 3.8 • 0.4 3.9 +-- 0.3 4.4 • 0.9 -- -- - -  

1 9 : 1 n - 8  0.7 • 0 . 1  0 . 4  • 0 . 1  0 . 3  + 0.2 0.4 • 0.1 - -  - -  - -  

2 0 : 5 n - 3  9.0 ----- 0.7 9.0 • 0.2 2.1 +__ 0.6 1.9 • 0.2 0.0000 -- -- 
22:0 0.2 • 0.1 0.2 • 0.1 ND ND -- -- -- 

Total sat. 35.3 • 0.3 39.6 • 0.8 44.3 • 2.5 46.3 • 1.6 0.0000 0.0073 -- 
Total mono. 55.3 • 1.0 50.8 • 0.6 52.8 +_ 2.0 51.8 • 2.0 -- 0.0137 -- 
Total PUFA 9.0 • 0.7 9.0 • 0.2 2.1 • 0.6 1.9 • 0.2 0.0000 -- -- 
Unidentified 0.4 • 0.1 0.5 • 0.2 0.6 • 0.4 ND 

aValues are means _ SD of three cultures. 
bInteraction between temperature and medium composition. Mono., monoenoic fatty acids; PUFA, polyunsaturated fatty acids; ND, 

not detected; sat., saturated fatty acids; --, not significant, i-, iso; a-, anteiso. 

in the  bac te r i a l  l ipid regard less  of  g r o w t h  condi t ions .  A n  
increase  in t he  level of  16:1 w i t h  t he  lower ing  of g r o w t h  
t empera tu re  was largely balanced by reduct ions  in the  p r ~  
po r t i ons  of 17:1n-8 and  18:1n-9, and  c o n s e q u e n t l y  the  
overall  p ropor t ion  of m o n o u n s a t u r a t e d  f a t t y  acids in to ta l  
l ipid was no t  g rea t ly  affected by g rowth  t e m p e r a t u r ~  The  
p ropo r t i ons  of s a t u r a t e d  f a t t y  ac ids  in to t a l  l ipid were 
s ign i f i can t ly  h igher  in bac t e r i a  g rown in seawate r  and 
f reshwate r  m e d i u m  a t  20~  t h a n  in those  g rown a t  5~ 
Pa lmi t i c  acid (16:0} and  iso-15:0 were the  p r e d o m i n a n t  
s a t u r a t e d  c o m p o n e n t s  p resen t  a l t h o u g h  smal le r  propor- 
t ions  of o the r  s a t u r a t e d  f a t t y  acids, b o t h  w i t h  even and 
odd n u m b e r e d  chains,  were also present .  U n d e r  t he  con- 
d i t ions  employed  for t he  ana lys i s  of t o t a l  l ipid f a t t y  acid 
m e t h y l  esters,  any 13:0 and  iso-13:0 presen t  in t he  to ta l  
l ipid were obscured  by the  b u t y l a t e d  hyd roxy to luene  
added as ant ioxidant .  The  only po lyunsa tu ra t ed  f a t t y  acid 
p re sen t  in the  bac t e r i a  was  20:5n-3 which  a c c o u n t e d  for 
9% of the  f a t t y  ac ids  of to t a l  l ipid f rom cu l tu res  grown 
a t  5~  and  a round  2% of those  f rom cu l tu res  g rown a t  
20~  in e i the r  med ium.  

In  c o n t r a s t  to  temperature~ the  sa l t  c o n t e n t  of the  
m e d i u m  had  only a smal l  effect  on the  f a t t y  acid composi-  
t ion  of  to t a l  l ipid a t  b o t h  t e m p e r a t u r e s  examined .  Smal l  
b u t  s ign i f i can t  d i f ferences  in the  levels  of several  f a t t y  
acids  were no tab le  be tween  bac t e r i a  g rown a t  5~  in 
seawate r  and  freshwater ,  w i t h  t he  overal l  r esu l t  be ing  
h igher  and  lower p ropo r t i ons  of m o n o u n s a t u r a t e d  and  
s a t u r a t e d  f a t t y  acids, respect ively ,  in the  to t a l  l ipid of 

bacteria grown in seawater medium. At 20~ however, 
there were no overall changes in the levels of total satu- 
rated, monounsaturated or polyunsaturated fatty acids 
in the total lipids in relation to the salinity of the medium_ 
Two-way analysis of variance with pooled means showed 
that, overall, temperatures had a greater effect on the fatty 
acid composition of total lipid than medium composition. 
The levels of 14:0, 15:1, 16:0, 16:1, 17:1n-8 and 17:1n-6 were 
also influenced significantly by the interaction of temper- 
ature and medium composition. That is to say, changing 
temperature and medium composition simultaneously 
brought about a significant change in the proportions of 
these components. 

Fat ty  acid composit ion of  lipid classes. The  use  of two  
co lum ns  for t he  ana lys i s  of f a t t y  acid m e t h y l  es te rs  of 
phospho l ip id  c lasses  al lowed the  reso lu t ion  of more  com- 
p o n e n t s  t h a n  were ob t a ined  for to t a l  l ipid samples .  T h u s  
13:0 and  iso-13:0, as well as the  va r ious  i somers  of 16:1, 
were d i sce rnab l~  

A l t h o u g h  the  f a t t y  acid  c o m p o s i t i o n  of P E  (Table 3) 
showed genera l  s imi lar i t ies  w i th  t h a t  of t o t a l  lipid, i t  was 
no t ab l e  t h a t  the  p ropo r t i ons  of p o l y u n s a t u r a t e d  f a t t y  
ac ids  in t he  phospho l ip id  were only half  t hose  p resen t  in 
to t a l  l ipid (Table 2) whi le  those  of to t a l  s a t u r a t e d  f a t t y  
acids  were h igher  unde r  all g r o w t h  cond i t ions  examined .  
The  overall levels of monoenoic  f a t ty  acids in P E  were only 
s l igh t ly  lower t h a n  those  obse rved  in to t a l  lipid. Iso-15:0 
and  16:0 were a lways the  m a j o r  s a t u r a t e d  f a t t y  acids  in 
PE.  A l t h o u g h  the  propor t ion  of iso-15:0 in bac te r ia  grown 
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5~ 20~ Significance level (P) 

Fatty acids Seawater l~reshwater Seawater Freshwater Temp. Medium Interaction b 

i - 1 2 : 0  0 . 1  + 0 . 1  0 . 1  _+ 0 . 0  0 . 1  + 0 . 0  N D  - -  - -  - -  

1 2 : 0  3 . 8  +__ 1 . 2  5 . 1  + 0 . 6  3 . 7  __+ 0 . 4  3 . 4  ----- 0 . 3  - -  - -  - -  
/ - 1 3 : 0  4 . 5  + 0 . 1  5.2 __. 0.6 3.8 _ 0.3 3.6 --. 0.4 0.0007 - -  - -  

1 3 : 0  0.2 _+ 0.0 0.1 --+ 0.1 0.3 __- 0.1 0.3 ----. 0.1 - -  - -  - -  

i - 1 4 : 0  0.2 _+ 0.1 0.1 ___ 0.1 0.5 ___ 0.0 0.5 __- 0.1 0.0041 - -  - -  
1 4 : 0  3.1 + 0.3 4.7 + 0.2 2.6 _+ 0.2 1.7 __- 0.1 0.0000 0.0283 0.0000 
14:1n-5 0.4 ___ 0.1 0.4 + 0.0 0.2 ___ 0.0 0.3 ----- 0.1 0 . 0 0 0 8  - -  - -  
i - 1 5 : 0  1 4 . 2  ___ 1 . 1  1 5 . 7  _+ 0 . 4  1 3 . 5  + 1 . 0  1 9 . 1  ___ 1 . 8  - -  0 . 0 0 0 5  0 . 0 1 4 9  
a o 1 5 : 0  0 . 2  _+ 0 . 2  0 . 5  +_ 0 . 3  0 . 2  +_ 0 . 1  0 . 4  +-- 0 . 4  - -  - -  - -  
1 5 : 0  3.5 +-- 0.2 2.2 +_ 0.4 5.5 ----- 0.3 5.6 + 1.3 0 . 0 0 0 1  - -  - -  

1 5 : 1 n - 6  2.5 +_ 0.1 1.7 +__ 0.7 1.8 _ 0.I  2.1 _+ 0.6 - -  0.0197 0.0033 
16:0 10.5 _ 0.6 12.4 _ 0.4 14.6 _ 0.6 13.0 +_- 0.9 0.0003 - -  0.0010 
trans 16:1n-7 12.8 + 0.7 15.4 _ 0.7 4.4 +__ 2.2 6.3 +__ 0.8 0.0000 0.0420 - -  
1 6 : 1 n - 9  1.8 ___ 0.1 1.9 _+ 0.i 2.3 ___ 0.1 2.3 _-+ 0 . 1  0 . 0 0 1 0  - -  - -  
eis 16:1n-7 23.3 ___ 0.6 21.1 + 0.8 23.1 + 5.5 18.0 + 3.4 --  0.0187 -- 
/-17:0 0.3 +_ 0.2 0.4 _ 0.2 0.9 _+ 0.1 1.4 ___ 0.4 0.0020 --  -- 
17:0 0.7 + 0.1 0.4 _ 0.1 2.6 ___ 0.4 2.6 ----- 0.3 0.0000 --  -- 
17:1n-8 6.4 +_ 0.3 2.7 + 0.4 10.2 _+ 0.3 9.4 + 2.1 0.0000 0.0024 0.0128 
17:1n-6 1.4 + 0.3 0.5 __. 0.2 1.2 + 0.2 1.4 + 0.1 0.0065 0.0096 0.0003 
18:0 0.4 ___ 0.1 0.4 _.+ 0.2 1.2 _+ 0.4 1.0 _ 0.3 0 . 0 0 1 5  - -  - -  
1 8 : 1 n - 9  1.1 + 0.1 1.0 + 0.2 2.6 _+ 0.5 2.1 +_ 0.3 0 . 0 0 0 0  - -  - -  
1 8 : 1 n - 7  3.9 +_ 0.5 3.4 -- 0.5 3.5 __. 0.3 4.3 +-- 1.0 --  --  - -  
1 9 : 1 n - 8  0.5 +-- 0.0 0.2 -!-_ 0 . I  0.4 +_ 0.2 0.4 _ 0 . I  - -  - -  - -  

2 0 : 5 n - 3  4.2 +_ 0.4 4.4 __. 0.2 0.9 +_ 0.3 0.8 __- 0.1 0.0000 - -  - -  

T o t a l  sat. 41.7 +__ 1.7 47.3 __. 0.9 49.4 + 3.1 52.7 + 0.2 0.0001 0.0014 -- 
Total mono. 54.1 ___ 1.5 48.3 + 1.0 49.7 _+ 2.7 46.5 +_ 0.3 0.0031 0.0006 --  
Total PUFA 4.2 +_ 0.4 4.4 +_ 0.2 0.9 - 0.3 0.8 +_ 0.1 0.0000 --  -- 

aValues are means + SD of three cultures. 
bInteraction between temperature and medium composition. Mono., monoenoic fatty acids; PUFA, polyunsaturated fatty acids; ND, 

not detected; sat., saturated fatty acids; --, not significant, i-, iso; a-, anteiso. 

in  t h e  s eawa te r  m e d i u m  was  n o t  a f fec ted  b y  t e m p e r a t u r ~  
t h a t  in f reshwate r  b a c t e r i a  was  s ign i f i can t ly  h igher  a t  20 
t h a n  5~  (19.1 vs. 15.7%). A d i f fe ren t  effect  was  n o t e d  in  
t h e  p r o p o r t i o n s  of 16:0, in t h a t  t e m p e r a t u r e  d i d  n o t  af- 
fect  i t s  level  in  b a c t e r i a  g rown in f reshwater ,  b u t  i t s  p r ~  
p o r t i o n  in s e a w a t e r  b a c t e r i a  was  s i g n i f i c a n t l y  h ighe r  a t  
20~ (14.6%) t h a n  a t  5~  (10.5%). Overal l ,  t h e  P E  of 
Vibr io  g r o w n  a t  20~  in b o t h  s e a w a t e r  a n d  f r e shwa te r  
m e d i a  h a d  a s i g n i f i c a n t l y  h ighe r  p r o p o r t i o n  of s a t u r a t e d  
f a t t y  ac ids  t h a n  t h a t  of  b a c t e r i a  g rown a t  5 ~ However,  
on ly  a t  5~  was  the re  a s i gn i f i c an t  d i f ference  b e t w e e n  
b a c t e r i a  g rown in seawa te r  a n d  f reshwate r  in t e r m s  of t h e  
t o t a l  level of s a t u r a t e d  f a t t y  ac ids  in t h e  PE.  

T h e  p r e d o m i n a n t  i s o m e r  of  16:1 in P E  was  cis  16:1n-7 
wh ich  a c c o u n t e d  for 18 -23% of t he  t o t a l  P E  f a t t y  acids.  
G r o w t h  cond i t i ons  h a d  no m a j o r  effect  on t h e  level of t h i s  
f a t t y  ac id  in  P E  a l t h o u g h  i t s  level was  s l ight ly ,  b u t  
s ign i f i can t ly ,  lower in f r e shwa te r  t h a n  s e a w a t e r  a t  5~ 
T h e  on ly  t r a n s - m o n o e n o i c  f a t t y  ac id  d e t e c t e d  was  t r a n s  
16:1n-7 which  c o m p r i s e d  12.8 a n d  15.4% of t h e  t o t a l  P E  
f a t t y  ac ids  in Vibrio  g r o w n  a t  5~  in s e a w a t e r  a n d  
f r e shwa te r  med ium,  respect ive ly .  The  level of t h i s  t rans-  
monoeno ic  f a t t y  ac id  was  m a r k e d l y  lower in t h e  corre- 
s p o n d i n g  c u l t u r e s  g rown  a t  20~ i.~, 4.4 a n d  6.3% in 
s eawa te r  a n d  freshwater ,  respect ively .  The  p r o p o r t i o n s  of 
20:5n-3 in P E  in b a c t e r i a  g rown a t  5~  in s eawa te r  a n d  
f r e shwa te r  were ve ry  s im i l a r  a t  a r o u n d  4.3%. L ikewise  

t h e r e  was  no  d i f fe rence  b e t w e e n  b a c t e r i a  g rown  in sea- 
w a t e r  a n d  f r e shwa te r  m e d i u m  a t  20~  in t e r m s  of t h e  
p e r c e n t a g e  of  20:5n-3 in  P E  b u t  t h e  p e r c e n t a g e  {around 
0.9%) was  s i g n i f i c a n t l y  lower t h a n  were t h o s e  of t he  5~  
cultures.  A s  a consequence  of t empera tu re - re la t ed  changes  
in  t h e  c o n t e n t s  of  monoeno ic  and  p o l y u n s a t u r a t e d  f a t t y  
acids ,  t h e  P E  of b a c t e r i a  g rown a t  5~  was  more  un- 
s a t u r a t e d  overal l  t h a n  t h a t  of b a c t e r i a  g rown  a t  20~ A s  
w i t h  t o t a l  l ipid,  a n a l y s i s  of v a r i a n c e  of  t he  poo led  m a s s  
for  i n d i v i d u a l  f a t t y  ac ids  showed  t h a t  t h e  effect  of  tem-  
p e r a t u r e  was  gene ra l l y  more  s i gn i f i c an t  t h a n  t h a t  of 
m e d i u m  c o m p o s i t i o n  a n d  t h a t  s i g n i f i c a n t  i n t e r a c t i o n  be- 
tween  t h e s e  two  fac to rs  occur red  w i th  on ly  a few f a t t y  
acids.  

The  overa l l  f a t t y  ac id  c o m p o s i t i o n  of P G  {Table 4) was  
n o t a b l y  d i f fe ren t  f rom t h a t  of P E  in t h a t  i t  c o n t a i n e d  
h igher  p ropo r t i ons  of u n s a t u r a t e d  f a t t y  acids.  Conversely, 
t h e  overa l l  p r o p o r t i o n  of s a t u r a t e d  f a t t y  ac ids  was  lower  
in  P G  t h a n  PE.  B a c t e r i a  g rown in e i t h e r  f r e shwa te r  o r  
s e a w a t e r  m e d i u m  a t  20~ c o n t a i n e d  h ighe r  p r o p o r t i o n s  
of  s a t u r a t e d  f a t t y  ac ids  in t h i s  p h o s p h o l i p i d  t h a n  those  
c u l t u r e d  a t  5 oC. 

T h e  levels  of monoeno ic  f a t t y  ac ids  in P G  were signif i-  
c a n t l y  r e d u c e d  b y  g r o w t h  a t  5~  r ega rd l e s s  of  w h e t h e r  
t he  b a c t e r i a  were c u l t u r e d  in  f r e shwate r  or  s eawa te r  
m e d i a  Thus,  for seawate r  medium,  monoenoic  f a t t y  ac ids  
c o m p r i s e d  60.2 and  66.2% of t o t a l  P G  f a t t y  ac ids  a t  5 and  
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TABLE 4 

Effects of Growth Temperature and Medium Composition on Fatty Acid Composition (wt%) of Phosphatidylglyeerol 
from Vibrio sp. Showing Significance of Each Factor and Their Interaction a 

5~ 20~ Significance level (P] 
Fatty acids Seawater Freshwater Seawater Freshwater Temp. Medium Interaction b 

i-12:0 0.1 + 0.1 0.2 • 0.0 ND ND --  --  --  
12:0 0.7 +- 0.6 0.9 + 0.1 0.6 --- 0.2 0.5 + 0.2 --  --  - -  
/-13:0 0.5 + 0.4 0.6 --- 0.1 0.2 ___ 0.1 ND -- - -  - -  
14:0 1.5 _+ 0.4 2.5 + 0.1 0.9 + 0.1 0.8 • 0.0 0.0000 0.0081 0.0029 
14:1n-5 0.1 _+ 0.1 0.3 + 0.1 0.1 +__ 0.1 0.1 • 0.1 - -  - -  - -  
i-15.'0 5.4 _+_ 0.8 6.1 + 0.2 4.4 + 0.3 5.7 + 0.6 - -  0.0154 --  
a-15:0 0.4 + 0.2 0.4 +_ 0.2 0.2 ___ 0.2 0.1 + 0.1 --  --  --  
15:0 2.7 + 0.3 1.6 ___ 0.3 4.1 + 0.3 4.0 + 0.9 0.0001 0.0351 --  
15:1n-6 1.5 _ 0.6 0.9 --+ 0.1 1.9 ___ 0.2 1.5 + 0.3 0.0204 0.0316 --  
16:0 10.3 + 0.5 11.0 ___ 0.6 13.0 +_ 1.3 12.8 + 0.7 0.0017 --  - -  
trans 16:1n-7 15.2 + 1.0 15.1 + 0.4 6.1 +__ 3.6 8.5 • 0.8 0.0007 --  --  
16:1n-9 2.1 ___ 0.2 1.9 +_ 0.2 2.2 +__ 0.2 2.6 • 0.3 0.0053 --  0.0346 
cis 16:1n-7 23.4 • 1.1 26.9 • 0.3 27.7 • 3.8 25.2 + 0.7 --  --  0.0165 
i-17:0 0.4 • 0.2 0.3 ----- 0.1 1.3 • 0.3 1.6 + 0.5 0.0002 --  - -  
17:0 0.8 • 0.1 0.3 ___ 0.0 3.5 ----- 0.6 2.7 • 0.1 0.0000 0.0004 --  
17:1n-8 8.2 _+ 0.3 3.6 • 0.3 16.0 • 0.3 { 16.8 + 3.1 0.0000 0.0011 0.0047 
17:1n-6 1.4 ___ 0.2 0.3 • 0.2 1.7 • 0.3 -- 
18:0 0.6 + 0.1 0.3 • 0.1 2.0 • 0.2 1.3 + 0.2 0.0000 0.0005 --  
18:1n-9 2.0 +__ 0.2 0.8 • 0.5 4.7 • 0.8 4.3 ___ 0.8 0.0000 --  --  
18:1n-7 5.6 +_ 0.4 4.8 __. 0.6 5.3 • 0.4 6.4 • 0.7 --  --  0.0296 
19:1n-8 0.8 --+ 0.1 0.4 • 0.1 0.4 • 0.2 0.5 • 0.1 - -  --  0.0110 
20:5n-3 16.2 ___ 1.8 20.2 • 0.6 3.7 • 1.6 4.3 • 0.3 0.0000 0.0499 --  

Total sat. 23.4 • 1.2 24.2 ___ 0.7 30.1 ___ 2.2 29.8 • 0.5 0.0000 --  - -  
Total mono. 60.2 • 2.7 55.0 ___ 0.4 66.2 + 0.6 65.9 +__ 0.7 0.0000 0.0170 0.0345 
Total PUFA 16.2 +_ 1.8 20.2 + 0.6 3.7 • 1.6 4.3 + 0.3 0.0000 0.0499 --  
Unidentified 0.2 _+ 0.2 0.6 • 0.3 ND ND 

aValues are means _ SD of three cultures. 
bInteraction between temperature and medium composition. Mono., monoenoic fa t ty  acids; PUFA, polyunsaturated fat ty acids; ND, 

not detected; sat., saturated fat ty acids; --,  not significant, i-, iso; a-, anteiso. 

20~ respectively, with the corresponding values for 
freshwater medium being 55.0 and 65.9%. The only mono- 
unsaturated fatty acid which did not decrease or stayed 
constant in proportion between 20 and 5~ was trans 
16:1n-7, which exhibited a marked increase in proportion 
at the lower growth temperature with both media As with 
total lipid and PE, the only polyunsaturated fatty acid 
present in PG of the Vibrio was 20:5n-3 which accounted 
for 16.2% of the total fatty acids present in PG of bacteria 
grown at 5~ in seawater and 20.2% in the same phosph~ 
lipid of bacteria grown at the same temperature in fresh- 
water mediun~ The proportion of 20:5n-3 was very notably 
and significantly (P < 0.001) lower in the PG from bacteria 
grown in either medium at 20~ As with total lipid and 
PE, the fatty acid composition of PG was apparently more 
influenced by the temperature at which the Vibrio was 
grown than whether seawater or freshwater medium was 
employed. The significant interactions between the effects 
of temperatures and medium composition on fatty acid 
composition occurred mainly with monoenoic fatty acids. 

DISCUSSION 

The lipid class composition of the Vibrio species examined 
in the present study is relatively simple with PE and PG 
predominating and is typical of Gram-negative bacteria 
in general (1). However, the bacterium apparently lacks 
the phosphatidylserine and cardiolipin which have been 

reported for psychrophilic Vibrio isolated from marine 
sediments (9). 

T h e  b a c t e r i u m  p o s s e s s e d  t w o  t y p e s  of  f a t t y  a c i d s  w h i c h  
a re  n o t  t y p i c a l  o f  b a c t e r i a  in  g e n e r a l ,  n a m e l y ,  p o l y u n -  
s a t u r a t e d  f a t t y  a c i d s  a n d  trans-monoenoic f a t t y  ac ids .  
A l t h o u g h  t h e s e  f a t t y  a c i d s  h a v e  b e e n  r e p o r t e d  a s  occur -  
r i n g  i n d e p e n d e n t l y  in  Vibrio (2,10,11,26),  a s  f a r  a s  w e  a re  
aware  t h i s  is  t h e  f i r s t  r e p o r t  o f  t h e i r  s i m u l t a n e o u s  p r e s e n c e  
in  t h e  l ip ids  of  a s ing le  b a c t e r i a l  species .  S ince  t h e  n u t r i e n t  
w a s  d e f a t t e d  b e f o r e  i t s  i n c o r p o r a t i o n  i n t o  t h e  g r o w t h  
med ia ,  all t h e  f a t t y  ac ids  e x t r a c t e d  f r o m  t h e  b a c t e r i a  m u s t  
h a v e  b e e n  s y n t h e s i z e d  de novo a n d  n o t  t a k e n  u p  pre-  
f o r m e d  f r o m  t h e  m e d i u m .  T h e  level  o f  20:5n-3 in  t h e  t o t a l  
l ip id  of  t h e  Vibrio e x a m i n e d  here,  however ,  is  c o n s i d e r a b l y  
l e s s  t h a n  t h a t  o b s e r v e d  fo r  b a c t e r i a  i s o l a t e d  f r o m  d e e p -  
s e a  s o u r c e s  (2) w h e r e  t h i s  p o l y u n s a t u r a t e d  a c i d  c a n  ac- 
c o u n t  fo r  u p  t o  36 .7% of  t h e  t o t a l  f a t t y  ac ids .  A s  w i t h  
Vibrio s p ec i e s  in  g en e ra l  (9,17), 16:1 w a s  a m a j o r  f a t t y  ac id  
of  t h e  Vibrio s p e c i e s  e x a m i n e d  in  t h e  p r e s e n t  s t u d y .  
H o w e v e r ,  t h e  l eve l s  o f  iso-13:0 and iso-15:0, p a r t i c u l a r l y  
t h e  l a t t e r ,  w e r e  m u c h  h i g h e r  t h a n  h a v e  p r e v i o u s l y  b e e n  
r e p o r t e d  fo r  Vibrio a n d  o t h e r  m a r i n e  s p e c i e s  of  b a c t e r i a  
(2,9,17,27). I t  is  n o t a b l e  t h a t  t h e  r e p o r t e d  f a t t y  a c i d  c o m -  
p o s i t i o n s  of  Vibrio b a c t e r i a  do  v a r y  w i d e l y  (2,9). 

D e s p i t e  t h e i r  overa l l  r a r i t y  in  b a c t e r i a ,  trans f a t t y  a c i d s  
h a v e  b e e n  f o u n d  in  s o m e  s t r a i n s  of  m a r i n e  b a c t e r i a  in- 
c l u d i n g  Pseudomonas  at lant ica (28) a n d  a n  u n i d e n t i f i e d  
Vibrio sp.  g r o w n  in  s e a w a t e r  (11). T h e  leve l s  o f  trans 
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16:1n-7 in both  the PG and PE of the Vibrio employed 
in this s tudy were notably higher, especially at 5~ than 
those observed by Okuyama et  al. (10) in another  Vibrio 
species. Furthermore" in the Vibrio studied here, the pro- 
portions of the t rans-monoenoic  fa t ty  acid in PE and PG 
were similar, whereas in the bacteria studied by Okuyama 
e t  al. (10) the t rans  16:1n-7 was present in higher concen- 
tration in PE than PG. The biological significance of trans 
f a t ty  acids in bacteria remains to be established. 

Given the relatively high levels of 18:1n-9 present in the 
lipids of the Vibri~ it seems likely that,  in addition to the 
enzymes of the so-called anaerobic pathway of desatura- 
tion (1), the bacterium also possesses the aerobic h9 
desaturase of eukaryotic cells. The wide spectrum of 
monounsatura ted fa t ty  acids present also indicates tha t  
the inferred A9 desaturase can act on a wide range of both  
odd- and even-numbered saturated fa t ty  acids and tha t  
the Vibrio contains an active system for the elongation 
of acyl chains. Although the profile of monounsatura ted  
fa t ty  acids can be explained by the existence in the Vibrio 
of a single desaturase" the A9 desaturase, the synthesis 
of 20:5n-3 requires the bacterium to possess A12, A15, a6 
and A5 desaturases if its formation proceeds via conven- 
tional pathways found in eukaryotes. I t  is notable tha t  
intermediates between monounsatura ted and the penta- 
enoic fa t ty  acid product  are not  found, even in trace 
amounts,  in the Vibrio lipid. Although uncommon, this 
si tuation is similar to tha t  found with the dinoflagellate 
Cryp thecod in ium  cohnii  in which 22:6n-3 is a major fa t ty  
acid and no other  polyunsaturated fa t ty  acid comprises 
more than  0.1% of the total  fa t ty  acids (29). I t  remains 
to be established whether the desaturations leading to the 
formation of 20:5n-3 in the Vibrio involve acyl carrier p r~  
tein derivatives or fa t ty  acids esterified in phospholipids, 
as substrates. 

The effects of temperatures  on lipid composition were 
far more pronounced than  those of the salinity of the 
medium. The increased proportions of PE in lipid at  low 
growth temperature  is in keeping with the si tuation 
observed with poikilothermic animals (7). I t  is notable, 
however, tha t  the increase in the proportion of PE was 
balanced by reductions in those of NEFA rather  than  
those of PG. This lack of change in the proportion of PG 
is consistent with the fact tha t  significant alterations in 
the level of this phospholipid in the halophilic Vibrio 
cos t icola  occur only when the salt concentrat ion of the 
medium is increased to values far in excess of those 
employed here (30). 

Temperature effects on Vibrio fa t ty  acid compositions 
have been reported previously with the actual effect vary- 
ing with species (9). The present s tudy  showed a definite 
increase in the proportion of polyunsatura ted fa t ty  acids 
in the bacterial lipid as temperature  decreased. This is in 
keeping with the situation reported for many poikilother- 
mic vertebrate and invertebrate animals (7). The increase 
in the level of 20:5n-3 in the Vibrio by lowering growth 
temperature from 20 to 5~ was slightly less than the six- 
fold increase in the proportion of 22:6n-3 which occurs 
when Vibrio rnarinus is subjected to a decrease in en- 
vironmental  temperature  from 20 to 2~ (2). 

Also very  notable was the increase in the content  of 
t rans  fa t ty  acids as the growth temperature  decreased. 
This is in marked contrast  to the report of Okuyama et  aL 
(10) who found tha t  the t rans-monoenoic  fa t ty  acid con- 

tent  of the lipid from Vibrio sp. strain ABE-1 was higher 
at  20 than 5 ~ Previously, increases in the proportion of 
t rans  16:1n-7 with increasing growth temperature  have 
been explained in terms of the t rans  fa t ty  acid increas- 
ing the phase transit ion temperature  of the membrane 
phospholipid as an adaptat ion to changes in the ambient 
temperature  (10). However, this explanation is not ap- 
plicable to the si tuation observed in the present s tudy 
where the level of trans 16:1n-7 was higher at  5 than 20~ 
Since the proportions of trans 16:1n-7 and 20:5n-3 both  
increased with decreasing temperature, it is possible tha t  
the net  effect is a cooperative response between two fa t ty  
acids in the same phospholipid molecule which ensures 
molecular packing compatible with membrane bilayer 
properties required at lower temperatur~ 

In summary, the present s tudy demonstrates  tha t  
20:5n-3 and t rans  16:1n-7 occur simultaneously in both  
PG and PE of a Vibrio species of bacterium and tha t  a 
reduction in growth temperature significantly increases 
the proportions of both fa t ty  acids in these lipids. Studies 
are continuing with the Vibrio to establish the pathways 
of 20:5n-3 biosynthesis. In addition, the positional distri- 
bution of trans 16:1n-7 and 20:5n-3 in PG and PE and how 
this is influenced by growth temperature, is under exam- 
ination. 
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2-Hydroxyhexadecanoic and 8,9,13.Trihydroxydocosanoic Acid 
Accumulation by Yeasts Treated with Fumonisin B1 
Tsuneo Kaneshiroa, *, Ronald F. Vesonder  b, Robert E. Peterson c and Marvin O. Bagby a 
aoil Chemical Research, bMycotoxin Research and CBioactive Constituents, National Center for Agricultural Utilization Research, 
Agricultural Research Service, U.S. Department of Agriculture, Peoria, Illinois 61604 

Fumonisin B1 is a sphingolipid-like compound that en- 
hances the accumulation of yeast sphingolipids and 
2-hydroxy fatty acids. These lipids occur both as freely 
extractable and cell bound components in yeast fermen- 
tations. Both free and bound 2-hydroxy fatty acids pro- 
duced by Pichia sydowiorum NRRL Y-7130 were in- 
creased when fumonisin Bz (50 rag/L) was added to the 
usual growth medium containing yeast extract/malt ex- 
tract/peptone/glucose. Fumonisin-treated cultures con- 
tained 38 mg/L more 2-hydroxyhexadecanoic and 15 mg/L 
more 2-hydroxyoctadeeanoic acids than did untreated cul- 
tures. By contrast, fumonisin inhibited the accumulation 
of free 8,9,13-trihydroxydocosaneic acid in Rhodotorula 
sp. YB-2501 cultures, leading to 240 mg/L lower tri- 
hydroxy acid production than by untreated cultures. 
Lipids 28, 397-401 (1993). 

Water-soluble fumonisin B1, a propane-l,2,3-tricarboxy- 
lic acid 14,15-diester of the 2-amino-12,16-dimethyl- 
3,5,10,14,15-pentahydroxyicosane base (1), is a sphingo- 
lipid-like compound (Fig. 1). It has been shown to cause, 
in the presence of [~4C]serine, labeled sphinganine (D- 
erythro-2-amino-l,3-octadecanediol) accumulation in rat 
hepatocytes (2). Fumonisin B~ is a cerebral toxin (3) and 
phytotoxin (4) produced by the mold Fusarium monili- 
forme However, the effect of fumonisin on microorganisms 
and their lipid composition has not yet been determine& 

2 0  C H  15 C H  1 0  5 1 
I 3 i 3 

CH (CH)-CH-CH-CH-CH-CH-CH-CH-(CH)-CH-CH-CH-CH-CH 
3 2 3  I I 2 2 I 2 4  I 2 1  I 3 

OR OR OH OH OH NH 
2 

O O 
R= --~-CH~CH(COgH)-CH~-OH 

FIG. 1. Structure of fumonisin B z. 

The yeast Pichia (Hansenula) ciferri NRRL Y-1031 is 
known for both its extracellular production of triacetyl- 
sphinganine and tetracetyl-4-oxysphinganine (5) and its 
ability to synthesize sphingolipid bases (6,7). When R 
ciferri Y-1031 is treated with fumonisin, accumulation of 
sphin~mine, 4-D-hydmxysphinganine and other polar lipids 
(8) is increased in both the free and bound lipid fractions. 

As microbial cultures produce sphingolipids and polar 
hydroxy fatty acids in freely extractable and bound glyco- 
lipid form (5,9,10), specific yeast strains that  produce 
either a 2-hydroxy {]rl) or 8,9,13-trihydroxy (12) fatty acid 

*To whom correspondence should be addressed at OCR/NCAUR, 
1815 N. University St., Peoria, IL 61604. 

Abbreviations: GC, gas chromatography; HPLC, high-performance 
liquid chromatography; MS, mass spectrometry; TLC, thin-layer 
chromatography. 

extracellularly were studied to assess the effects of 
fumonisin. In order to detail the lipid changes that occur 
in fumonisin-treated cultures, both free and bound forms 
of the hydroxy acids were determined. 

P. syclowiorum NRRL Y-7130 produces aerobically an 
extracellular 2-D-hydroxyhexadecanoic acid in growth- 
limiting glucose]malt extract medium (11). Rhodotorula 
sp. YB-2501 produces extracellular erythro-8,9,13-tri- 
acetoxydocosanoic (12) acid under similar restricted 
growth conditions. For direct comparison of yeast hydroxy 
acids with sphingolipid {8) accumulation, culture broths 
were separated by centrifugation into supernatant and 
particulate (cell/particle) fractions. Each fraction con- 
tained freely extractable lipids. From the defatted cells, 
a bound lipid fraction was extracted after saponification 
(8,9). The effect of fumonisin B1 on yeast hydroxy fatty 
acid production is discussed in respect to the free and 
bound lipid composition determined. 

MATERIALS AND METHODS 

Materials and biologicals. 2-DL-Hydroxypalmitic and 
2-DL-hydroxystearic acids were purchased from Sigma 
Chemical Co. (St. Louis, MO). Standard 2-D-hydroxy- 
stearic, 3-D-hydroxypalmitic and erythro-8,9,13-trihy- 
droxydocosanoic acids were obtained from the NRRL 
chemical collection of Stodola and Vesonder 15,11,12). 
Fumonisin B 1 was produced by a Fusariurn moniliforme 
fermentation of corn (13) and purified by XAD-2 anion 
exchange column chromatography in sequence with high- 
performance liquid chromatography (HPLC). 

P. sydowiorum Y-7130 and Rhodotoru/a Sl~ YB-2501, ol> 
tained from the ARS Culture Collection (Peoria, IL), were 
maintained on 1.6% (wt/vol) agar slants containing 0.3% 
yeast extract, 0.3% malt extract, 0.5% peptone and 2.7% 
glucose medium (11) adjusted to pH 6.5. Growth of the 
yeasts in liquid medium (g wet wt/L) was compared with 
aerobic cultures grown on 1% (wt/vol) glucose and 5% malt 
extract medium (12). Because the latter medium increased 
extracellular accumulation of both 2-hydroxy (11) and 
trihydroxy (12) fatty acids but lowered cell yields, the two 
different media served as useful monitors to relate cellular 
growth to accumulated fatty products. When yeast cells 
were dried at 70~ to constant weight, a mean value of 
0.28 g dry wt was obtained per g wet weight. 

Media (100 mL medium per 300-mL Erlenmeyer flask) 
containing either 5 mg or no (control) exogenous fumoni- 
sin B1 were inoculated with 3-d cultures (1 mL) of fully 
grown yeasts. After 5-7 d of aerobic (180 rpm, rotary 
shaker) incubation at 25~ fermentation broths were 
centrifuged. 

Lipid and fatty acid extraction. Extracellular fatty 
acids were extracted as described (11,12). After centrifuga- 
tion, supernatants were acidified to pH 3 and extracted 
(Fraction 1). Pichia Y-7130 supernatant was extracted 
with diethyl ether (3 X 50 mL), andRhodotorula YB-2501 
supernatant was extracted with ethyl acetate {2 X 50 mL). 
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Centrifuged pellets containing cells and lipid particles 
were extracted by a modified Folch procedure (14,15) using 
two 15-mL portions of warm chloroform]methanol (2:1, 
vol/vol) (Fraction 2). The respective extracts were com- 
bined and concentrated to dryness with a rotary evapora- 
tor. Fraction 2 lipids were resuspended in 8 mL chloro- 
form]methanol (2:1, vol/vol), washed with water (0.5 mL) 
and dried over anhydrous Na~SO4. The drying agent was 
removed by decanting and the solvents were removed 
in vacuo. 

Lipids bound to defatted cells (8-10), most likely 
glycolipids (5,16,17), were saponified with excess 1 N KOH 
(70% methanol; vol]vol) for 2 h at 70~ The reaction mix- 
ture was acidified with H2SO4, mixed with 1 vol of 
chloroform and filtered through 5 g Celite~ The Celite was 
extracted twice with 50-mL portions of chloroform]metha- 
nol (2:1, vol/vol), and the combined extracts were concen- 
trated to dryness (Fraction 3). The yield of each fraction 
was determined by weighing. 

Ester preparation. Lipids in Fractions 1-3 were not 
analyzed specifically for triacylglycerols, phospholipids 
and glycolipids, as has been done in other studies (18-22). 
Instead, a portion of each fraction (5 mg) was saponified 
with excess 0.5 N KOH (1 mL) in aqueous ethanol (6% 
water, vol/vol) (12) for 30 rain at 70~ Hydrolysates were 
then cooled, acidified and extracted with warm chlor~ 
form]methanol_ Each dried sample was suspended in a few 
drops of methanol, and the fatty acids were esterified with 
diazomethane. 

Silicic acid chromatography. The methyl esters were 
separated over a Unisil (100-200 mesh; Clarkson Chemical 
Co., Williamsport, PA) silicic acid column using 3 g of 
silicic acid for up to 60 mg of lipids. The 2-hydroxy fatty 
esters of strain Y-7130 were separated by sequential elu- 
tion (8 column volumes for each solvent): (i) 20% chloro- 
form in petroleum ether (vol]vol); (ii) 100% chloroform; and 
(iii) 20% methanol in chloroform. The more polar tri- 
hydroxy fatty esters were eluted with (i) chloroform, and 
solvent mixtures containing (ii) 5%, and (iii) 30% methanol_ 
Selected samples were also analyzed by thin-layer chroma- 
tography (TLC). Fractions were separated on silica gel G 
plates using toluene//dioxane/acetic acid (79:14:17, by vol) 
as solvent system. The fractions were made visible by 
acid-charring (23). Authentic methyl esters had the fol- 
lowing Rf values: 2-hydroxyhexadecanoate (0.80), 3-hy- 
droxyhexadecanoate (0.67), 2-hydroxyoctadecanoate (0.80), 
9,10-dihydroxyoctadecanoate (0.53) and 8,9,13-trihydroxy- 
docosanoate (0.30). 

Gas chromatography (GC) and mass spectrometry (MS). 
Methyl esters of 2-hydroxy fatty acids were dissolved in 
chloroform]methanol and analyzed immediately by capil- 
lary GC. The 2-hydroxy esters were separated isothermally 
at 230~ using a 15-m SE-30 column (SPB-1; Supelco Inc, 
Bellefonte, PA) and were quantified by calculating peak 
areas relative to authentic standards. Authentic 2-DL- 
hydroxypalmitate and 2-DL-hydroxystearate gave mean 
values of 36.2 and 33.3 X 106 unit areas per mg, respec- 
tively, using a Hewlett-Packard 5890 instrument (Avon- 
dale, PA). The less-volatile trihydroxy fatty ester was ana- 
lyzed at 270~ as trimethylsilyl derivative that was gener- 
ated with Tri-Sfl TBT reagent (Pierce Chemical Ca, Rock- 
ford, IL). Authentic methyl 8,9,13-tri(trimethylsiloxy)- 
docosanoate gave a mean peak area of 57.7 • 106 units 
per mg of free acid. 

Structures were confirmed by GC/MS using a fused 
silica, 25-m capillary column coated with methyl silicone 
in tandem with a Hewlett-Packard 5970 Mass Selective 
Detector (70 eV; Palo Alto, CA). Methyl esters were sepa- 
rated on the GC column by temperature programming 
from 160-250~ at an 8~ increase per min and holding 
at 250~ for 10 man. Authentic methyl 2-DL-hydroxy- 
hexadecanoate (molecular weight 286) gave characteristic 
molecular ion and mass ion fragments of m/z 227, 208, 182, 
159, 127, 97 and 83. Authentic methyl 8,9,13-tri(trimethyl- 
sfloxy)docosanoate (molecular weight) 618) gave charac- 
teristic ions of m/z 401, 373, 318, 283, 245, 229, 147 and 
129. The mass spectra of these compounds have been 
characterized earlier by others (24,25). 

RESULTS 

Fumonisin B1 did not significantly affect the cell yield of 
the yeasts. Rhodotorula sp. YB-2501 cultures produced 
33 g wet wt/L of cells when grown on yeast extract/malt 
extract/peptone/glucose medium containing either 50 
mg/L or no fumonisin B1, In the same medium, growth 
of fumonisin-treated P. sydowiorum Y-7130 was retarded 
slightly by 10%, yielding 41 g wet wt/L without (control) 
and 36 g with fumonisin treatment. With the restrictive 
growth medium of glucose/malt extract, cell yields aver- 
aged 8 g wet wt/L for strain YB-2501 and 21 g/L for strain 
Y-7130, regardless of fumonisin treatment. Thus cellular 
yields were affected more by the nutrients than by 
fumonisin. 

Fumonisin effect on 2-hydroxy fatty acid accumulation. 
With P. sydowiorum Y-7130, which is known to produce 
extracellular accumulation of 2-D-hydroxyhexadecanoic 
(hydroxy C~6) and 2-hydroxyoctadecanoic (hydroxy C18) 
acids (11), fumonisin B~ supplementation was found to 
increase 2-hydroxy fatty acid production. Yeast hydroxy 
fatty acids are extractable in both free and bound forms 
and accumulate more readily in a glucose/malt extract (11, 
12) rather than in yeast extract/malt extract/peptone/glu- 
cose fermentation broths. The data in Table 1 are therefore 
presented separately to allow detailed assessment. Cellu- 
lar 2-hydroxy fatty acid accumulation was significantly 
affected by fumonisin in vigorously growing cultures 
using a yeast extract/malt extract/peptone glucose me~ 
dium. However, when grown in the restrictive glucose/ 
malt extract medium, the fumonisin effect on 2-hydroxy 
acid accumulation was less noticeable 

In yeast extract/malt extract/peptone/glucose medium, 
fumonisin-treated strain Y-7130 cultures accumulated 
38 mg/L more free 2-hydroxy C~6 and 15 mg/L more free 
2-hydroxy Cls acids (Table 1; combining Fractions 1 and 
2) than did untreated control cultures. The fumonisin- 
treated cultures accumulated increasing amounts of 
hydroxy C18 (14% increased to 19% of total peak areas by 
GC) rather than hydroxy C~6 (75% decreased to 50%) 
esters. Bound hydroxy C~6 and C~s acids in Fraction 3 
(total of 24 rag/L) also increased in fumonisin-treated cells. 
In addition, 2-hydroxy fatty acids bound to fumonisin- 
treated cells appeared to be a larger pertion (2.4/25) of the 
total, bound polar lipids than those from untreated cells 
(0.04/44). 

Large amounts of cell bound lipids (0.3 to 1.1 g/L) 
were recovered in saponified Fraction 3. Fumonisin-treat- 
merit caused a decrease in bound, nonpolar lipids (1.1 g 
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TABLE 1 

Nonpolar Lipids, Polar Lipids and 2-Hydroxy Fatty Acids Recovered 
from Pichia sydowiorum Y-7130 Treated with Fumonisin Bla 

Recovered 
Fumonisin lipidC 

Extracted Growth added {rag/100 mL culture) 
fraction b medium (mg/L)  Nonpolar Polar 

Recovered 
2-hydroxy 

fatty acids d 
(mg/100 mL culture) 

C16 C18 

Supernatant YMP 0 1.8 4.4 0.01 0.01 
(1) YMP 50 2.0 5.6 0.07 0.01 

GM 0 1.8 6.5 2.2 0.1 
GM 50 1.4 8.6 2.8 0.4 

Cell/particle YMP 0 2.7 18.0 0.1 0.00 
(2) YMP 50 2.1 23.0 3.8 1.5 

GM 0 2.6 28.0 19.9 1.4 
GM 50 2.4 35.0 14.9 3.8 

Bound YMP 0 110 44.0 0.04 0.00 
(3) YMP 50 72.0 25.0 1.7 0.7 

GM 0 27.0 33.0 9.7 0.6 
GM 50 19.0 44.0 14.1 2.0 

aAbbreviations: Cl6, methyl 2-hydroxyhexadecanoate; C18, methyl 2-hydroxyoctadecanoate; GM, growth 
medium of glucose/malt extract; nonpolar, methyl ester of nonpolar lipid fraction recovered from silicic 
acid column; polar, methyl ester of polar lipid fraction recovered from silicic acid column; YMP, growth 
medium of yeast extract/malt extract/peptone/glucose. 

bLiquid cultures of the yeast were separated by centrifugation. Supernatant, cell]particle and saponified residue 
(bound) fractions were subsequently extracted with solvents. 

c Lipid fractions were saponified and methyl esters prepared before partition by silicic acid chromatography. 
Nonpolar lipids were eluted with 20% chloroform/petroleum ether (vol]vol), and polar lipids were eluted 
with chloroform. 

dDetermined by capillary gas chromatographic peak areas relative to standard C16 and C18 compounds, 36.2 
and 33.3 • 10 6 unit area per mg free acid, respectively. 

decreased to 0.7 g/L), whereas polar lipids were not  af- 
fected (0.4 g to 0.3 g/L). 

TLC analysis of the methylated polar lipids showed four 
prominent  fractions at  R~ 0.65, 0.75, 0.95 and 1.0, one of 
which was similar to authentic 2-hydroxy C16-Cls methyl 
esters (Rf 0.80 __+ 0.05). Analyses in combination with GC 
indicated tha t  the 2-hydroxy acids of fumonisin-treated 
cells were a significant port ion of the total, bound polar 
lipids (16.1/44 or 37%). GC/MS of selected samples con- 
firmed the presence of 2-hydroxy Czs-C~s methyl  ester 
homologues (23,24). In addition to the expected molecular 
ions, f ragment  ions [M-59] + were most  prominent. For 
example, authentic methyl  2-hydroxyhexadecanoate and 
samples from the yeast  fractions (Table 1) gave identical 
retention times and MS fragment  ions. 

Decrease in 8,9,13-trihydroxydocosanoic acid accumula- 
tion. Table 2 contains data  for Rhodotorula sp. YB-2501 
which is known to produce extraceUular, freely extractable 
ery thro-8,9,13-triacetoxydocosanoic acid (12 ). In contrast  
to strain Y-7130 (Table 1), the fumonisin-treated strain 
YB-2501 accumulated approximately 240 mg/L less free 
t r ihydroxy acid in Fract ion 2 than did the untreated con- 
trols (Table 2). Also, fumonisin B1 was found to inhibit 
free tr ihydroxy fa t ty  acid formation (combined Fractions 
1 and 2) in bo th  media. Because both  free nonpolar and 
polar lipids decreased in fumonisin-treated cultures, 
furnonisin appears to nonspecificaUy inhibit accumulation 
of free cellular lipids of the strain YB-2501. However, 
bound trihydroxy acid of cells grown on yeast extract/malt 
extract/peptone/glucose medium was not  appreciably 

affected by fumonisin (0.27 g/L for t reated culture and 
0.24 g/L for control). Thus, the trihydroxy acid represented 
a major portion of the free polar (25/26) rather  than the 
bound polar (1.9/24) lipids. 

The t r ihydroxy fa t ty  ester was characterized by TLC 
(Rf 0.30), and the s t ructure  was confirmed by GC/MS as 
tha t  of a 8,9,13-trihydroxydocosanoic acid. 

DISCUSSION 

Fumonisin B1 in animal cells and tissues (2,26) inhibits 
a cellular ceramide synthase; whereby, sphinganine ac- 
cumulates while sphingenine synthesis is inhibited. Unlike 
animal cells, R ciferri Y-1031 produce extracellular tetra- 
acetyl-4-oxysphinganine and triacetylsphinganine (5) and 
may synthesize free sphinglipid bases by an al ternate 
pathway (6,7). Because fumonisin B1 enhances the accu- 
mulation of unknown polar lipids as well as sphingolipids 
(8} in strain Y-1031 cultures, polar lipid changes need to 
he considered when other  yeast  strains are t reated with 
fumonisin (Table 1). 

In our studies, both  2-hydroxy fa t ty  acids of P. 
sydowiorum H-7130 (Table 1) and sphingolipids of strain 
Y-1031 accumulated  in fumonis in- t reated cultures. 
Fumonisin B1 was not  part icularly toxic to the yeast  
cells as judged by cell yields. As expected, fumonisin in- 
creased both types of polar lipids when growth occurred 
in a restrictive glucose/malt extract  medium. Nonpolar 
lipids bound in cells (Fraction 3) decreased significantly 
from 1.1 g/L to 0.72 g/L upon fumonisin t reatment .  The 
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TABLE 2 

Nonpolar Lipids, Polar Lipids and 8,9,13-Trihydroxydocosanoic Acid 
Recovered from Rbodotorula sp. YB-2501 Treated with Fumonisin B1 a 

Recovered 
Fumonisin lipidC 

Culture Growth added Img/100 mL culture) 
fractionb medium (mg/L) Nonpolar Polar 

Recovered 
trihydroxy, 
fatty acid a 

(rag/100 mL culture) 

C22 

Supernatant YMP 0 1.9 11.0 3.1 
(1) YMP 50 1.0 13.0 1.6 

GM 0 2.7 11.0 1.4 
GM 50 1.1 4.5 0.1 

Cell/particle YMP 0 11.0 26.0 25.0 
(2) YMP 50 0.5 3.6 0.7 

GM 0 5.6 30.0 12.0 
GM 50 2.4 7.0 1.7 

Bound YMP 0 13.0 24.0 1.9 
(3) YMP 50 13.0 27.0 2.5 

GM 0 6.6 12.0 0.3 
GM 50 2.5 4.8 0.2 

aAbbreviations: C22 , trimethylsilylated derivative of methyl trihydroxydocosanoate; 
GM, growth medium of glucose/malt extract; nonpolar, methyl ester of nonpolar lipid 
fraction from silicic acid colnmn; polar, methyl ester of polar lipid fraction recovered 
from silicic acid column; YMP, growth medium of yeast extract/malt extract/pep- 
tone/glucose. 

bLiquid cultures of the yeast were separated by centrifugation. Supernatant, cell/parti- 
cle and saponified residue {bound) fractions were subsequently extracted. 

c Lipid fractions were saponified and methyl esters prepared before partition over silicic 
acid column. Nonpolar lipids were eluted with chloroform, and polar lipids were eluted 
with 5% methanol/chloroform (vol/vol). 

dTrimethylsilylated C22 determined by capillary gas chromatographic peak areas relative 
to standard 8,9,13-trihydroxydocosanoate {57.7 • 106 unit area per mg free acid). 

lipid changes caused by exogenous fumonisin were similar 
in respect to 2-hydroxy acids and sphingolipids. Whether 
other bound polar lipids {Fraction 3) functioned inter- 
changeably with either 2-hydroxy fatty acids or sphingo- 
lipids was not determined. However, fumonisin appeared 
to stimulate the release and turnover of lipids bound to 
glycolipids and glycosphingolipids (5,17). 

The free and bound hydroxy fatty acids of P. sydow- 
forum Y-7130 were found to  be main ly  2-hydroxy Cls-Cls 
acids, sugges t i ng  a p rominen t  C-2 ra ther  t h a n  a C-3 
hyd roxy la t i ng  sys tem.  Thus,  ana logous  to  the  2-hydroxy 
C20-C25 f a t t y  acid syn thes i s  by  Car ibbean  sponges  (27), 
a 2-oxidat ion s y s t e m  involving 2-peroxylactone inter- 
media tes  (28,29) m a y  be expressed by  s t ra in  Y-7130. 

In  cont ras t ,  fumonis in  B 1 inhibi ted free 8,9,13-trihy- 
droxydocosanoic  acid accumula t ion  (combined Frac t ions  
1 and 2). Moreover, the  t r ihydroxy  acid in the  bound  form 
(Fract ion 3) was  no t  affected by  fumonisin.  This  implies 
t h a t  fumonis in  B1 affects  accumula t ion  of t r ihydroxy  
fa t ty  acid in yeas t  in a different way than  either 2-hydroxy 
acid (Table 1) or  sphingol ipids  (8). 
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Ether iipids are defined here as analogues of naturally 
occurring lysophosphatidylcholines with cytotoxic activ- 
ity against neoplastic cells. The activity of 1-O-octadecyl- 
2-(~methyl-rac-glycer~3-phosphocholine (ET18OMe) and 
3-hexadecylmercapto-2-methoxymethyl-propyl-l.phosph~ 
choline (Ilmofosine | (BM 41.440} was tested in variants 
of B16 routine melanoma, grown in adhesion cultures 
{B16F1 with low metastatic potential; B16F10 and 
B16BL6 with high metastatic potential). Cytotoxicity was 
evaluated by counting the cells that survived after 24 h 
of drug exposure. Cholesterol, sphingomyelin, total phos- 
pholipid and phosphatidylcholine levels were determined. 
After 24 h of drug exposure, cultures of the B16BL6 
variant contained a larger number of cells, especially 
when high drug concentrations {100-250 ~M) were used, 
than cultures of the B16F1 and B16F10 variants. The sen- 
sitivity to ET18OMe of the three variants was evaluated 
at different cell densities (at each density the dose was 
equalized per number of cells/well; 0.1 ~molll0 s cells/ 
well}. In B16F1 and B16F10 cultures the dose-response 
curve was not affected by the number of cells/well, while 
in B16BL6 no more than 20% of the cells were killed at 
all cell densities measured. A linear relationship was noted 
between cell density and cholesterol/phospholipid and 
sphingomyelin/phosphatidylcholine ratios in the resistant 
variant B16BL6, confirming that lipid composition modu- 
lates the cytotoxic activity of ether lipids. 
Lipids 28, 403-406 (1993). 

Ether lipids (EL) constitute a class of biological response 
modifiers that are cytotoxic to neoplastic cells in vitro (1) 
and protect animals from proliferative metastasis by a 
number of primary tumors (2). Their mechanism of action 
and the reasons for their selective action are still to be 
clarified. EL do not affect DNA metabolism (3), but af- 
fect plasma membrane biochemical and biophysical prop- 
erties (1,4-7). 

Two main biochemical parameters have been recognized 
to affect EL cytotoxic activity, namely membrane choles- 
terol (CHOL) and endogenous EL levels. CHOL affects 
the susceptibility of tumor cells to EL either when incor- 
porated into neoplastic cells in culture (8,9), or when 
variants of leukemic cells rich in CHOL were exposed to 
EL (10), or when cell membrane cholesterol was depleted 
by incubating the cells with AL 721 (a mixture of phos- 
pholipids, PL) (11). As the metabolism of natural ether 
lipids appears to be impaired in some tumors (12), EL 
metabolism may also be affected in these tumors. How- 
ever, this has not yet been fully clarified (13,14). 

*To whom correspondence should be addressed at Istituto di 
Ricerche Farmacologiche "Mario Negri", Via Eritrea 62 20157 
Mflano, Italy. 

Abbreviations: BM 41.440, 3-hexadecylmercapto-2-methoxymethyl- 
propyl-l-phosphocholine (IlmofosineR); CHOL, cholesterol; EDTA, 
ethylenediaminetetraacetic acid; EL, ether lipids; ET18OMe, 1-O- 
octadecyl-2-&methyl-rac-glycero-3-phosphocholine; FBS, fetal bovine 
serum; i.v., intravenous; PC, phosphatidylcholine; PL, phospholipids; 
s.c., subcutaneous; SPH, sphingomyelin. 

Few data are available in regard to the cytotoxic activ- 
ity of EL on cells grown in adhesion; however, melanomas 
seem less sensitive to EL than are other tumors (15). In 
the present study, the cytotoxic activity of 1-O-octadecyl- 
2-O-methyl-rac-glycer~3-phosphocholine (ET18OMe) and 
3-hexadecylmercapto-2-methoxymethyl-propyl-l-phospho- 
choline (BM 41.440, Ilmofosine) was tested on three vari- 
ants of the B16 murine melanoma cell line with different 
metastatic capacity cultured in adhesion. 

MATERIALS AND METHODS 

ET18OMe was provided by Dr. R. Nordstrom (Medmark 
Pharma, Munich, Germany) (16). BM 41.440 was provided 
by Boehringer (Mannheim, Germany) (17). Medium and 
culture fasks  and wells were supplied by Flow Labora- 
tories (Irvine, United Kingdom). Sodium pyruvate, glu- 
tamine~ nonessential amino acids, vitamins, antibiotics, 
fetal bovine serum (FBS) and fungizone were obtained 
from Gibco (Parsley, United Kingdom). All reagents were 
of analytical grade. 

F1, F10 and BL6 variants of the B16 murine melanoma 
cell line were supplied by Dr. J. Fidler (NCI, Frederick, 
MD). The metastatic capacity of the three clones as shown 
by Talmadge and Fidler (18) and tested at semiconfluence 
was as follows: B16F1, parental B16 melanoma, meta- 
stasizes poorly when tumors are implanted intravenous 
(s (experimental metastasis) or subcutaneous (sx:) (spon- 
taneous metastasis); B16F10 is highly metastatic after 
i.v. injection; B16BL6 is highly metastatic after i.v. and 
s.c administration. 

Cells were stored at -180~ in flasks containing 2 X 
106 cells. Cells for experiments were taken from the 
frozen stock and used for not more than three passages. 
Cultures were shown to be mycoplasm-free. 

Cells were grown in Eagle's minimal essential medium 
(with 2 g/L sodium bicarbonate and 20% FBS), sup- 
plemented with penicillin (0.02 IU/mL), streptomycin 
(0.1 mg/mL) and fungizone (0.5 mg/mL) and containing 
vitamins, nonessential amino acids, 1 mM sodium pyru- 
rate and 4 mM glutamine, in a humidified atmosphere 
containing 5% CO2 at 37~ After five to six days, cells 
were detached by incubating at 37~ for 1 min with 0.25% 
trypsin in phosphate buffered saline containing 2 mM 
ethylenediaminetetraacetic acid (EDTA), and counted 
with a Coulter Counter {Coulter Electronics Ltd., Hapen- 
den, Herts, United Kingdom) and a cell analyzer (Coulter 
Channalyzer C-1000). 

Approximately 50,000 cells, in triplicate, were placed 
in 9-cm 2 wells with 2 mL of medium. When the cell num- 
ber reached 40-50 • 103/cm 2, the medium was replaced 
with media containing different concentrations of 
ET18OMe or BM 41.440, and the cells were incubated for 
24 h. To estimate cell density at the beginning of an ex- 
periment, additional control wells, also in triplicate~ were 
run in parallel; cells were detached as described above at 
the time when drugs were added to the experimental 
groups, and counted. 
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Stock solutions containing 50-100 mg/mL ET18OMe 
or BM 41.440 in ethanol were prepared and stored in small 
aliquots. Immediately before each experiment, stock solu- 
tions were diluted with the medium used for growing cells 
to obtain final concentrations of 20, 40, 100, 150 and 
250 ~M. Final ethanol content was less than 0.1%. Con- 
trol media contained similar concentrations of ethanol. 

To study the relationship between cytotoxicity and cell 
density, treatment was started using cultures with various 
cell densities (25 to 250 • 103 cells/cm2). The dose was ad- 
justed according to the number of cells in the well at the 
beginning of the treatment (ET18OMe concentration was 
0.1 l~mol]106 cells/well). 

Cytotoxic activity in cells detached as described above 
was measured by erythrosin B dye exclusion. Cytotoxi- 
city test results were expressed as a percentage of viable 
cells (i.a, cells that retained a permeability barrier against 
erythrosin B) after 24 h of incubation with EL vs. viable 
cells after 24 h incubation without EL. 

For lipid analysis, 0.3 • 106 cells were seeded and 
grown at different densities in T75 cm 2 flasks for 48 to 
72 h. Cells were detached as described above and counted, 
then washed, resuspended in 5 mL of 0.05% hydroquinone- 
containing methanol and sonicated. Cell lipids were ex- 
tracted according to Folch e t  aL (19). Aliquots of the re- 
sulting chloroform phases were used to measure total 
CHOL, using the Lieberman-Burchard reaction and, after 
acidic digestion, Pi in total PL (20). Sphingomyelin (SPH) 
and phosphatidylcholine (PC) were separated by thin-layer 
chromatography (21) and their Pi content measured as 
described above 

Duncan's new multiple range test for multiple com- 
parisons was used for statistical analysis. 

RESULTS 

B16 murine melanoma variants with different metastatic 
capacity, grown in adhesion cultures to reach approxi- 
mately 40 • 103 cel ls /cm 2, were  exposed for 24 h to a 
range of concentrations of ET18OMe and BM 41.440. Tox- 
icity was dose-related in all variants, though more BL6 
cells survived than in the other variants, after concentra- 
tions of 100 ~M or more of ET18OMe (Fig. 1, panel A) 
and BM 41.440 (Fig. 1, panel B). For both drugs the ap- 
proximate IDs0 concentrations were 85 wM in F1,106 ~VI 
in F10 and 150 gM in BL6. 

In various neoplastic cells the cytotoxic effect of EL can 
be modulated by other lipids (8-11). In order to test 
whether the lower sensitivity of the BL6 variant was 
related to some intrinsic difference in lipid composition, 
CHOL and PL were measured in the three variants. CHOL 
and PL levels of murine melanoma variants were affected 
differently by cell density: PL tended to decrease in all 
variants with increasing cell number, whereas CHOL 
decreased only in F1 and F10, while in BL6 it was low 
at low cell density and rose gradually with cell number 
(Table 1). 

SPH and PC levels were also measured under these con- 
ditions: as with CHOL, SPH levels dropped as cell den- 
sity increased in F1 and F10, but increased slightly in 
BL6; PC remained unchanged. Thus SPH/PC ratios fell 
with increasing cell density in F1 and F10 (Table 2) 
(P < 0.05 in low compared to high density), while the ratio 
increased with cell density in BL6. SPH/PC ratios of the 
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FIG. 1. Effect of 24-h exposure to ETI8OMe (panel A) and BM 41.440 
(panel B) on cytotoxicity in variants of BI6 murine melanoma. I-(~ 
octadecyl-2-(~methyl-rac-glycerol~3-phosphocholine (ET18OMe) and 
3-hexade~l-mercaptw2-methoxymethy l-propyl4-phosphocholine (Il L 
mofosine ) (BM 41.440) were added when cell density was 50 X 10 ~ 
cellsk-m 2. Results are the percentages of viable cells after 24-h in- 
cubation with ether Upids (EL)/viable cells after 24-h incubation 
without EL. Each point is the mean +--- SEM of 3-4 determinations. 
The asterisk designates P < 0.01 in comparison to F1 at similar drug 
concentration. 

BL6 variant were significantly different (P < 0.05) from 
F1 at low density and from F1 and F10 at high density. 

The data indicated that BL6 membranes differed in lipid 
content from those of the two other variants, especially 
when cultures were dense This difference may have in- 
fluenced the sensitivity to EL. The effect of cell density 
on the sensitivity of the cells to EL was therefore studied 
in all variants, using ET18OMe as the representative EL 
(Fig. 2). Cultures were grown for different time periods to 
obtain cell numbers per well ranging from 25 to 250 • 
103 cells/cm 2 (densities at which lipid changes were ob- 
served), then ET18OMe was added. The doses were pro- 
portional to the number of cells/well (0.1 ~mol/106 cells). 
In F1 and F10, cytotoxicity was dose related, rising with 
the number of cells in the well at the time of addition of 
the drug (for example, when cell density was 250 • 103 
cells/cm 2 and the drug concentration 0.22 ~mol]106 cells, 
only 10-20% of cells survived) (Fig. 2). In BL6, instead, 
as many as 70-80% of cells survived at all cell densities 
(and drug concentrations) tested, suggesting that a high 
percentage of BL6 cells was resistant to EL. This could 
be observed when cultures were dense and it correlated 
with high relative amounts of CHOL and SPH. 
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TABLE 1 

Cholesterol (CHOL) and Phusphollpid (PL) Content and CHOL/PL Ratio (in brackets) 
of B16 Murine Melanoma Variants in Relation to Cell Density (cell number/cm 2) 

B16F1 B16F10 B16BL6 

Cell density t~g/106 cells • SEM (CHOL/PL ratio • SEM) 

{X 103/cm 2) CHOL PL CHOL PL CHOL PL 

40-70 9.7 • 0.5 54.5 __ 1.6 11.9 _ 0.3 53.1 _ 4.4 6.5 • 0.7 b 54.6 • 5.6 
(0.177 +_ 0.007) (0.227 • 0.002) a (0.121 __. 0.007) a 

71-100 8.7 _ 0.9 44.9 + 6.0 10.2 • 0.9 48.0 __ 2.3 9.9 • 1.2 c 46.7 _ 1.4 
{0.197 • 0.009) (0.213 • 0.016} {0.211 • 0.024) c 

101-130 7.2 • 0.5 37.2 • 1.1 7.7 • 0.2 c 35.8 • 2.4 8.4 • 0.9 c 40.0 • 1.9 
(0.195 • 0.014) (0.216 • 0.017) {0.212 • 0.018) c 

131-170 6.5 +--- 0.1 c 31.7 • 0.9 5.7 • 0.2 c 31.4 • 1.1 9.3 • 0.4~ c 37.8 • 1.7 
(0.204 • 0.008) c (0.187 • 0.007) c (0.251 • 0.019) a,c 

ap < 0.01 in comparison to F1 and F10 at the same cell density. 
bp < 0.01 in comparison to F1 at the same cell density. 
cp < 0.01 in comparison to lowest cell density in the same variant. 

TABLE 2 

Sphingomyelin/Phosphatidylcholine ISPH/PC) Ratios of Melanoma Variants 
in Relation to Cell Density (cell numberlcm 2) 

Cell density SPHIPC ratio • SEM 
(X 1031cm 2) B16F1 B16F10 B16B16 

40-70 X 103 0.148 + 0.025 0.105 ___ 0.015 0.082 _ 0.07 a 
130-170 • 103 0.075 • 0.010 b 0.061 • 0.008 b 0.113 • O.010b, c 

ap < 0.05 in comparison to F1 at  the same cell density. 

bp < 0.05 in comparison to lowest cell density in the same variant. 
cp < 0.05 in comparison to F1 and F10 at the same cell density. 
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FIG. 2. Relationship between cell number and 1-O-octadecyl-2-O- 
methyl-rac~glycerol-3-phosphocholine (ET18OMe) cytotoxicity. The 
dose used (0.1/mml/l(~ cells/well) was proportional to the number 
of cells before addition of the drug. Results are the pe~entages of 
viable cells after 24-h incubation with ether lipids (EL)lviable cells 
after 24-h incubation without EL. Each point is the mean ___ SEM 
of 3-4 determinations. The asterisk designates P < 0.01 compared 
to B16F1 and B16F10. 

D I S C U S S I O N  

The data confirm previous observations on the critical role 
of certain lipids on EL activity {8-11), but also demon- 
strate that endogenous conditions affecting lipid composi- 
tion {in this case, cell density) can influence the effect of 
EL even within the same cell line CHOLJPL and SPH/PC 
ratios are often taken as indices of membrane fluidity: the 
higher these ratios, the lower membrane fluidity {21). This 
could be an important factor since EL are known to exert 
their cytotoxic activity on the membrane Blebs and holes 
have been observed in plasma membranes upon ET18OMe 
treatment of HL60 cells {17,23). Membrane lipids may af- 
fect EL sensitivity, for example, by reducing EL binding 
to cell membranes or by modifying drug permeability. 
This latter mechanism was proposed by Ramu et al. (24) 
to explain how tamoxifen and other drugs circumvent 
multidrug resistance In fact, they found an increase in 
PC and a reduction in SPH in multidrug resistant cells 
after treatment with tamoxifen and other compounds 
with similar activity. 
Of course, there may be other explanations for the dif- 

ferent sensitivities of the BL6 variant to EL. For exam- 
ple, other PL, like phosphatidylserine or the fraction con- 
raining phosphatidylglycerol and cardiolipid, are also 
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changed in BL6, in comparison to both F1 and F10 (25), 
while phosphatidylinositol contents were similar to those 
of the other high metastatic variant, F10. 

It is not clear at present why the contents of certain 
lipids differ so much in BL6 and the other variants; BL6 
growth rate and cell volume were not different from those 
of F1 and F10 (25). One possibility is that, as BL6 is 
highly malignant (it retains metastatic capacity after s.c 
injection and growth of a primary tumor) it may have 
developed altered metabolic pathways affecting membrane 
functions, which may be essential for it to spread and 
adhere to other tissues. 

Endogenous EL have been suggested to play a role in 
EL cytotoxicity {13,26), but no data are available on their 
levels in the BL6 variant. A difference in the rate of up- 
take of EL (by endocytosis) has also been proposed to ex- 
plain resistance of certain tumor lines {27). 

The data confirm that membrane lipids can modulate 
EL activity. Further studies should give interesting clues 
as to the relationship between EL cytotoxicity and lipid 
make up, and may suggest strategies for improving 
therapeutic efficacy. For example, it may become possi- 
ble to improve the effectiveness of EL {which at present 
is very low, at least in vivo), by manipulating the lipid 
composition of target cells. For example, in bone marrow 
purging, a treatment in which these drugs are currently 
being tested (28), reducing the CHOL content might in- 
crease the sensitivity of leukemic cells to EL. Another 
possibility, which needs further study with a larger num- 
ber of tumors, is that by knowing the lipid content of a 
certain tumor, one could predict whether EL treatment 
has any likelihood of success. Taking into consideration 
the observations of Rarnu et al. (24) and a previous obser- 
vation by Tsuruo and Fidler (29), who found that among 
other B16 melanoma variants BL6 was more resistant to 
conventional antitumor drugs, we suggest that lipid 
composition-induced modulation of drug sensitivity may 
be a more general phenomenon that could be exploited to 
improve antitumor drug efficacy. 
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Modulation of Phorbol Ester-Associated Events in Epidermal Cells 
by Linoleate and Arachidonate 
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To elucidate the events elicited by the skin tumor promoter 
12-(~tetradecanoylphorbol-l~acetate (TPA), which are 
modulated by linoleic acid (LA) and arachidonic acid (AA), 
the activity of these fatty acids in cultured mouse epide~ 
real cells was compared. Approximately 94% of either ex- 
ogenous radiolabelled fatty acid was incorporated into the 
total phospholipid pool over 15 h. The relative distribution 
among the phospholipid classes differed, however, such 
that approximately 70% of phospholipid-associated [14C]- 
LA was found in phosphatidylcholine, compared to approx- 
imately 30% for [14C]AA. Phosphatidylethanolamlne and 
phosphatidylinositol/phosphatidylserine contained 17 and 
13% of the phospholipid [14C]LA, and 34 and 30% of 
[14C]AA, respectively. Prostaglandin (PG) E2 production 
was low but similar in unstimulated cultures prelabelled 
with either [14C]LA or [14C]AA. However, in cultures 
treated with TPA (1.6 ~M), [14C]AA-prelabelling resulted 
in approximately three times the amount of [14C]PGE2 
compared with cultures prelabelled with [14C]LA. Cul- 
tured cells were found to contain significant 46 desaturase 
activity, which may enable conversion of LA to AA, and 
thus may account for the observed PGE2 production from 
[14C]LA treated cells. AA-Supplemented (1.6 ~M) cultures 
supported approximately twice the induction of ornithine 
decarboxylase activity by TPA compared with cultures 
treated with 1.8 ~M LA. Activation of partially purified 
protein kinase C was similar for either fatty acid tested 
over a 10-300 ~M dose range. Overall, the results suggest 
that LA does not have the same biological activity as AA 
with regard to several TPA-associated events known to be 
important in skin tumor promotion. This reduced biological 
activity of LA may be partly responsible for the known 
inhibition of mouse skin tumor promotion by high dietary 
levels of LA [Leyton, J., Lee, M.L., Locniskar, M.E, Belury, 
M.A., Slaga, T.J., Bechtel, D., and Fischer, S.M. {1991) Can- 
cer Res. 51, 907-915]. 
Lipids 28, 407-413 11993). 

Different types of dietary fatty acids can modulate tumor 
development in several organ models (1-4). In particular, 
diets rich in the n-6 fatty acid linoleate (LA; 18:2n-6), have 
been associated with increased tumor incidence in the pan- 
creas (5), colon (6) and mammary gland (7) of the rat. Addi- 
tionally, dietary fats containing n-3 fatty acids, such as 
eicosapentaenoate (20:5n-3) and docosahexaenoate (22:6no3), 

*To whom correspondence should be addressed at The University 
of Texas M.D. Anderson Cancer Center, Science Park, Research 
Division, P.O. Box 389, Smithville, TX 78957. 

Abbreviations: AA, arachidonic acid; ATP, adenosine triphosphate; 
D2"r, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; EGTA, 
ethylureglycol-bis(~-aminoethyl ether)N,N,N',N'-tetraacetic acid; 
HODE, hydroxyoctadecadienoic acid; LA, linoleic acid; ),-LN, ),- 
linolenic acid; ODC, ornithine decarboxylase; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; PI, phosphatidylinositol; PKC, pro- 
tein kinase C; PMSF, phenylmethylsulfonyl fluoride; PS, phospha- 
tidylserine; TLC, thin-layer chromatography; TPA, 12-O-tetrade~ 
canoyl-phorbol- 13- acetate. 

have exhibited tumor inhibiting properties in these organs 
(8-10). In studies of the modulatory effects of dietary lipids 
on the tumor promotion stage of multistage skin carcin~ 
genesi~ we found different effects of n-6 and n-3 fatty acids; 
increasing the amount of the dietary n-6 fatty acid LA in 
15% (w/w) total fat diets correlated with inhibition of tumor 
promotion (1). In a separate study, a 10% (w/w) fat diet con- 
taining n-3 fatty acids in the form of fish oil was shown to 
not have a significant effect on phorbol ester skin tumor 
promotion, as compared to an n-6 rich diet (11). With this 
latter diet LA accumulated in epidermal phospholipids while 
arachidonic acid (AA; 20:4n-6) decreased slightly, although 
the ratio of unsaturated to saturated fatty acids did not 
change appreciably (1). This was somewhat unexpected as 
LA can be converted to AA in the liver through a series 
of reactions limited by the first stel~ A6 desaturatiorL LA 
and AA can be further metabolized to eicosanoids in the 
epidermis, including lipoxygenase products of LA and AA 
(12) and cyclooxygenase products of AA (13). 

The metabolites of arachidonate have been shown pre- 
viously to modulate tumor development in several organs, 
including the mammary gland (14,15) and skin (reviewed in 
Ref. 13). Specifically, in multistage skin carcinogenesis in 
mic~ the AA<lerived eicosanoid, prostaglandin (PG) E2 has 
been found to be required for the induction of ornithine 
decarboxylase activity (ODC) and epidermal hyperpmlifera- 
tion, events essential to tumor promotion by the phorbol 
ester, 12-O-tetradecanoylphorbol-13-acetate (TPA) (13,16). We 
have previously shown that TPA-mduced PGE 2 production 
in vivo in the epidermis can be modulated by the level of 
dietary LA (1). However, unlike mammary tumors where in- 
creased dietary LA correlated with increased PGE2 produc- 
tion (10), we found decreased PGE2 production in the epi- 
dermis of animals fed high levels of LA. The diet-induced 
decrease in PGE2 correlated with decreased TPA-induced 
skin papilloma formation (1). 

One concept of multistage carcinogenesis is that it repre- 
sents a progressive disorder of signal transduction pathways 
that control gene expression (17). TPA may accomplish this 
through its action as a highly active analog of the en- 
dogenous ligand, diacylglycerol, for protein kinase C (PKC). 
Fatty acids, including LA and AA, have also been shown 
to activate specific isozymes of PKC in vitro (18-20), and 
thus may contribute to an altered cell behavior mediated 
by this signal transduction pathway. 

The study reported here was concerned with determin- 
ing whether the correlation between high dietary LA and 
decreased skin tumor development correlated with reduced 
biological activity of LA, as compared to AA, in several 
TPA-induced responses in epidermal cells. We report here 
on (i) the rate of incorporation int~ and release of these fat- 
ty acids from, epidermal membranes; (ii) the amount of PGE 
produced by cells prelabelled with each fatty acid; (iii) the 
effect of LA and AA on TPA-induced ODC activity; and 
(iv) the fatty acid activation of PKC in vitro. Understand- 
ing the differences in the disposition and activity of LA and 
AA should contribute to our understanding of the effects 
of specific dietary fats on skin tumor development. 
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MATERIALS AND METHODS 

Chemicals. TPA was purchased from Life Systems (New- 
ton, MA) and diluted in aceton~ [1-14C]AA, [1-14C]LA 
(specific activities, 55.7 mCi]mmol and 54.6 mCi]mmol, 
respectively) and ),-[32p]ATP (23 Ci/mmol) were pur- 
chased from Amersham Corp. (Arlington Heights, IL). 
Fat ty acid methyl esters, adenosine triphosphate (ATP), 
phenyl methyl sulfonyl fluoride (PMSF), histon~ authen- 
tic PG and phospholipid standards were purchased from 
Sigma Chemical Co. {St. Louis, MO). AA, LA and y-lino- 
lenate (y-LN) standards were obtained from Cayman 
Chemical Co. {Ann Arbor, MI). Normal phase, Silica Gel 
60-254 thin-layer chromatography (TLC) plates (0.25 mm) 
were obtained from Merck {Darmstadt, Germany}; reverse 
phase TLC plates were from Analtech {Newark, DE). 
Solvents and other chemicals were of the highest quality 
commercially avaflabl~ 

Epidermal cell isolatior~ Inbred SENCAR (SSIN) mice 
(21) were obtained from the Science Park Veterinary Divi- 
sion breeding colony (UTMDACC, Smithvillr TX). Epider~ 
mal cells were isolated from one-day-old newborn mice by 
the trypsinization procedure of Yuspa and Harris (22). For 
culture experiments, basal-like cells were plated at den- 
sities of 2 • 106 per 35 mm disl% 5 • 106 per 60 mm dish 
or 15 • 106 per 100 mm dish. The plating medium was 
an enriched Waymouth's containing 10% fetal bovine 
serum; the growth medium was an enriched MCDB 151 
(referred to as SPRD-111) containing 0.1% fatty acid-free 
bovine serum albumin but no serum, as described by Mor- 
ris et al. (23). Following plating, the cultures were incu- 
bated at 37~ in 5% CO2 for 24-48 h prior to use in the 
assays described below. 

Phospholipid extraction and analysis. The extent of in- 
corporation of labelled fatty acids was determined by 
replacing the plating medium with SPRD-111 medium 
containing radiolabelled LA or AA (0.1 ~Ci/mL media). At 
designated times, the medium was aspirated from cultures 
which were then washed once with cold saline and frozen 
at -20~ The thawed cells were scraped into 1.0 mL 
methanol and a 100-pL aliquot of the cell mixture was 
counted directly by liquid scintillation. Phospholipids 
were extracted from the remaining cell mixture with 3.0 
mL chloroform]methanol (3:1, vol/vol) and 1.0 mL 2M KCI, 
and the extracts were dried under nitrogen. Reconstituted 
extracts as well as authentic standards were separated in- 
to phospholipid classes by normal-phase TLC using a sol- 
vent system of chloroform/methanol/acetic acid (65:25:4, 
by vol). Standards were identified with iodine vapors, and 
corresponding sample phospholipid bands were then 
scraped and quantitated by liquid scintillation. 

A6Desaturase activity. For the analysis of A6 desaturase 
activity in cultured epidermal cells, confluent cultures 
were grown in serum free SPRD-111 media for 12 to 24 
h, after which time cells were scraped and homogenized 
in ice-cold buffer adjusted to pH 7.0 (24) with 100 mM 
PMSF, and microsomes were prepared according to the 
method of Marcel et aL (25). Microsomal pellets were 
resuspended in ice-cold sucrose buffer (0.25 M) with 0.15 
M KCI adjusted to pH 7.2. Protein concentrations were 
determined by the bicinchoninic acid assay (26) system 
obtained from Pierce Chemicals {Rockford, IL). 

A6 Desaturase activity was determined in microsomal 
preparations of cultured cells and adult mouse liver homo- 

genates by measuring the percent conversion of [14C]LA 
to [14C]y-LN, according to Chapkin and Ziboh (24). In 
brief, 2.0 mg microsomal protein was suspended in a 
potassium phosphate buffer (80 ~M, pH 7.2). A duplicate 
set of microsomal preparations was boiled for 30 rain to 
destroy desaturase activity in order to determine the rate 
of nonenzymatic conversion of [14C]LA to [14C]y-LN. 
[14C]LA was diluted with uulabelled LA to a specific ac- 
tivity of 6.6 mCi/mmol~ incubated with the microsomal 
preparations for 30 rain at 37~ and the reaction stop- 
ped by the addition of 10.0 mL chloroform/methanol (2:1, 
vol/vol). Fat ty acids were extracted twice, dried under 
nitrogen and methylated with 6% HCl/methanol (2.0 mL) 
at 60 ~ for 2 h. Fat ty acid methyl esters were extracted 
with water/1.0 M aqueous KC1/hexane (1:1:1, by vol) and 
separated by reverse-phase TLC in a solvent system of 
acetonitrile/water (90:10, vol/vol) at 40~ [14C]Fatty acid 
methyl esters, which co-migrated with authentic stan- 
dards as identified by autoradiography and staining with 
iodine vapor, were scraped and quantitated by liquid scin- 
tillation counting. The activity of A6 desaturase was ex- 
pressed as percent conversion of [14C]LA to [I4C]y-LN. 

TPA-stimulated fatty acid release and PGE synthesis. 
Release of fatty acids from phospholipids was deter- 
mined by labelling cultures with either [14C]LA or 
[14C]AA in SPRD-111 (0.1 i~Ci/mL medium) for 15 h. The 
labelled medium was replaced with fresh SPRD-111 con- 
taining either acetone or TPA (1.6 pM), and medium was 
collected at 4 h and quantitated by liquid scintillation 
counting. 

To determine prostaglandin synthesis in viable epider- 
mal cells, cultures were labelled with either fatty acid (0.1 
pCiJml, media) for 15 h, washed, then treated with acetone 
or TPA (1.6 ~M) for 4 b_ Media were collected and acidified 
to pH 3 with 1 N HC1 and eicosanoids were extracted 
twice with 3 mL ethyl acetate with extraction efficiencies 
usually greater than 90%. Extracts were dried under 
vacuum, redissolved in ethyl acetate and applied with 
standards to normal-phase silica G TLC plates. Plates 
were developed with the organic phase of ethyl acetate/iso- 
octane/acetic acid]water (28:13:5:25, by vol) (27). The band 
which co-migrated with the PGE 2 standard was iden- 
tified with iodine vapors, scraped and counted. The sam- 
ple band is referred to as PGE because in the case of 
[14C]LA labelled cultures this PG may be either PGE2 or 
PGE1. 

ODC activity. ODC activity was assessed in cultures 
pretreated with cold LA or AA {free fatty acid; 1.8 and 
1.6 ~M, respectively) for 15 h followed by treatment with 
acetone (1 ~L/mL) or TPA (1.6 ILM) for 6 h. The concentra- 
tion of TPA and fatty acid are based on previous studies 
with this culture system (28). Homogenized scraped cells 
were centrifuged (12,000 X g) in an Na/K-phosphate buf- 
fer containing pyridoxal phosphat~ ODC activity was 
determined in the supernatant as described by Weeks and 
Slaga (29) and total protein was measured by the Coomas- 
sie blue reaction (Bio-Rad, Richmond, CA). Results are ex- 
pressed as nmol CO2/mg protein/h. 

PKC activation in vitra To determine the relative ability 
of LA and AA to activate partially purifed epidermal 
PKC, cells cultured for 24 h were scraped into buffer [pH 
7.6; 20 mM Tris-HC1, 2 mM ethylenedisminetetraacetic 
acid (EDTA), and 2 mM ethyleneglycol-bis(~-aminoethyl 
ether)N,N,N',N'-tetraacetic acid (EGTA), 1 mM dithio- 
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threitol (D' I~) ,  1 mM PMSF, 0.5% Triton-X, 10 ~g/mI, 
pepstatin A, 20 pg/mL aprotinin, and 50/~g/mL leupep- 
tin], homogenized and centrifuged for 10 min in a Beck- 
man TL-100 ultracentrifuge at 541,000 • g. After the 
supernatant, which represents the total cellular extract, 
was applied to a 1-mL DEAE-cellulose column, the col- 
umn was washed with 2 column volumes of buffer (with- 
out Triton-X 100) and eluted with buffer containing 0.12 
M NaCI. The eluate was collected in tubes containing pro- 
tease inhibitors. The assay used is that described by Ash- 
endel et al. {30). Total protein kinase, as well as non-C 
kinase activity, was determined by comparing the transfer 
of 32p from ),-[32p]ATP to histone type IIIs in both the 
presence and the absence of phosphatidylserine (PS) (100 
pg/mL) and 2 mM CaCl 2. All reaction mixtures con- 
tained 20 mM Tris-HCl, pH 7.6, 10 mM MgCl 2, 0.5 mM 
EDTA, 0.5 mM EGTA, 375 ~g/mL histone and 20 ~ ATP, 
along with 0.5-1 • 10 e dpm ),[32PLATE A 75-/LL aliquot 
of the reaction mixture was added to 25 ~L of column 
eluate and allowed to incubate at 30~ for 10 rain, after 
which 50 pL was spotted onto small squares of P81 
phosphocellulose paper, immersed in 75 mM phosphoric 
acid, washed with water, allowed to air dry, and radioac- 
tivity was counted. Total counts present in the reaction 
mixture were determined by counting unwashed paper 
spotted with 25 ~L of reaction mixtur~ Protein content 
was also assayed using the Coomassie blue protein assay. 
From these data, specific activity of PKC was calculated 
as pmol of phosphate incorporated per rain per nag pro- 
tein. Results are expressed as percent increase in the 
specific activity of PKC as compared to reactions contain- 
ing no fatty acid. 

Statistical analyses. Data from the above studies were 
analyzed by the ANOVA Fisher Protected Least Squares 
Difference test using Statview 512+Softwar~ 1986 (Brain- 
Power Inc, Calabasas, CA). 

RESULTS 

Disposition of LA and AA. Because fat ty acids are nor- 
mally found esterified in phospholipids prior to hydrolysis 
and further metabolism, the equal availability of free LA 
and AA after agonist activation of cells is dependent on 
similar patterns of both esterification and hydrolysis. 
Thus, the extent of incorporation of LA and AA was com- 
pared in our serum-free epidermal cell culture system. 
When confluent cultured epidermal cells were labelled 
with [14C]LA or [14C]AA, fat ty acid uptake was found to 
increase at the same rate for either fat ty acid for up to 
15 h (P > 0.05) (Fig. 1). Incorporation was nearly maximal 
by 9 h; for convenience, all further experiments used a 15 
h incorporation tim~ 

Comparison of the extent of esterification of the labell- 
ed fatty acids into the different lipid classes showed that 
approximately 94% of either [14C]LA and [14C]AA was 
incorporated into phospholipids, compared with 6% incor- 
poration into other glycerides for either fatty acid (Fig. 
2A). However, the distribution of incorporated LA and AA 
differed across the phospholipid classes. Of the phospho- 
lipid-associated fat ty acid, 70% of [14C]LA was incor- 
porated into phosphatidylcholine (PC), and 17 and 13% 
were in phosphatidylethanolamine (PE) or phosphatidyl- 
inositol (PI)/PS (Fig. 2B). [14C]AA was more evenly incor- 
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FIG. 1. Rate of incorporation of [14C]arachidonic acid LkA) or 
[14C]linoleic add (LA) into total lipids of cultured mouse epidermal 
cells. Each time point represents cultures (n = 3 or 4) of 2 • 10 ~ cells 
[~wn for up to 15 h in serum free medium containing 0.1 gCi of 

]LA (open triangle) or [14C]AA (closed square). Total lipids were 
extracted and counted. Results are expressed as the mean (n = 3) 
+--- SD of labelled fatty acid incorporated into 2 X 10 6 cells from a 
representative experiment. Three separate experiments were 
performed. 

porated into PC, PE or PI/PS (36, 34 and 30%, re- 
spectively). 

As TPA treatment of cultured epidermal cells has been 
shown to stimulate release of fatty acids from phospho- 
lipids v/a phospholipase A2 activation (31), release of in- 
corporated labelled fatty acids was assessed 4 h after 
acetone or TPA treatment of cultures (Fig. 3A). Within 
either the acetone or TPA treatment groups, there was 
no difference between the amount of radiolabelled LA or 
AA released. TPA treatment significantly increased 
(P < 0.05) the release of either LA or AA (as fat ty acid 
or metabolites), compared to acetone-treated cultures. 

TPA-induced synthesis of radiolabelled PGE was in- 
creased significantly (P < 0.01) for both fatty acids com- 
pared to acetone-treated cultures (Fig. 3B). In AA-pre- 
labelled cultures synthesis of radiolabelled PGE in 
acetone-treated cultures was significantly higher 
(P < 0.01) at 4 h than synthesis in LA-prelabelled cultures. 
Within the TPA treatment group, [~4C]PGE synthesis 
was three times greater in [14C]AA-prelabelled cultures 
than in cultures prelabelled with [~4C]LA (P < 0.01). 

The possibility of LA conversion to AA via desatura- 
tion-elongation-desaturation was examined by determin- 
ing A6 desaturase activity in cultured epidermal cells. 
Compared to microsomal preparations from freshmouse 
liver, cultured epidermal cell microsomes exhibited similar 
A6 desaturase activity measured as the conversion of 
radiolabelled LA to y-LN (Table 1). For liver microsomes, 
an average 10% conversion of LA to y-LN was observed 
while microsomes from epidermal cultures supported a 
16% conversion. 

Biological activity of LA and AA. We have previously 
shown that AA enhances TPA-induced ODC activity (28); 
the purpose of this experiment was to determine whether 
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FIG. 2. Incorporation of [14C]arachidonic acid (AA) and [t4C]linoleic 
acid (LA) into epidermal total glycerides and Dh~phoHpids. Panel 
At following labelling for 15 h with either [I~C]AA (solid bars) or  
[x4C]LA (hatched bars) for 15 h, glycerides were separated from 
phospholipids by thin-layer chromatography (TLC) and counted. 
Glycerides were tentatively identified as tri-, dJ- and monoglycerldes; 
spl~gomyelm was also identified by e ~ m a t ~ n m p l ~  with stan- 
dards. Panel B, phnspholipid classes were separated by TLC, iden- 
tiffed with authentic standards and counted by liquid scintillation. 
VAlues represent the mean epm +_ SD from two separate e~pea4.ments 
containing triplicate samples. PC, phosphatidylcholine; PE, phos- 
phatidylethanol~ne; PI, ph~phatidylin~itol; PS, ph~phatidyl- 
serme. 

LA supported TPA-induced ODC activity to a greater or 
a lesser extent than AA. Thus, ODC activity was as- 
sessed in cultures supplemented with either cold LA or 
AA for 15 h followed by treatment with either acetone 
or TPA for 6 h IFig. 4}. Acetone~treated cultures exhibited 
very little ODC activity when either fatty acid was pre- 
sent as compared to cultures treated with TPA. Between 
TPA-treated cultures, AA supported approximately twice 
the induction of ODC activity compared to cultures grown 
in LA supplemented media (P < 0.01). 

Compared to reactions containing no fatty acid, LA and 
AA activated PKC to a significantly greater extent 
(P < 0.0D (Fig. 5) at concentrations ranging from 10 to 
300 ~M. Maximal activation of PKC occurred near 100 
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FIG. 3. TPA-Stimulated fatty acid release and PGE production in 
epidermal cells. After labelling cultures with [14C]AA (solid bars) 
or  [14C]LA (hatched bars) for 15 h, cultures were treated for an ad- 
ditional 4 h with solvent (acetone at 1 ~L/mL) or TPA (1.6/~M). Panel 
A, media was removed and a 100-~L aliquot was counted to detet~ 
mine release of radiolabel. Panel B, PGE production was determin- 
ed by extraction from I mL medium, separation by TLC and coun- 
ting bands c~migrating with authentic PGE2 standard. Values 
represent the mean cpm +_ SD from two separate experiments con- 
taining triplicate dishes. Abbreviations as in Figure 2; TPA, 12-(~ 
tetradecanoyl-phorbol-13-acetate; PG, prostaglandin. 

TABLE 1 

A6 Desaturase Activity in Liver and Cultured Epidermal Cells a 

Tissue % Conversion 

Liver 10 (9-11) 
Epidermal cells 16 (10-22) 

aMicrosomal pellets were prepared from fresh murine liver or epider- 
mal cells grown/n serum free med/a for at least 12 h as described 
in Materials and Methods. Resuspended microsomal pellets were 
aerobically incubated at 37~ for 30 rain with [14C](linoleic acid). 
Reactions were stopped by the addition of chloroform/methanol 
(2:1), fatty acids were extracted, converted to fatty acid methyl 
esters and separated by reverse-phase thin-layer chromatography. 
Bands were identified by co-chromatography with authentic fatty 
acid methyl ester standards, scraped and counted by liquid scin- 
tillation. Results are expressed as the average percent conversion 
(range of three experiments) of [14C]LA to [t4C]),-linolenats. 

/JM. No difference was observed be tween  the  abi l i t ies  
of L A  a nd  A A  to ac t iva te  PKC over the  dose range  
tested. 
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FIG. 5. Protein kinase C (PKC) activation by arachidonic acid or 
linoleic acid. After partially purifying PKC isolated from cultured 
epidermal cells, in vitro activation by 10, 50, 100, 150 and 300 ~M 
fatty acid was determined. Results are expressed as percent increase 
in PKC specific activity as compared to assays containing no fatty 
acid. These data represent the average + SE of three separate ex- 
periments each containing triplicate samples. 

D I S C U S S I O N  

We have shown that LA, in the form of highly polyun- 
saturated corn oil, modulates tumor promotion differently 
in mouse skin (1) compared to mammary tumor develop- 
ment (2). Because fatty acid modulation of mouse tumor 
development is organ-site specific, we wanted to determine 

the modulatory roles of the n-6 fat ty acids, LA and AA, 
on specific TPA-elicited events in epidermal cells. In order 
to answer this question, we traced the rate and lipid class 
of incorporation and release of radiolabelled fat ty acids 
from cultured epidermal cell phospholipids in cells grown 
in a serum-free tissue culture system. Where cultured 
epidermal cells incorporated either exogenously-added fat- 
ty  acid to the same extent over time, LA was preferen- 
tially incorporated into PC while the remainder was in- 
corporated into PE, and PS/PI. Incorporation of AA was 
more equitably distributed among the four phospholipid 
classes, the preferential incorporation of labelled LA into 
epidermal PC is important as this is the major phospho- 
lipid which turns over after TPA application to the skin 
via phospholipase A2 activation (32). Therefore, PC 
serves as the principal source of free LA available for 
several metabolic pathways, including lipoxygenase path- 
ways, which have been shown to convert LA to hydrox- 
yoctadecadienoic acids (HODE) in several tissues (33-35), 
including skin (36). On the other hand, with an elevated 
pool of free LA, less free AA is available for metabolism 
to the pro-inflammatory cyclooxygenase and lipoxygenase 
products known to modulate TPA tumor promotion in 
mouse skin (13). Hence, LA and its metabolites may have 
the potential to modulate the TPA-elicited inflammation 
response which occurs during skin tumor promotion (13). 

The rate-limiting step in the conversion of LA to AA, 
56 desaturase, was found to be active in our cultures to 
at least the same extent as A6 desaturase activity in adult 
mouse liver. Thus, some of the [14C]LA taken up by the 
cells in these experiments may have been converted to 
[14C]AA, although this was not experimentally deter- 
mined. Conversion of LA to y-LN by A6 desaturation has 
been previously reported to occur in cultured epidermal 
cells from neonatal mice and humans (12), but not in vivo 
in guinea pig or mouse epidermis (24,37). This difference 
between epidermal preparations derived from in vitro and 
in vivo sources has important ramifications, especially in 
the interpretation of these data and in the extrapolation 
of our findings to in vivo fatty acid metabolism and 
modulation of tumorigenesis in the skin. 

The AA-derived prostaglandin, PGE2, has been shown 
to modulate several events associated with TPA tumor 
promotion in mouse skin (13,16,38) including ODC activi- 
ty, vascular permeability and hyperplasi~L We report here 
that cultures labelled with [~4C]LA and treated with TPA 
supported significantly less radiolabelled PGE production 
compared with TPA-treated [14C]AA-labelled cells. Be- 
cause cyclooxygenase, the enzyme involved in the conver- 
sion of AA to prostaglandins, has not been shown to use 
LA as a substrate to form prostaglandins in the skin (36), 
the small amount of [14C]PGE detected in [14C]LA-sup- 
plemented cultures is most likely derived from labelled 
LA which had been metabolized to either y-dihomo- 
linolenic acid or AA. 

Treatment of the epidermis with TPA has been reported 
to result in elevated PGE2 production prior to induction 
of ODC and epidermal cell hyperproliferation (39,40). 
Pretreatment of mouse skin with indomethacin inhibited 
cyclooxygenase activity and thus resulted in inhibition 
of PGE2 formation and reduced TPA-induced ODC ac- 
tivity. Induction of ODC was restored if PGE2 was 
topically applied to mouse skin with TPA (16). Our studies 
indicated that  in vitro, LA supported significantly less 
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TPA-induced  ODC a c t i v i t y  c o m p a r e d  w i th  AA- 
supplemented cultures which may  be par t ly  due to reduc- 
ed P G E  2 synthesis.  In  in vivo dietary studies using n-3 
rich otis, a reduction in P G E  was observed in ra t  mam- 
mary  tumors,  which correlated with a concurrent  reduc- 
t ion in ODC act ivi ty  (10AD. Reddy and Sugie (42) have 
also reported a correlation between n-3 rich diets and 
reduced ODC act ivi ty in the colonic mucos~  Similar find- 
ings have been reported in the skin (43) where, compared 
to mice fed corn oil diets, mice fed n-3 fa t ty  acid-rich diets 
exhibited reduced ultraviolet-induced ODC activity. 
Al though we have previously shown tha t  reduced PGE2, 
associated with the synthesis  of P G E  3 from eicosapen- 
taenoate,  correlated with reduced TPA-induced ODC ac- 
t iv i ty  in cultured epidermal  cells (29), we did not  observe 
a correlation between die tary  n-3 f a t ty  acid reduction of 
PGE2 and inhibition of TPA-induced ODC act ivi ty  in 
epidermis in vivo (11). We are current ly invest igat ing the 
possible modula tory  role of high dietary levels of LA on 
reduced P G E  2 and i ts  relationship to TPA-induction of 
ODC's  act ivi ty  in mouse skin in v i va  

TPA-induced ODC m R N A  expression, act iv i ty  and 
tumor  promot ion in mouse epidermis are thought  to be 
mediated by the activation of PKC, the p lasma membrane  
receptor for TPA (29,44). Because f a t ty  acids have been 
shown to modula te  protein kinase act ivi ty  in several in 
vitro sys tems (18-20,45), we also investigated the relative 
abilities of AA or LA to act ivate  PKC isolated from 
cultured epidermal cells. Both  LA and AA were shown 
to activate PKC equally at  all concentrations of fa t ty  acid 
tested. The similar abili ty of LA and AA to act ivate  PKC 
in epidermal  cells has been shown in several (45,46), bu t  
not  all (47) other  cell types,  probably  due to differences 
in isozyme profiles in different cell types.  The ability of 
LA and AA to equally act ivate  par t ia l ly  purified PKC 
from cultured epidermal  cells sugges ts  tha t  these f a t t y  
acids probably do not  differentially affect PKC-mediated 
events  by this mechanism in this model system. 

In  summary,  the incorporation of t racer  amounts  of 
radiolabelled LA or AA into the phospholipids of cultured 
epidermal  cells was quant i ta t ive ly  similar a l though LA 
was preferentially incorporated into PC. With  regard to 
the modulat ion of two events elicited by phorbol  esters, 
our results  indicate t ha t  LA is less efficient a t  support-  
ing P G E  product ion and induction of ODC act ivi ty  than  
AA. However, the act ivat ion of PKC isolated from 
cultured epidermal  cells was equal for either f a t ty  acid. 
The reduction of TPA-induced P G E  production and ODC 
act ivi ty  by LA in vi tro may  at  least  part ial ly explain the 
previously observed inhibition by  dietary LA of TPA 
tumor  promot ion in mouse  skin in vivo (1). 
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Compounds Biologically Similar to Platelet Activating Factor 
Are Present in Stored Blood Components 
Christopher C. Sillimana, c, Chris A. Johnson b, Keith L. Clay b, Gall W. Thurman c 
and Daniel R. Ambrusoa, c* 
The Departments of Pediatrics, auniversity of Colorado School of Medicine, bNational Jewish Center for Immunology 
and Respiratory Medicine and CBonfils Memorial Blood Center, Denver, Colorado 80262 

Agents which prime the neutrophil NADPH oxidase de  
velop during routine storage of whole blood and packed 
red blood cells. This plasma priming activity can be in- 
hibited by bepafant (WEB 2170), a specific platelet ac- 
tivating factor (PAF) receptor antagonist. Quantitation of 
the priming agent(s), by a commercially available radioim- 
munoassay for PAF, reproducibly demonstrated high levels 
of PAF activity. However, analysis of these plasma sam- 
pies from stored blood components by gas chromatog- 
raphy/mass spectroscopy did net reveal any 1-O, alkyl-2- 
acetyl-sn-glycero-~phosphocholine. We conclude that the 
polydonal antibody to PAF used in these studies may have 
recognized different epitopes of a family of heterogeneous, 
biologically active lipids that manifest their effects 
through the PAF receptor. 
Lipids 28, 415-418 (1993). 

Platelet activating factor (PAF) is a biologically active lipid 
which has been implicated as an etiologic agent in a number 
of clinical conditions which include necrotizing entemcolitis, 
asthma and the adult respiratory distress syndrome (ARDS) 
(1-4). PAF also causes a number of biologic effects on blood 
cells including both platelet aggregation and polymo~ 
phonuclear leukocyte (PMN) priming (5,6). Priming is a pr~ 
cess by which an agent augments a response to a subse- 
quent agonist but does not itself activate this response (5,7). 
PAF not only primes the PMN NADPH oxidase but also 
augments other PMN functions including adherence, 
chemot_~xi.q and degranulation (5,7,8). Intracellular synthesis 
of PAF is upregulated by lipopolysaccharide (LPS) priming 
of PMN (9). PAF is also thought to be a mediator of inflam- 
mation, although its precise role in inflammation is not clear 
(5,7-9). There are specific PAF receptors on the PMN mem- 
brane through which PAF manifests its biologic activity in- 
cluding its own synthesis (6,9). These receptors can be 
blocked by a number of synthetic molecules in a competitive 
fashion (10). PAF is rapidly metabolized in vivo to form in- 
active lysoPAF by a plasma acetylhydrolase (11). Recent 
studies in our laboratory have documented the presence of 
oxidase priming activity in the plasma from stored blood 
components (12,13). Developing during storag~ this plasma 

*To whom correspondence should be addressed at Bonfils Memorial 
Blood Center, 4200 E. Ninth Avenue, Box B-128, Denver, CO 80262. 

Abbreviations: ARDS, adult respiratory distress syndrome; [D3]- 
PAF, 1-0-alkyl-2-[SH3]acetyl-sn-glycerc~3-phosphocholine; fMLP, 
formyl-methioninyl-leucinyl-phenylalanine; [D3]PAPC, 1-O-pMmi- 
toyl-2-[2H3]acetyl-sn-glycero-3-phosphocholine; GC/MS, gas chroma- 
tography/mass spectrometry; [3H]PAF, 1-O-alkyl-2-[3H]acetyl-sn - 
glycero-3-phosphocholine; LPS, lipopolysaccharide, endotoxin; lyso- 
PAF, 1-0-alkyl-sn-glycer~3-phosphocho[ine; ODS, octadecylsilica; 
PAF, 1-0-alkyl-2-acetyl-sn-glycer~3-phosphochoFme; PAPC, 1-O- 
palmitoyl-2-acetyl-sn-glycero-3-phospho-choline; PMN, polymor- 
phonuclear leukocytes; PRBC, packed red blood cells; RIA, radioim- 
munoassay; SOD, superoxide dismutase; WB, whole blood; WEB 
2170, bepafant. 

prlmirlg capacity of whole blood and packed red blood cells 
enhanced the NADPH oxidase activity in response to 
formyl.methionyl-leucyl-phenylalanine (fMLP) 2.2-2.8-fold 
by the time the components outdated (12,13). Priming was 
inhibited by bepafant (WEB 2170), a specific PAF receptor 
antagonist (12,13). In addition, the priming activity was ex- 
tractable into chloroform which confirmed the lipid nature 
of this priming substance and suggested that this priming 
agent was PAF (12,13). 

In an effort to quantitate the lipid(s) from stored blood, 
radioimmunoassays for PAF were performed using a com- 
mercially available polyclonal sheep antibody, an antibody 
which has been previously shown not to react with other 
acyl or alkyl PAF-like lipids except for C16 or Cls PAF (14). 
Gas chromatographic/mass spectrometric (GC/MS) measure 
ments demonstrated that the immunoreactivity was not due 
to PAF or its 1-O-acyl analogue The results suggested that 
a number of lipids rapidly prime PMN through the PAF 
receptor, and also showed PAF immunoreactivity. 

MATERIALS AND METHODS 

Plasma isolation. Ten healthy volunteers each donated one 
unit of whole blood: five were left as whole blood {WB) 
and five were separated into packed red blood cells (PRBC) 
by standard centrifugation procedures (13). WB and 
PRBC were stored at 4~ under standard protocols (13). 
Sterile couplers were inserted into the storage containers, 
and samples were obtained weekly until outdate of the 
component, 35 d for WB and 42 d for PRBC. These 
samples were centrifuged at 7,000 • g for 7 min to remove 
cells followed by a second spin at 12,500 • g for 5 rain 
to remove acellular debris. Plasma samples were divided 
into 1-mL aliquots and stored at -70~ 

Neutrophil priming. PMN were isolated by standard 
techniques including dextran sedimentation, ficoll-hy- 
paque gradient centrifugation and hypotonic lysis (12). 
The isolated PMN were pre-incubated for 5 min at 37~ 
with 400 ~VI WEB 2170 to block the PAF-receptor. Plas- 
ma from the stored components was added so that the 
final plasma concentration was 10% (by vol). The max- 
imal rate of 02- formation was measured in response 
to fMLP by the superoxide dismutase (SOD) inhibit- 
able reduction of cytochrome c at 550 nm as previously 
described (12). 

Lipid extraction and radioirnrnunoassay (RIA). The 
samples were extracted with a chloroform/methanol-0.2% 
acetic acid/water mixture (1:1:1, by vol), and the chloro- 
form phase was taken to dryness in a rotary evaporator 
(15). An RIA (New England Nuclear, E.I. Du Pont, 
Boston, MA) was performed three times on each sample 
Briefly, the dried lipids were resolubilized in Tween 20 and 
incubated with a primary sheep polyclonal antibody to 
PAF for 15 min at room temperature The secondary anti- 
sheep antibody together with 125I-labelled PAF was then 
added, and the reaction mixture was incubated overnight. 
The samples were centrifuged at 1000 • g for 30 min, 
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TABLE 1 

Priming of the Neutrophil Oxidase by Whole Blood ('WB) and Packed Red Blood Cells 
(PRBC) During Storage 

02- Production a 
Storage WB + WEB 2170 PRBC + WEB 2170 
time WB (400 ~IVI) PRBC (400 FL'M) 
Control 2.4 +_ 0.2 b 1.9 _ 0.1 2.7 • 0.5 2.5 • 0.4 
(Buffer) 

Day 0 1.9 +_ 0.1 1.5 • 0.2 2.9 • 0.5 2.8 • 0.3 
Day 7 2.1 • 0.1 1.5 • 0.1 2.8 • 0.8 2.6 • 0.6 
Day 14 2.8 • 0.6 1.7 +_ 0.2 3.2 • 0.9 2.5 • 0.7 
Day 21 4.1 • 0.5 2.4 +_ 0.3 4.7 • 1.3 2.8 • 0.8 
Day 28 4.7 • 0.9 1.8 • 0.3 6.9 • 1.3 3.2 • 1.0 
Day 35 5.5 • 0.6 2.0 _ 0.1 9.0 • 2.0 3.7 • 1.2 
Day 42 -- - -  10.7 • 1.8 4.5 _ 1.8 
apriming activity measured as the muxlmal rate of 02- in response to formyl-meth- 

ioninyl-leucinyl-phenylala~ine as described in Materials and Methods. WEB 2170, bepa- 
rant. 

bResults are nmoi/3.75 X I0 s cellslmin and numbers are the means • the SE of the 
mean of two units of both WB and PRBC. 

the supernatant removed and the pellets counted in a gam- 
ma counter. The quant i ta t ion of PAF was completed by 
interpolation from a s tandard curve of known PAF con- 
centrations quanti tated simultaneously by the same RIA 
procedure As controls, solutions with either [3H]PAF 
(1-O-alkyl -2-  [3H]ace ty l . sn .g lycero .3 .phosphochol ine ;  
NEN, Du Pont, Boston, MA; specific activity 10Ci/mmol) 
or known concentrations of PAF were extracted and quan- 
t i ta ted by RIA. Quanti ta t ion of both  sets of controls 
demonstra ted a recovery greater than 90%. 

G C / M S .  A second aliquot from each specimen was 
analyzed by GC/MS as previously described in detail (16). 
Briefly, the isolation procedure involved addition of 
[D3]PAF (1-O-alkyl -2-[2H3]-acety l -sn-glycero-3-phosphc~ 
choline) and [D3]PAPC (1 -O-pMmitoy l -2 . [3H2]ace ty l . sn  . 
glycero-3-phosphocholine) for use as internal s tandards 
followed by extract ion of the sample with ethanol. The 
lipid components were then adsorbed on an octadecylsilica 
(ODS) solid phase extractor cartridge (Bond-Elut, 100 mg, 
Analytichem, Harbor  City, CA). The ODS column was 
eluted with ethanol, and the extract  was pu t  directly on 
a silica solid phase extractor  cartr idge (Supelco, Bel le  
fonte, PAL An enriched PAF fraction was eluted, hydro- 
lyzed to diradylglycerol by phospholipase C (Sigma, St. 
Louis, MO) and derivatized with pentafluorobenzoyl 
chloride (Aldrich, Milwaukee, WI). The samples were 
taken to dryness and re-dissolved in 10 ~L of decane for 
injection onto the GC/MS. 

RESULTS 

The PMN priming act ivi ty from two units  each of bo th  
WB and PRBC is shown in Table 1. During routine storage 
the amount  of PMN priming increased dramatically. The 
maximal plasma priming act ivi ty at component  outdate  
was completely inhibited by 40 WM WEB 2170 in samples 
from WB and by 80 +_ 12% in plasma samples from 
PRBC. Previous results have demonstrated tha t  400 
WE B  2170 inhibited purified PAF priming of PMN by 
80% in similar experiments (12). 

The RIA quanti ta t ion of this PAF-like agent  tha t  
developed over routine storage of all PRBC units is shown 
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FIG. 1. Quantitation by radiolmmunoassay of the amount of platelet 
activating factor (PAFFIike lipid(s) ~ plasma samples from stored 
whole blood. Controls consisting of [~H]PAF and known concentra- 
tions of PAF dissolved in fat free albumin prior to lipid extraction 
demonstrated yields of greater than 90% as described in Materials 
and Methods. The asterisk denotes statistical significance as com- 
pared to the amount of PAF-like lipid quantitated on the day of com- 
ponent collection (day 0, P < 0.05). 

in Figure 1. On the day of phlebotomy, the amount of PAF- 
like lipid estimated by RIA was approximately 50 pg/ml,. 
The amount  of this immunoreactive lipid increased with 
storage to a level equivalent to 10 ng/mL of PAF by the 
t ime of product  outdate~ The amount  of lipid became 
significant following two weeks of storage (P ~< 0.05). 

Analogous quant i ta t ion of the PAF-like lipid was com- 
pleted for plasma from WB, and the results are shown in 
Figure 2. As with PRBC, approximately 50 pg/mL of PAF- 
like lipid was present on the day of isolation. The amount  
of lipid increased with storage to a maximum amount  
equivalent to 2 ng/mL of PAF becoming significant by 
four weeks of storage (P ~< 0.05). The PAF immunoreac- 
t ivi ty  at outdate  from PRBC is about  5-fold higher than 
the corresponding amount  of PAF-like lipid from WB. 
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FIG. 2. Quantitation by radioimmunoassay of the amount of platelet 
activating factor (PAF}-like lipid(s) in plasma samples from stored 
packed red blood ceils. Controls consisting of [~H]PAF and known 
concentrations of PAF dissolved in fat free albumin prior to lipid 
extraction demonstrated yields of greater than 90% as described in 
Materials and Methods. The asterisk denotes statistical significance 
as compared to the amount of PAF-like lipid quantitated on the day 
o f  component collection (day 0, P < 0.05}. 

TABLE 2 

Analysis of Plasma Samples from Stored Packed Red Blood Cells 
(PRBC) and Whole Blood (W-B) (at 42 and 35 d, respectively) by Gas 
Chromatography/Mass Spectroscopy (GC/MS) a 

Quantity of lipid 
Sample PAPC (ng/mL) PAF (ng/mL) 

PRBC1 7.13 <0.1 
PRBC2 5.73 <0.1 
PRBC3 5.78 <0.1 
PRBC4 4.27 <0.1 
PRBC5 4.67 <0.1 
WB1 9.42 <0.1 
WB2 11.90 <0.1 
WB3 15.40 <0.1 
WB4 14.10 <0.1 
WB5 10.40 <0.1 
aWB and PRBC were collected by phlebotomy, separated and stored 
by standard techniques. The numbers represent the relative 
amounts of platelet activating factor (PAF) and PAPC at outdate 
of the blood products when polymorphonuclear leukocyte priming 
is maximal. Analysis by GC/MS was completed as described in 
Materials and Methods. PAPC is 1-O-palmitoyl-2-acetyl-sn-gly- 
cero-3-phosphochollne. 

No hexadecyl or octadecyl PAF was detected by GCdMS 
in any of the plasma samples from either WB or PRBC 
on the day of collection or the day of component outdate 
(35 and 42 d, respectively). The result of GC/MS analysis 
for the day of outdate of the blood component is presented 
in Table 2. A PAPC analogue of PAF was present in these 
plasma samples. Although PAPC has the ability to prime 
PMN, concentrations 100-fold greater than found in stored 
PRBC and WB were required to produce PMN effects 
similar to PAF (16). Moreover, the relative amounts of 

PAPC on the day of collection of the components were 
similar to the amounts at component outdate. Since the 
relative amount of PAPC by GC/MS did not increase over 
storage while the PMN priming activity did, there was 
no correspondence between PMN priming activity and 
PAPC concentrations. Neither PAF nor its 1-O-acyl 
analogue increased with storage of either PRBC or WB 
(Table 2). Previous results have demonstrated that  PAPC 
has some minor cross-reactivity with the PAF antibody, 
but the increased immunoreactivity observed in samples 
from stored blood could not be ascribed to PAPC. 

DISCUSSION 

PAF is a polar lipid that  mediates its actions through a 
specific receptor in the cell membrane (6,9,17). Several 
biologic and chemical characteristics of this compound 
have been utilized to define its pmsenc~ Both platelet ag- 
gregation and PMN priming by activation of the PAF 
receptor have been attributed to PAF alone (5,6}. This 
receptor can be competitively blocked by heterazepines, 
a family of compounds which include WEB 2170 (10). 
Commercially available polyclonal antibodies to PAF have 
been reported to be specific for C16 or Cls PAF (14}. PAF 
behaves chromatographically as a polar phosphatidyl- 
choline and has distinctive mass spectroscopic character~ 
istics (18,19). 

PMN priming agents have been implicated in the com- 
plications of burns and trauma, including ARDS and 
multiple organ failure (3,4). These agents prime PMN 
through the PAF receptor as shown by their inhibition 
by WEB 2170, a specific PAF receptor antagonist (3,4). 
Furthermore, blood transfusions, especially massive 
transfusions (equal to the replacement of the total blood 
volume), or anaphylactic reactions to blood products, in 
these patients may be associated with the development 
of ARDS (19,20). Both PRBC and WB contain a PMN 
priming activity which can be extracted into lipid solvents 
and which manifested its activity through the PAF recep- 
tor (12-14}. It appears likely that this biologically active 
lipid could play an etiologic role in the clinical complica- 
tions previously noted. 

The data presented here demonstrated production by 
stored blood of a factor or a class of factors with PAF 
biologic activity and immunoreactivity. Chemical analysis 
has shown, however, that the factor is not PAF, which is 
chemically defined as 1-O-alkyl-2-acetyl-sn-glycero-3-phos- 
phocholine The exact chemical nature of the compound(s) 
with PAF-like bioactivity is unknown, but the high degree 
of specificity of both the receptor and antibody binding 
would imply structural similarities to PAE The lipids may 
be generated in stored cellular blood components by 
metabolic pathways in individual cell types, by cellular 
interactions or by peroxidation of membrane lipids dur- 
ing blood storag~ 

It should be noted that  many studies have attributed 
biological activities to PAF on the basis of inhibition of 
those biologic responses by compounds which are de- 
scribed to be specific PAF receptor antagonists (1,3,4, 
8,10,12-14). Such interpretation should be re-examined in 
the light of this demonstration that compounds which in- 
teract with both the neutrophil PAF receptor and a poly- 
clonal antibody to PAF are not necessarily identical to 
PAF. 
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Concentration-Dependent Effects of Eicosapentaenoic Acid 
on Very Low Density Lipoprotein Secretion 
by the Isolated Perfused Rat Liver 
Zu Jun Zhang 1, Henry G. Wilcox a, Lawrence Castellani 2, Thomas V. Fungwe a, Marshall B. Elam a,b and 
Murray  Heimberga, * 
aDepartments of Pharmacology and Medicine, The University of Tennessee, Memphis, The Health Science Center and bResearch 
Service, VA Medical Center, Memphis, Tennessee 38163 

The effects of increasing concentrations of eicosapen- 
taenoic acid (20:5n-3; EPA) and oleic acid (18:1n-9; OA) on 
esterification to triacylglycerols (TG) and phospholipids 
(PL), and the relationship to formation and secretion of 
the very low density lipoproteins (VLDL) were compared 
in the isolated perfused rat liver. Mixtures of EPA and OA 
were also studied to determine whether substrate levels 
of one fat ty acid might influence the metabolism of the 
other. The basal perfusion medium, which contained 30% 
(vol/vol) washed bovine erythrocytes, 6% (wt/vol) bovine 
serum albumin (BSA), and 100 mg glucose/dL in Krebs- 
Heuseleit bicarbonate buffer (pH 7.4) was recycled through 
the liver for 2 h. EPA or OA, as a complex with 6% BSA, 
was infused at rates of 70, 105, 140 and 210 tanol/~ In other 
experiments, mixtures of EPA and oleic acid (70 hanoi 
total), with molar percentages of 100, 75, 50, 25 and 0% 
of each fat ty acid were infused per hour. BSA (6%) in the 
buffer was infused alone and served as the control. At an 
infusion rate of 70/~mol EPA per hour, hepatic VLDL lipid 
output was not different from that when fat ty acid was 
not infused (approximately half that when 70 ~anol OA/h 
was infused). However, when larger amounts of EPA and 
OA were infused individually, rates of VLDL secretion 
were stimulated to a similar extent with either fat ty acid. 
The apparent inhibitory influence of EPA on TG synthesis 
and VLDL lipid output when 70/~mol EPA were infused 
per hour could also be overcome by the presence of as lit- 
tle as 25 mol% OA in a mixture. Furthermore, the presence 
of EPA in the infused fatty acid mixture stimulated the 
incorporation of OA into TG, enhancing VLDL secretion. 
When EPA or OA was infused at rates exceeding 70 ~mol/h, 
a constant amount of endogenously~ierived fatty acids was 
incorporated into VLDI~TG, similar in amount to that 
when exogenous fat ty acid was not supplied. However, 
when EPA was infused at a rate of 70 pmol/h, incorpora- 
tion of endogenous fatty acids was depressed. At this low 
rate of EPA infusion, esterification of EPA and end~ 
genous fat ty acid was inhibited. Conceivably, this may 
reflect the existence of independently-regulated pools of 
fatty acid (exogenous and endogenous), in that only ex- 
ogenously available fat ty acid preferentially enrich the 
secreted TG. Enrichment of PL by the infused fatty acid 
at the higher rates of fatty acid infusion showed similar, 
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Abbreviations: BSA, bovine serum albumin; C, cholesterol; CE, 
cholesteryl estexs; DHA, docosahexasnoic acid; EPA, eicosapentaenoic 
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but much less pronounced, differences between VLDL and 
liver, compared to that for TG, providing additional 
evidence for a distinct metabolic pool of PL used for VLDL 
fabrication. It now appears that when EPA is available 
to the liver in high enough concentrations, or when OA (or 
other fatty adds?) is present in substrate amounts along 
with EPA, competing reactions and/or specific inhibitory 
influences of EPA on enzymatic reactions are overcome, 
and EPA can be utilized in a mnnner similar to OA for 
esterification to TG with subsequent enhanced VLDL fob 
mation and secretion. 
Lipids 28, 419-425 {1993). 

We reported recently that the utilization of eicosapentaenoic 
acid (EPA) for synthesis of triacylglycemls (TG) and forma- 
tion and secretion of very low density lipoprotein (VLDL), 
by perfused livers from normal male rats was reduced when 
compared to oleic acid (OA) (1). These animals had been 
maintained on standard laboratory chow. Generally, similar 
findings have been reported for studies with rat (2-4) and 
rabbit (5) hepatocytes in culture, HepG2 cells (6) and isolated 
perfused rat (7,8) and monkey livers (9,10). Similar data have 
been obtained with CaCo2 cells (11). Additional studies with 
animals fed fish oil, a common source of the n-3 fatty acids, 
suggested that EPA and docosahexaenoic acid (DHA) are 
poorer substrates for TG synthesis and VLDL formation 
and secretion than are the more common fatty acids of the 
n-9 and n-6 series, and may, in fact, be inhibitory to these 
processes (8). Our observation (1) that DHA was as effec- 
tive in stimulating TG synthesis and VLDL TG secretion 
as was OA~ however, is, in general in conflict with the results 
of other studies carried out in hepatocytes or perfused liver 
preparations, which indicated (2,9) that both DHA and EPA 
were poor substrates for esterification to TG secreted in 
VLDL. Since we had shown that DHA, one of the common 
n-3 fatty acids, was not inhibitory to VLDL secretion, but 
that EPA was at a similar concentration, it was of interest 
to determine if such inhibiting influence was also evident 
when greater amounts of EPA were available to the liver. 
In the present study, therefore, we compared the effects of 
increasing concentration of EPA alone and OA alon~ and 
mixtures of the two fatty acids on TG synthesis and VLDL 
secretiow It was observed that the apparent inhibition of 
VLDL secretion, previously reported with EPA, could be 
overcome when sufficient fatty acid was provided, or when 
OA was also supplied to the liver for TG synthesis. 

MATERIALS AND METHODS 
Materials. EPA (>99% purity) was obtained from Cayman 
Chemical C~ (Ann Arbor, MI); and oleic acid (>99% puri- 
ty) from Nu-Chek-Prep, [nc (Elysian, MN). Purity was 
confirmed by gas chromatography (GC) of the methyl 
esters (see below). Bovine serum albumin (BSA) (fraction 
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V) was purchased from Sigma Chemical Co. (St. Louis, 
MO). The BSA was delipidated with methanol as de- 
scribed previously (12). All other chemicals were reagent 
grade 

Liver  perfusions. Male Sprague-Dawley rats were ob- 
tained from Harlan, Ina (Indianapolis, IN). Animals (225- 
250 g) were housed for 1-3 wk with free access to Purina 
Rodent Chow and water before being used in these studies. 
Livers from fed animals were perfused in vitro as de- 
scribed previously (1) in a recycling system with a medium 
(80 mL) consisting of washed bovine erythrocytes (30% 
vol/vol) and purified BSA (3% wt/vol) in Krebs-Henseleit 
bicarbonate buffer, pH 7.4, gassed continuously with 
95/5%-O2/CO2. After 20 rain equilibration, a pulse of 12, 
18, 24 or 36 ~m~ol fatty acid, as a complex with albumin 
(or albumin in buffer only), was added. During the two- 
hour perfusion, the complex of fatty acid (OA or EPA) 
with BSA (6%), or albumin alone, in Mg ++ and Ca ++ free 
buffer was infused at a rate of 11.7 mL/h (1) (70, 105, 140 
or 210 ~anol fatty acid/hour). These infusion rates permit- 
ted us to maintain relatively constant concentrations of 
free fatty acids (FFA), and yet supply the liver with a 
threefold range in the amount of OA and EPA. The molar 
ratios of fat ty acid to albumin in the infused complexes 
ranged from 6.9 to 20.7 with the various rates of fatty 
acid infusion. However, the actual ratio in the perfu- 
sion medium was in the range of 0.8 to 1.5, the result of 
hepatic uptake of the infused fatty acids. In other ex- 
periments, mixtures of 20:5 and 18:1 were infused at 70 
~mol/h. A 10-mL sample of the perfusate was removed 
after 1 h for chemical analysis. At the termination of the 
experiment, a 60-mL sample was obtained for isolation 
of the VLDL (13), after sedimentation of the erythro- 
cytes. Lipids were extracted from aliquots of perfusate 
plasma and VLDL with chloroform]methanol (2:1, voYvol) 
using 20 mL/mL plasma (12). At the end of each perfu- 
sion experiment, the liver was flushed with 60 mL ice-cold 
0.9% NaC1, blotted and weighed. One gram samples were 
minced and homogenized with a Polytron homogenizer 
(Brinkmann Instruments, Inc, Westbury, NY) in 20 vol 

of chloroform]methanol (2:1, vol/vol). Individual lipid 
classes were separated on silica gel thin-layer plates, and 
assays for TG, phospholipids (PL), cholesterol (C), FFA 
and cholesteryl esters (CE) were carried out (1). 

Analysis of fatty acids by GC was carried out with a 
Varian 3300 System (Sunnyvale, CA) using an SP2340 col- 
umn (Supelc(~ Ina, Bellefonte, PA) (12). Methanolic BF 3 
was used to prepare the methyl esters (14). 

The rate of hepatic uptake of OA or EPA is expressed 
as disappearance from the circulating medium and was 
calculated from the difference between the amount infused 
and the amount of OA or EPA (GC and mass analyses) 
remaining at the end of the liver perfusion. 

Statist ics.  All data are presented as means +_SE. The 
statistical analysis was by a one~way analysis of variance 
and significance reported for levels of P < 0.05. Differences 
between means were identified using a protected Fisher 
least significant difference test. 

RESULTS 

The hepatic uptake of OA and EPA, infused at rates of 
70-210 ~mol]h for 2 h, is shown in Table 1. No significant 
differences in uptake between the two fatty acids were 
observed at any level of infusion. The average concentra- 
tion of FFA in the perfusate is also presentecL Net hepatic 
secretion of VLDL lipids {Fig. 1) was not statistically dif- 
ferent at rates of 70-210 ~mol oleic acid/hour during the 
2-h perfusion experiment. Although there was a distinct 
trend indicating an increase in VLDL TG secretion as up- 
take of oleic acid increased, an apparent maximal output 
of TG was also evident. We reported previously that  with 
the infusion of OA during 4-h liver perfusions TG secre- 
tion positively correlated with the rate of uptake of fatty 
acid. A maximal output of TG, however, did occur at a 
rate of OA uptake of about 10 ~mol/g liver/h (15). This rate 
of uptake corresponds to an infusion rate of about 110-120 
~mol fatty acid/hour and is approximately the rate at 
which the maximal output of TG seems to have occurred 
in the present 2-h liver per fusion studies. 

TABLE 1 

Uptake by the Perfused Liver and Concentration of OA and EPA in the Medium a 

Infused Rate of FFA infusion (~mol/h) 
fatty acid 70 105 140 210 

~-nol FFA/mL b 

Concentration 
OA (3) 0.47 __. 0.04 (11) 0.55 __- 0.05 0.58 4" 0.07 0.97 _+ 0.08 
EPA (3) 0.33 + 0.03 {9) c 0.39 "!-- 0.06 0.53 + 0.12 0.68 4-- 0.07 

~anol/g liverlh 

Hepatic uptake 
OA (3) 5.5 4- 0.6 (II) 8.9 + 1.8 11.4 4" 1.5 16.4 +-- 1.4 
EPA (3) 5.9 + 0.6 (9) 8.9 --+ 1.3 12.0 +_ 3.0 17.9 --+ 2.7 

aData are means _+ SEM. Numbers of observations are indicated in parentheses. Perfusion 
conditions are as described in the legend to Figure 1 and the Materials and Methods 
section. 

bAverage concentration of the infused free fatty acids (FFA) was essentially constant 
during the two-hour experiment. When exogenous fatty acid was not infused, the aver- 
age concentration of perfusate total FFA was 0.16 4-- 0.02 l~mol/mL of which 
0.052/~mol/mL was oleic acid (OA) and 0.001 lanol/mL was eicosapentaenoic acid {EPA). 

cp < 0.05 vs. OA. 
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FIG. 1. Effects of eicosapentaenoic acid (EPA) and oleic acid (OA) 
on seel-etion of very low density lipoprotein (VLDL) lipids. Liver 
perfnsions were carried out for two hours with a medium con- 
taining erythrocytes, as described in the Materials and Methods 
section. Data are means +__SEM, derived from 3-11 experiments (see 
Table 1). The symbols indicate: * P < 0.05 compared to experiments 
in which fatty acid was not infused; �9 P <  0.05 compared to 
infusion of 70/~aol OA/h; t P < 0.05 compared to infusion of 70 
~mol EPA/h; ~ P < 0.05 compared to infusion of 105 ~mol EPA/h. 
Abbreviations: TG, triacylglycerols; PL, phospholipids; C, cho- 
lesterol; CE, cholesteryl esters; FFA, free fatty acids. 

With  increased infusion of EPA, however, a proport ional  
increase in hepatic ou tpu t  of V L D L  lipids was observed 
(Fig. 1). When EPA was infused a t  70 tJ-mol]h, V L D L  out- 
put  was significantly less than tha t  observed with OA and 
was not  different from tha t  when f a t ty  acid was not  in- 
fused {Fig. 1), as reported previously {1). At  higher infu- 
sion rates, however, bo th  f a t ty  acids s t imulated V L D L  
outpu t  to similar degrees. 

Hepa t ic  PL, C and CE concentrat ions were not  sig- 
nificantly affected by the rate  of infusion of either fat- 
t y  acid (24 + 1, 4.1 _ 0.2 and 0.81 _+ 0.05 /~mol/g, re- 
spectively; n = 50). However, after  infusion of either 
f a t ty  acid, hepatic TG concentrat ion was significantly 
higher (2.73 +_ 0.10 ~mol/g (n = 44) than  when exogen- 
ous f a t ty  acid was not  supplied [1.99 +_ 0.15 (n = 6)] 
(P < 0.05). 

As we reported earlier (12), infused exogenous fatty acid 
was incorporated preferentially into VLDL-TG and se- 
creted, rather than equilibrating wi th the large pool of 
hepatic TG. Table 2 illustrates the enrichment by the in- 
fused fat ty acid of V L D L  and hepatic TG, as infusion 
rates of OA and EPA were increased. In all cases, incor- 
poration of either EPA or OA into VLDL-TG exceeded 
tha t  of hepatic TG, indicating the separat ion of a newly 
formed metabolic pool and a s torage pool, as we have 
reported for a var ie ty  of FFA (12). When the net  mass  of 
either infused f a t ty  acid incorporated into the secreted 
TG was calculated, l inearity as a function of infusion rate 
was evident (Fig. 2). I t  can also be seen from this figure 
tha t  the amount  of other  major  f a t ty  acids, linoleate and 
palmita te  (and OA when EPA was infused), present  in the 
TG was similar, regardless of the  amount  of OA or EPA 
infused, suggest ing a cons tan t  synthesis  of TG from an 
endogenous pool, bu t  enriched by  addit ional exogenous 
f a t ty  acid. The incorporation of infused f a t t y  acid, EPA 
or OA, into TG, relative to hepatic  up take  of f a t ty  acid, 
is shown in Table 3. I t  was observed tha t  incorporation 
of EPA and OA into TG was similar when rates  of infu- 
sion of FFA were greater  than  70 ~mol]h; only when in- 
fused at  a rate of 70 t~mol]h was incorporation of EPA less 
than  tha t  of OA in the VLDL, liver or the sum total. Table 
4 indicates the similar amounts  of endogenously-derived 
f a t t y  acids (those not  infused} which were incorporated 
into the VLDI~TG with infusion of ei ther exogenous fat- 
t y  acid; only when EPA was infused a t  a rate  of 70 wnol/h 
was incorporation of endogenous f a t ty  acid reduced. In- 
fusion of ei ther OA or EPA enriched VLDL and hepatic 
PL with the infused f a t ty  acid, a l though much  more 
modes t ly  than  it did TG (Table 5). 

When various mixtures  of OA and EPA were infused 
(total of 70 wmol/h), secretion of V L D L  was s t imulated 
compared to infusion of EPA alone (Fig. 3 and Table 6}. 
With molar  rat ios for 18:1/20:5 of 75:25 or 50:50, V L D L  
secretion was s t imulated over t ha t  when OA was infused 
alone (Fig. 3). This is evident from incorporat ion of the 
f a t ty  acid into the secreted TG. Even  with 25% OA, the 
secretion of TG (Fig. 3} and the incorporation of EPA (Fig. 
4) into VLDL-TG (but not  liver TG) was enhanced over 
t ha t  when EPA alone was infused. The presence of 25 
tool% EPA in the mixture  seemed to s t imulate  the incor- 
poration of OA into TG over tha t  when 70 ~anol OA/h (100 
mol% OA) was infused (Fig. 4 and Table 6), bu t  stat ist ical  
significance was not  obtained with the smaller  number  
of observations.  
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TABLE 2 

Incorporation of Infused Fat ty  Acid into VLDL and Hepatic  Triacylglycerol a 

Infused 
fatty Rate of FFA infusion (~mol/h) 

acid 0 70 105 140 210 

Total TG fatty acid as OA (%) 

OA 
VLDL 24.3 _+ 1.0(5) 46.7 .+ 0.8(8)L 51.2 .+ 4.4(3). 61.9 .+ 1.3(3). 63.2 -+ 1.I(3). 
Liver 26.0 ,+ 0.4(5) 38.8 ,+ 0,9(8) ~ 35.0 .+ 4.5(3) ~ 49.5 _ 1.0(3) ~ 39.1 ,+ 3.5(3) ~ 

Total TG fatty acid as EPA (%) 

EPA 
VLDL 3.1 __ 0.1(5) 26.4 .+ 1.7(10) L 39.2 .+ 2.8(3). 46.4 .+ 2.0(3). 57.9 -+ 0.6(3) L 
Liver 3.2 _+ 0.6(5) 12.3 .+ 1.1(10) u 12.1 .+ 3.3(3) ~ 33.4 .+ 6.8(3) ~ 37.9 .+ 9.4(3) v 

aData are means .+SEM and represent percentage of oleic acid (OA) {18:1) or eicosapentaenoic acid (EPA) 
b(20:5). Abbreviations: FFA, free fatty acid; TG, triacylglyceroL 
P < 0.05 vs.  corresponding value for very low density lipoprotein (VLDL). 
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FIG. 2. Effect of infusion rate of oleic acid and eicosapentaenoic acid 
on secretion of very low density lipoprotein-triacylglyeerals {VLDD 
TG) fatty adds. The TG fatty acids secreted in the VLDL/g liver/2 
hour were calculated as the product of the mean value for TG mass 
output {Fig. 1) and the percentage of fatty acid in TG for the infus- 
ed fatty acid (Table 3). Abbreviation: FA, fatty acid. 

TABLE 3 

Incorporation of Infused Oleic Add (OA) and E P A  into Hepatic 
and VLDL Triaeylglycerol (TG), Relative to Hepatic Uptake 
of Fatty A d d  a 

Infused fatty 
acid (n) VLDL-TG Liver TG Total TG 

nmol FFA incorporated/1000 nmol 
FFA taken up 

OA 
70 pmol]h (8) 71.3 + 5.1 134.2 +-- 31.0 205.4 -+ 28.5 

>70 banol]h (9) 54.4 -- 5.8 84.3 + 14.9 138.6 --+ 19.4 
EPA 

70 ~nol/h (10) 17.9 + 2.1 b 50.7 -+ 8.4 b 68.6 -+ 10.7 b 
>70 iLmol/h (9) 41.3 + 5.2 c 76.8 -+ 15.3 118.2 + 19.4 c 

aData are means _SEM. The values were derived from individual 
perfusions with the number of experiments given in parentheses. 
Data points for very low density lipoprotein (VLDL) were cal- 
culated from the output of VLDL TG, the percentage composition 
of the infused fatty acid in the TG (Table 2), and rate at which 
the fatty acid was taken up (Table I). For the liver, the calcula- 
tion was made from hepatic concentration of TG at the end of the 
2-h perfusion, the percentage of the infused fatty acid and the 
rate of which the fatty acid was taken up (Table 1). For liver, the 
mean (n = 5) amount of each of the infused fatty acids present in 
TG when fatty acid was not infused was subtracted. Data from 
experiments in which 105, 140 and 210 vmol fatty acid/h were in- 
fused were grouped together since no differences among "groups" 
were seen (>70 ~mol/h). Abbreviations: EPA, eicosapentaenoic acid; 
FFA, free fatty acids. 

bp < 0.05 vs. oleate 70 ~nol/h. 
cp < 0.05 vs. EPA 70 ~mol/h. 

DISCUSSION 

Our previous report (1) of reduction in utilization of EPA 
for hepat ic  T G  syn thes i s ,  a nd  c o n s e q u e n t  effects on T G  
t r a nspo r t  in  the VLDL,  has  been reevaluated,  u s ing  larger 
a m o u n t s  of E P A .  These  c u r r e n t  o b s e r v a t i o n s  ind ica te  a 
s u b s t a n t i a l  incorpora t ion  of E P A  in to  T G  s imilar  to t h a t  
of the  reference fa t ty  acid subs t ra te ,  oleic acid, when  E P A  
becomes avai lable a t  concen t ra t ions  grea ter  t h a n  examin-  
ed previous ly .  Genera l ly ,  our  p rev ious  d a t a  showing  re- 
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TABLE 4 

Incorporation of Endogenous Hepatic Fatty  Acids into the Secreted 
VLDL Triacylglycerol ITG) During Infusion of Either OA or E P A  a 

Rate of FFA infusion FA infused 
/#mol]h OA EPA 

~mol endogenous FA/g2 h 

None (5) 0.708 • 0.075 0.904 • 0.089 
70 (8) 0.889 • 0.053 0.573 • 0.068(10) b 

105 (3) 0.771 • 0.148 0.948 • 0.293 
140 (3) 1.020 • 0.133 1.388 • 0.295 
210 (3) 0.879 • 0.070 1.029 • 0.092 

aData are means • with the number of observations (n) in 
parentheses. Data were calculated from percentage composition of 
the total very low density lipoprotein (VLDL) fatty acid (FA) ex- 
cluding infused oleic acid (OA) or eicosapentaenoic acid (EPA) (Table 

b2) and the ~nol TG FA secreted]2 h (Fig. 1). FFA, free FA. 
P < 0.05 vs. all other groups. 

0.5 - 

A 

0.4 

=~ 

0.3 

0.2 == 

0.1 

0.0 

"1", 

t" 

TG 

�9 100% OA-  0% EPA (n = 14) 

[ ]  75% OA-  25% EPA (n = 3) 
[ ]  50% OA-  50% EPA (n = 3) 

[ ]  25% OA-  75% EPA (n = 10) 
[ ]  0% O A - 1 0 0 %  EPA (n = 12) 

PL C CE 
lipid classes 

FIG. 3. Effect  of oleic acid (OA)/eicosapentaenoic acid (EPA) molar 
ratio on very low density lipoprotein (VLDL) lipid secretion. Liver 
perfusions were carried out for two hours with a medium contain- 
ing erythrocytes,  as described in the Materials and Methods s e e  
tion. Seventy  tanol of total  free fa t ty  acid were infused per hour at 
the indicated molar percentages. The symbols  indicate. *P < 0.05 
compared to 100% OA; + P < 0.05 compared to 100% EPA.  

duced secretion of VLDL and TG by EPA are in agree- 
ment with those obtained with rat hepatocytes (2-4). Our 
present data, however, seem to be in conflict with these 
studies and with those carried out in Hep G2 cells (6,16) 
and the perfused liver (7) in which EPA was reported to 
be inhibitory to TG synthesis, expressed in lower rates of 
esterification to TG, compared to OA. Recently, Lang and 
Davis {3) reported that  synthesis of TG from [3H]glycerol 
in hepatocytes, in the presence of 1 mM EPA or DHA, 
was similar to tha t  from OA. The secretion of TG mass, 
however, was depressed in response to the two n-3 fa t ty  
acids as compared to OA. Furthermore, 3sS apoB secre ~ 
tion was also impairecL This finding, along with accumula- 
tion of hepatic TG, and a similar increase in hepatic apoB 
content, lead them to conclude that  the n-3 fa t ty  acids 
impair VLDL assembly and secretion, but  this did not  
result from altered rates of synthesis of TG from these 
fa t ty  acids. 

Our data  demonstrate  tha t  incorporation of either OA 
or EPA into secreted TG, and accumulation in hepatic TG, 
can occur at siml]ar rates (Table 3), i.~, total TG synthesis 
is similar. This observation is therefore in agreement with 
the data  of Lang  and Davis (3) which indicated that  TG 
synthesis was the same for OA and EPA except tha t  
VLDL secretion in our study was not diminished, as noted 
in this report. Nevertheless, at the lowest infusion rate we 
studied, EPA was distinctly inhibitory to TG synthesis 
and to VLDL secretion, the latter presumably being a con- 
sequence of the former. 

Previous reports on studies with cultured hepatocytes 
(5,6) or CaCo2 cells (11) have also emphasized a preferen- 
tial utilization of EPA over OA in PL formation. Even in 
perfused liver studies (7) the incorporation of EPA and 
D H A  into hepatic PL has been reported to be quite signifi- 
cant. We did not directly measure PL synthesis; however, 
the enrichment of hepatic PL content of EPA at the 
highest rate of infusion was similar to tha t  of OA (Table 
5) which would not  seem to suggest  a preferential utiliza- 
tion pathway for EPA over tha t  of OA. The composition 
of the pool of secreted PL (VLDL), however, might  be in- 
dicative of a higher rate of incorporation of EPA, than OA, 
into newly formed PL since the enrichment noted at the 
highest rate of fat ty acid infusion was indeed greater. The 
VLDL pool is quite small, however, and more direct  
measurement needs to be made to establish the signifi- 

T A B L E  5 

Incorporation of Infused Fat ty  Acid into VLDL and Hepatic  PhosphoHpid a 

Infused Rate of FFA infusion (pmol]h) 
FFA 0 70 105 140 210 

Total PL fatty acid as OA (%) 
OA 
VLDL 8.0 +_ 0.6 (4) 12.6 + 0.7 (3) 14.1 (2) 14.9 (2) 11.7 • 2.8 (3) 
Liver 7.7 • 0.3 (4) 9.2 • 0.7 (3) 11.5 (2) 11.2 (2) 11.8 (2) 

Total PL fatty acid as EPA (%) 
EPA 
VLDL 2.4 • 0.4 (4) 2.7 _ 0.4 (3) 8.6 - 0.6 (3). 5.8 + 0.9 (3) b 17.6 _ 0.7 (3) b 
Liver 1.3 ___ 0.2 (4) 3.2 ___ 0.6 (3) 4.8 +-- 0.I (3) 0 6.2 __ 9.3 (3) 6.5 __. 0.7 (3) ~ 

aData are means ___ SEM. Figures in parentheses indicate the number of observations. Abbreviations: FFA, 
free fatty acid; OA, oleic acid; PL, phospholipids; EPA, eicosapentaenoic acid. 

b p  < 0.05 vs. 0 (/~mole/h). 
c p  < 0.05 vs. very low density lipoprotein (VLDL). 
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TABLE 6 

Incorporation of Mixtures of OA and E P A  into VLDL and Hepatic TG a 

Ratio tool% oleate to mol% EPA infused (70/maol]h, total) 

No fatty 
Fatty acid infused 100:0 75:25 50:50 25:75 0:100 
acid (n = 5) (n = 8) (n = 3) (n = 3) (n = 10) (n = 10) 

Total TG fatty acids (%) 
OA 
VLDL 24.3 +_ 1.0 46.7 +_ 0.8 43.9 + 2.4 33.5 +-- 3.2 21.5 +_ 1.0 17.2 _+ 0.6 
Liver 38.8 + 0.9 38.8 + 0.9 39.5 +- 2.6 33.8 +- 4.2 24.3 --- 1.3 23.9 + 0.9 

EPA 
VLDL 3.1 _ 0.1 1.8 + 0.2 6.5 +- 0.9 13.1 + 1.9 22.1 +_ 0.8 26.4 +_ 1.7 
Liver 3.2 + 0.6 1.4 + 0.2 3.6 + 0.5 7.2 +- 1.4 11.0 _ 0.9 12.3 + 1.1 

aData are means +_SEM. Mixtures of oleic acid (OA) and eicosapentaenoic acid (EPA) were infused at a total 
of 70 p~nol/h. For comparison purposes, data from experiments in which fatty acid was not infused, as well 
as those for 100% EPA or 100% oleate, are included {Table 2). Abbreviations: VLDL, very low density 
lipoprotein; TG, triacylglycerols. 
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FIG. 4. Effect of oleic acid/eicosapentaenoic acid molar ratio on 
hepatic and very low density lipoprotein-triacylglyesrols (VLDL-TG) 
fatty acids. Experiments were carried out as indicated in the legend 
to Figure 3 and the Materials and Methods section. Values were 
calculated as the product of the individual values for TG mass out- 
put (Fig, 3) and the percentage of fatty acid composition of the in- 
fused fatty acid in TG. Abbreviation: FFA, free fatty acids. 

cance of this observation.  Earl ier  (1) we reported t ha t  PL 
synthesis  from [1-14C]EPA and [1-14C]OA was similar, 
whereas incorporat ion of OA into TG was greater  than  
was t ha t  of EPA, indicat ing tha t  util ization of EPA for 
PL  synthesis  was preferred over t h a t  for TG synthesis.  

The d i lemma surrounding da ta  on the effects of n-3 fat- 
ty  acids on hepatic  V L D L  secretion from whole liver and 
from hepa tocy t~  (HepG2 cells) remains. Consider tha t  the 
work of Lang  and Davis  (3), carried out  a t  1 mM EPA or 
OA, showed inhibition of VLDL secretion (but not  TG syn- 
thesis), whereas in the present  report,  perfusate  levels of 
EPA approaching 1 mM st imula ted  V L D L  secretion, as 
was observed for OA. Perhaps, the cons tant  supply of the 
f a t t y  acid as obtained in our perfusion exper iments  is 
critical, since in the hepatocyte studies the free f a t ty  acid 
level would be expected to decrease dur ing incubation. I t  
is also puzzling t ha t  we were able to demons t ra te  t ha t  
EPA and OA were equally s t imula t ing  to TG synthes is  
and V L D L  secretion in the studies with the perfused ra t  
liver model, with amounts  of EPA which Wong and Marsh 
{7) in their  liver perfusion studies found inhibitory. 
Al though there were a number  of differences in the ex- 
per imental  designs between the  two studies, i t  is no t  ap- 
parent  how any of these might  be responsible for the dif- 
ference in results. In  general, however, Wong and Marsh  
(7) found a much greater  enrichment  of PL and less of TG 
than  we did, which could account  for the difference in 
V L D L  synthesis  and output.  Resolution of the difference 
m u s t  await  other  unifying evidence not  present ly 
avai lable  

In the present  liver perfusion studies, as in our previous 
report  (1), there is definite evidence for a persis tent  secre- 
t ion of TG derived f rom endogenous hepatic  f a t t y  acids, 
in agreement  with the pers is tent  secretion of endogenous 
free f a t ty  acids (1). D a t a  in Figure 2 i l lustrate t ha t  a con- 
s t an t  amount  of two common fa t ty  acids, linoleate and 
pa lmi ta t~  are present  in secreted TG. As TG secretion in- 
creased with infusion of EPA, a cons tan t  secretion of OA 
in TG was also observed. The presence of a cons tan t  
amount  of endogenously-derived fa t ty  acid in the VLDL- 
TG, regardless of the amount  of exogenous f a t t y  acid in- 
fused (compared to exper iments  when FFA was not  in- 
fused), sugges ts  tha t  the util ization of endogenous and 
exogenous f a t t y  acid for TG synthes is  is independent ly  
regulated. This endogenous f a t ty  acid pool p resumably  
is derived f rom lipolysis (turnover of esterified lipid) and 
de  novo  synthesis.  This consistency in the presence of 
these two common f a t t y  acids (and small amounts  of 
others) in TG may  reflect some restr ict ion in posit ional 
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configuration of the f a t ty  acids in the TG, La, the liver 
may  be able to produce only TG which contains up  to 67% 
of the individual f a t ty  acid. At  the highest  rate  of OA in- 
fusion, a m a x i m u m  of 63% OA in the TG was obtained, 
while for EPA the value was similar, 58%, which would 
seem to suppor t  this possibility. Suppor t  is also evident 
in our previous studies with several common long-chain 
fa t ty  acids in which the grea tes t  enr ichment  of VLDL- 
TG was 65% (12). 

The mechanisms by  which esterification of EPA and 
secretion of TG in VLDL is enhanced when exogenous OA 
(at amounts  as low as 25 mol% of the  70 ~no l  of f a t t y  
acid mixture  infused/hour), or whereby EPA at  25 mol% 
seemed to enhance OA esterif ication and TG secretion, 
are unknown. The observat ion may  reflect the existence 
of some permissive effect of one f a t ty  acid on another  in 
the process of esterification. Whether  this is quite specific, 
(e.g., for OA and EPA) or is a more general phenomenon 
is not  known, but  may  relate to l imitat ions on TG struc- 
ture, as ment ioned above  

I t  is probable t ha t  the V L D L  particles secreted in 
response to the infusion of OA or EPA do not  differ 
in size, as indicated by the similarities in rat ios 
(PL + C/TG + CE) of the surface to core lipids (primarily 
TG) which can be calculated from the da ta  in Figure 1. 
The overall grouped average of the  molar  ra t ios  
(0.47 + 0.03; n = 66) was not  different from tha t  of VLDL 
produced by  the  livers of the various individual experi- 
mental  groups, including tha t  when fa t ty  acid was not pro- 
vided (0.42 +_ 0.06; n = 6). This finding sugges ts  that ,  in 
these experiments,  over the range of TG synthesis  and 
secretion, V L D L  fabricat ion was not  curtailed by avail- 
abili ty of surface const i tuents ,  and t h a t  any differences 
in TG s t ruc ture  (fat ty acid composition, up to 63% OA 
and 59% EPA) do not  contr ibute appreciably to apparent  
differences in the volume of the secreted particl~ The liver 
will produce and secrete larger V L D L  particles, and TG 
will accumulate  in the liver with increasing availabil i ty 
of FFA, perhaps because lipid surface components  are not 
readily available, i.a, PL and/or C (15). We have suggested 
t ha t  C may  become l imit ing {17), result ing in reduced 
V L D L  format ion and secretion, and accumulat ion of TG 
in the liver. The apparent  similarities in particle size as 
reflected by  the lipid rat ios in the present  s tudy  might  
be predicted, perhaps,  because the rate  of TG synthesis,  
reflecting the availabili ty of FFA, seems to be more of a 
de te rminant  of size (based on these ratios) than  is f a t ty  
acid s t r u c t u r e  p e r  se, as we suggested previously {12). As 
we noted previously {12), the molar  rat io of the major  sur- 
face lipids (PL/C) seems to be invariate for the VLDL 
secreted by the fiver. In the present  study, the mean value 
of 66 exper iments  was 1.98 _+ 0.19. 

In  summary,  regardless of the mechanism(s), the inhibi- 
t ion of V L D L  secretion observed at  low perfusate  concen- 
t ra t ions  of EPA appears  to be overcome when increased 
quanti t ies  of EPA are available to the fiver, i.e, formation 
and secretion of V L D L  do not  differ from tha t  obtained 
with OA. Furthermore,  addition of OA to the medium 
leads to higher rates of incorporation of EPA into TG. The 
mechanism(s) which may  be involved mus t  be sorted out, 

whether  a reflection of the inhibitory effect on acyl- 
coenzyme A:l,2-diacylglycerol acyl t ransferase (18) or 
phosphat ida te  phosphohydrolase (6), related to diversion 
of n-3 f a t ty  acids to PL format ion (5,6,11) a t tended by 
significant PL compositional differences and related mem- 
brane s t ructural  modifications; inhibition of lipogenesis 
(19) or increased oxidation (8), decreased TG t ranspor t  
secondary to defects in V L D L  assembly  and apoB avail- 
abili ty (3,4), or some combinat ion peculiar to species dif- 
ferences or model or exper imental  design. I t  is perhaps  
significant that ,  only at  the lower exper imental  concen- 
t ra t ions  of EPA, was V L D L  secretion diminished, since 
it  is unlikely tha t  levels of n-3 f a t ty  acid derived from the 
diet would reach the concentrations seen at  the higher in- 
fusion rates in our studies. 
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Iron-ascorbate stimulated lipid peroxidation in rat liver 
microsomes can be inhibited by glutathione (GSH). The 
role of protein thiols and vitamin E in this process was 
studied in liver microsomes isolated from rats fed diets 
either sufficient or deficient in vitamin E and incubated 
at 37~ under 100% Oz. Lipid peroxidation was induced 
by adding 400 pM adenosine 5'-triphosphate, 2.5 to 20 ~Vl 
FeCI 3, and 450 ~M ascorbic acid. One mL of the incuba- 
tion mixture was removed at defined intervals for the 
measurement of thiobarbituric acid reactive substances 
(TBARS), protein thiols and vitamin E. In vitamin E suf- 
ficient microsomes, the addition of GSH enhanced the lag 
time prior to the onset of maximal TBARS accumulation 
and inhibited the loss of vitamin E. Treatment of these 
microsomes with the protein thiol oxidant diamide re- 
suited in a 56% loss of protein thiols, but did not signifi- 
cantly change vitamin E levels. However, diamlde treat- 
ment abolished the GSH-mediated protection against 
TBARS formation and loss of vitamin E during ascor- 
bate-induced peroxidation. Liver microsomes isolated 
from rats fed a vitamin E deficient diet contained 4~fold 
less vitamin E and generated levels of TBARS similar to 
vitamin E sufficient microsomes at a 4-fold lower concen- 
tration of iron. GSH did not affect the lag time prior to 
the onset of maximal TBARS formation in vitamin E defi- 
cient microsomes although total TBARS accumulation 
was inhibited. Similar to what was previously found in 
vitamin E sufficient mierosomes [Palamanda and Kehrer, 
(1992) Arch. Biochem. Biophys. 293, 103-109], GSH pre- 
vented the loss of protein thiols in vitamin E deficient 
microsomes. However, GSH did not protect efficiently 
against the loss of residual vitamin E in deficient micrw 
somes. These data provide support for the concept that 
GSH protects against microsomal lipid peroxidation by 
maintaining protein thiols, and consequently vitamin E, 
in the reduced state. The lack of protection in vitamin E 
deficient microsomes may be related to the inability of 
such low levels of vitamin E to inhibit peroxidation. 
Lipids 28, 427-431 (1993). 

The oxidation of the polyunsaturated fatty acids associ- 
ated with membranes can result in the disruption of 
various cellular functions and cause leakage of intra- 
cellular contents. This process, termed lipid peroxidation, 
is believed to be a major factor in causing various tox- 
icities. The susceptibility of polyunsaturated fat ty acids 
to lipid peroxidation is countered in biological systems 
by various endogenous antioxidant enzyme systems 
and antioxidants. Vitamin E is a potent chain breaking 

*To whom correspondence should be addressed. 
Abbreviations: ADP, adenosine 5' triphosphate; DTNB, 5,5'- 
dithiobis{2-nitrobenzoic acid); GSH, glutathione; TBARS, thiobar- 
bituric acid reactive substances. 

antioxidant which inhibits lipid peroxidation in mem- 
branes (1). However, since the fully oxidized form of 
vitamin E is inactive and cannot be used to regenerate 
the parent molecule, vitamin E turnover is relatively slow, 
and there is only approximately one molecule of vitamin 
E per 1200 polyunsaturated fatty acids in membranes (2), 
it is believed that the partially oxidized tocopherol is 
reduced to vitamin E in some sort of recycling reaction. 

The source of the reducing equivalents which might 
rsgenerate vitamin E is unknown. A number of researchers 
have focused on glutathione (GSH) which is capable of 
inhibiting lipid persxidation in rat fiver microsomes with 
the help of a putative heat- and trypsin-labile micrssomal 
"factor" (3-6). This factor appears to exist primarily in 
rat liver mJcrosomes (7), and there is evidence rsgarding 
a soluble factor which may perform a similar or related 
function (8). The protective effect of GSH against micro- 
somal lipid peroxidation is diminished (9,10) and even 
abolished (11,12) in microsomes from vitamin E deficient 
rats indicating a requirement for this vitamin. The micr~ 
somal factor also appears to require thiol groups for ac- 
tivity since either N-ethyl maleimide or hydroxynonenal 
treatment of the membrane results in its inactivation (13). 
However, it is also possible that  the protective effects of 
GSH are related to its direct interaction with protein 
thiols leading to protection or regeneration of vitamin E. 

A time course of the effect of GSH on the loss of vitamin 
E and protein thiols, and on the formation of thiobar- 
bituric acid reactive substances (TBARS) in vitamin E 
deficient micrssomes undergoing iron-ascorbate stimu- 
lated lipid peroxidation, has not been studied in detail. 
The role of protein thiols is of increasing interest because 
of the lability of the GSH protective effect to thiol ox- 
idants and recent data indicating the importance of pro- 
tein thiols in controlling lipid peroxidation {14,15). Fur- 
thermore, we have recently shown that heating or tryp- 
sinlzing micrssomes abolishes the GSH-dependent pro- 
tective effect against protein carbonyl group formation, 
and this is accompanied by a 60% loss of free protein thiol 
groups (6). 

The present s tudy examined the t ime course of the ef- 
fect of GSH on vitamin E oxidation and TBARS forma- 
tion in hepatic microsomes isolated from vitamin E suf- 
ficient and deficient rats. The effect of GSH on vitamin 
E oxidation during peroxidation in vitamin E sufficient 
liver microsomes was compared to microsomes pretreated 
with the thiol oxidant diamide In addition, the time 
course of the effect of GSH on the loss of protein thiol 
groups during peroxidation in vitamin E deficient mem- 
branes was studied. The results support the concept that 
both vitamin E and protein thiols are involved in GSH- 
mediated protection against lipid peroxidation. 

MATERIALS AND METHODS 

Materials. Adenosine diphosphate (ADP), butylated hy- 
droxytoluene, N-ethylmaleimide" thiobarbituric acid, di- 
amide and 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) were 
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obtained from Sigma Chemical Co. (St. Louis, MO). 
Ferric chloride, trichloroacetic acid, guanidinium HC1 
and 2,2'-dipyridyl were obtained from Aldrich Chemical 
Company (Milwaukee, WI). L(+)-ascorbic acid was ob- 
tained from MCS Manufacturing Chemists Inc (Cincin- 
nati, OH). Oxygen was obtained from Big Three In- 
dustries Inc. (Laporte" TX). All other chemicals were of 
reagent grade. 

Animals and diets. TWo groups of nine rats were main- 
tained for 9 wk on vitamin E sufficient {500 U of vitamin 
E acetate/g) and vitamin E deficient (0 U of vitamin E 
acetate/g) AIN-76A diets obtained from Dyets Corpora- 
tion (Bethlehem, PA). All studies were done in liver 
microsomes isolated from rats fed these diets. The body 
weights of rats were monitored during the 9-wk study, and 
both groups gained weight similarly. 

Preparation of microsomes. Microsomal membranes 
were isolated by differential centrifugation in a 50 mM 
potassium phosphate buffer (6). Protein was determined 
by the microbiuret method (16) using bovine serum 
albumin as the standarcL The protein concentration of the 
final incubation mixture was adjusted to 2.5 mg/mL. 
Diamide-treated microsomes were prepared by mixing 
1 mL of diamide solution (1 mM in 50 mM potassium 
phosphat~ pH 7.4) with 10 mg of microsomal protein in 
1 mL. After incubating on ice for 15 mira this mixture was 
diluted with 15 ml, of cold 50 mM potassium phosphate 
buffer, pH 7.4 and centrifuged at 101,000 • g for 60 min. 
The supernatant was discarded, the pellet gently washed 
and finally resuspended in 10 mL of the same buffer (1 mg 
protein/mL). Control microsomes were treated similarly 
except that  diamide was omitted. 

Lipidperoxidation assay. Twenty-five mg of microsomal 
protein was placed in a 25-mL flask in 10 mL of 50 mM 
potassium phosphate buffer (6). ADP (400/~M) plus 2.5, 
10 or 20 ulVl ferric chloride and 450 ~M ascorbic acid (final 
concentrations) were then added to initiate lipid perox- 
idation. The mixture was gassed with 100% 02, stop- 
pered and incubated at 37~ Lipid peroxidation was 
quantitated as TBARS, and the lag time prior to the onset 
of maximal TBARS formation was measured as described 
before (6). 

Protein sulfhydryl (thiol) and vitamin E assays. Protein 
thiols were determined according to the method of Boyne 
and Ellman (17). Briefly, 1 mL of the microsomal incuba- 
tion mixture was precipitated with 0.3 M perchloric acid. 
After centrifugation, the pellet was washed with 2 mL of 
0.3 M perchloric acid, extracted with 8 mL of ethanol/ethyl 
acetate (1:1, vol/vol) and dried. The lyophilized pellet was 
dissolved in 6M guanidinium HC1 and the absorbance at 
412 nm quantitated after adding 1 mL of 2 mM DTNB 
solution in the presence and absence of 10 ~/I N-ethyl- 
maleimide (6,18). 

Vitamin E was extracted from microsomal membranes 
with heptane, separated on a Cls reversed-phase column 
by high-performance liquid chromatography and mea- 
sured electrochemically as described previously (19). 

Statistics. Results are expressed as the mean +_SE of 
three separate determinations. Multiple comparisons be ~ 
tween groups were done using the Student-Newman-Keuls 
test (20) after analysis of variance was performed. A paired 
t-test was used to compare mean values at individual time 
points with and without GSH treatment. A P value less 
than 0.05 was considered significant. 

RESULTS 

Vitamin E sufficient microsomes subjected to iron (i0 
~M)-ascorbate stimulated lipid peroxidation showed a 
rapid time-dependent accumulation in TBARS formation 
after a 32-rain lag period (Fig. 1A). The addition of GSH 
inhibited TBARS by 84% at the end of the 60 min of in- 
cubation in this system. Increasing the iron concentra- 
tion to 20 ~VI decreased the lag time before peroxidation 
in vitamin E sufficient microsomes to 21 rain and in- 
creased the amount of TBARS formed after 60 min 
(Fig. 1B). GSH increased the lag time to 26 rain in the 
presence of 20 vM iron and inhibited the maximal rate of 
TBARS accumulation. 

There was a 56% loss of protein thiols in vitamin E suf- 
ficient microsomes treated with the thiol oxidant diamide 
(Table 1). Although diamide treatment had no effect on 
microsomal vitamin E content (Table 1), the GSH-medi- 
ated protection against TBARS formation was abolished 
(Table 2). 

An iron concentration of only 2.5 ~M in the presence 
of vitamin E deficient rat liver microsomes was sufficient 
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FIG. 1. Time course of thiobarbituric acid reactive substances 
(TBARS) formation in vitamin E sufficient microsomes incubated 
with 450 vM ascorbate in the presence and absence of 1 mM 
glutathione (GSH) and either (A) 10 vM or (B) 20 ~M iron. GSH 
enhanced the lag t ime before TBARS formation and inhibited total  
TBARS accumulation at both doses of  iron tested. Each result is 
the mean _ S E  of four (A) or three (B) separate determinations. 
tSignificantly different from the coresponding time point lacking 
GSH. *Significantly different from time 0 (P < 0.05). 
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TABLE 1 

E f f e c t  of Diamide Pretreatment on Mic~osomal Vitamin E 
and Protein Thiol Groups  a 

Vitamin E Protein thiols 
(pmol/mg protein) (nmol GSH equiv./mg protein) 

Control 388 (n = 2) 46 • 4 (n = 3) 
Diamide 375 (n = 2) 21 • 4 (n = 3) b 

a Microsomes (10 mg) were incubated with a 1 mM diamide solution 
for 15 rain at 0~ Unreacted diamide was removed by washing 
with 15 mL 50 mM phosphate buffer, pH 7.4, and centrifuging for 
60 rain at 101,000 • g. GSH, glutathione. 

bSignificantly different from control group (P < 0.05). 

T A B L E  2 

E f f e c t  of  D i a m i d e  T r e a t m e n t  on  G S H - M e d i a t e d  P r o t e c t i o n  
A g a i n s t  T B A R S  F o r m a t i o n  a 

TBARS 
Treatment (% of control) 

Untreated microsomes + GSH 26.3 • 9.5 b 
Diamide-treated microsomes + GSH 100 • 9.3 

aData are expressed as mean __+ SE of three separate determina- 
tions. Thiobarbituric acid reactive substances (TBARS) formation 
was determined in untreated and diamide~treated vitamin E suffi- 
cient microsomes incubated at 1 nag protein]mL with 450 ~M ascor- 
bate and 10/~M iron for 30 rain. TBARS formation in untreated 
or diamide-treated microsomes in the absence of glutathione {GSH} 
were not significantly different and represent control values. 

bSignificantly different from respective control (/9 < 0.05). 

to s t imulate the formation of the same amount  of TBARS 
(Fig. 2A) as 10 I~M iron produced in v i tamin  E sufficient 
microsomes {Fig. 1A). In the presence of 10 ~M iron, vita- 
min E deficient microsomes produced about  three t imes 
as much TBARS (Fig. 2B) as similarly t reated vi tumin 
E sufficient microsomes (Fig. 1A). T B A R S  accumulated 
in v i tamin  E deficient microsomes wi thout  a dist inct  lag 
t ime prior to the onset of TBARS formation a t  both  doses 
of iron tested, an effect in contras t  to the v i tamin  E suf- 
ficient microsomes. However, G S H  significantly inhibited 
TBARS accumulation in vi tamin E deficient microsomes. 
At  the end of 60 min, this inhibition was 67 and 62% com- 
pared to control preparat ions  lacking G S H  at  iron doses 
of 2.5 and 10 ~M, respectively (Fig. 2). 

The loss of GSH-media ted  inhibition against  lipid per- 
oxidation in diamide-treated v i tamin  E sufficient m i c r a  
somes was accompanied by the failure of G S H  to prevent 
the loss of vi tamin E {Fig. 3A}. These results contrast  with 
control microsomes where the addit ion of G S H  resulted 
in complete protect ion agains t  the loss of v i tamin  E 
throughout  the 60 rain of incubation. 

There was 40-fold less v i tamin  E present  in deficient 
microsomes as compared to v i tamin  E sufficient mic r~  
somes (Fig. 3B). Al though the addition of G S H  protected 
against  vi tamin E loss at  30 and 45 rain of incubation even 
in v i tamin  E depleted microsomes, G S H  did not  com- 
pletely prevent  v i tamin  E from oxidizing as was the case 
in the v i tamin  E sufficient microsomes. In the absence 
of GSH,  approximate ly  90% of the v i tamin  E present  a t  
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FIG. 2. Time course of  th iobarb i tur i c  ac id  r e a c t i v e  substances 
{TBARS)  f o r m a t i o n  in vitamin E deficient microsomes i n c u b a t e d  
with 450 tLM ascorbate in the  presence or absence  of 1 mM g lu ta th ione  
(GSH) and  e i ther  (A) 2.5 ~M or (B) 10 gM iron. G S H  did n o t  affect 
t h e  l ag  t i m e  before  T B A R S  f o r m a t i o n  b u t  inh ib i ted  t o t a l  T B A R S  
a c c u m u l a t i o n  at  b o t h  doses  of  iron tes ted .  E a c h  resu l t  is  t h e  m e a n  
___SE of three separate determinations, tSigaificantly dif ferent  from 
corresponding  time point lacking GSH. *Significantly dif ferent  from 
t i m e  0 (P  < 0.05). 

t ime zero was lost by 60 min in bo th  sufficient and defi- 
cient microsomes. 

Protein thiol groups were gradual ly lost dur ing perox- 
idation of v i tamin  E deficient microsomes a t  bo th  doses 
of iron tested (Fig. 4). The addition of G S H  prevented the 
loss of thiol groups throughout  the 60 min of incubation 
with  2.5 ~M iron. In contrast ,  thiol loss was delayed, bu t  
not  prevented by G S H  in the presence of 10 ~ I  iron. Sur- 
prisingly, the extent  of protein thiol loss was not  different 
at  any t ime point  in control microsomes peroxidized with 
iron-ascorbate and either 2.5 or 10 wM iron. 

DISCUSSION 

The abili ty of G S H  to inhibit  ra t  liver microsomal lipid 
peroxidation has been extensively documented {3-7,9-14, 
2D. G S H  appears  to require v i tamin  E to be present  in 
the microsomal membranes  since the absence of sufficient 
v i tamin  E abolishes GSH-dependent  protect ion agains t  
i ron-NADPH st imulated lipid peroxidation (11,12). Vari- 
ous reported differences in the effects of G S H  on perox- 
idation may  be due to differences in the peroxidation 
sys tems  employed. I t  is also possible t ha t  other  factors 
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FIG. 4. Time course of loss of protein thiol groups in vi tamin E defi- 
cient microsomes incubated with 450 pM ascorbate and either 2.5 
or 10 ~M iron in the  presence or absence of I mM glutathione (GSH}. 
GSH completely inhibited loss of protein thiol groups at  2.5 ham iron. 
Each result  is the  mean _ SE of three separate determinations.  
?Significantly different from the  corresponding t ime point  lacking 
GSH. *Significantly different from t ime 0 (P < 0.05). 

such as the level of E deficiency attained play a role In 
addition, while ascorbate exerts prooxidant effect in the 
presence of a metal (1), it can also scavenge oxygen 

radicals and regenerate a-tocopherol from the a-tocoph- 
eroxy radical (22). 

GSH both enhanced the lag time preceding rapid 
TBARS accumulation and inhibited total TBARS ac- 
cumulation in vitamin E sufficient rat liver microsomes 
subjected to iron-ascorbate stimulated peroxidation, in 
agreement with previous findings (3-7,9-11,13,23). How- 
ever, when vitamin E sufficient microsomes were pre- 
treated with the protein thiol oxidant diamide, the protec- 
tive effect of GSH against loss of vitamin E was reduced 
and against TBARS formation was completely abolished. 
This indicated that  protein thiols play an important role 
in mediating the GSH-dependent inhibition of lipid perox- 
idation and in preventing oxidation of vitamin E. These 
data are consistent with the finding that pretreatment of 
microsomes with either N~thylmaleimide, 4-hydroxynone ~ 
nal or glutathione disulfide also compromised GSH- 
dependent protection against lipid peroxidation (13,24). 

Vitnmin E deficient microsomes peroxidized without a 
lag time and at fourfold lower concentrations of iron as 
compared to vitamin E sufficient microsomes. Further- 
more, in contrast to vitamin E sufficient microsomes, the 
addition of GSH to the vitamin E deficient system did 
not maintain vitamin E during the incubation period. 
These data indicate that the level of vitamin E remain- 
ing in deficient microsomes was below the threshold 
required for protection against lipid peroxidation, even 
for brief periods of t ime Alternately, because of ac- 
celerated peroxidative damage to these microsomes, the 
hypothetical microsomal factor could also be destroyed 
quickly, especially considering its presumed lability to free 
radicals (21). 
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Despite the lack of effect of GSH on the lag time prior 
to the onset of lipid peroxidation, total TBARS accumula- 
tion was inhibited by this thiol in vitamin E deficient 
microsomes. This suggests that GSH was inhibiting lipid 
peroxidation independent of its effects on vitamin E. 
Recently, Scholz et  aL {25) reported that there may be two 
factors mediating the effect of GSH against lipid perox- 
idation. One of the factors is vitamin E dependent and 
the other is vitamin E independent. The exact mechanism 
by which the second factor interacts with GSH to inhibit 
peroxidation is unknown. Using an iron-ascorbate system, 
Hill and Burk {23) demonstrated that  GSH could inhibit 
lipid peroxidation in vitamin E deficient microsomes and 
have suggested a vitamin E-independent, GSH-dependent 
radical scavenging activity that could inhibit lipid perox- 
idation. Reddy e t  al. (9) also observed that  GSH inhibited 
iron-ascorbate stimulated lipid peroxidation in vitamin E 
deficient microsomes, albeit less efficiently. These findings 
indicate that  the loss of vitamin E can be partially com- 
pensated for by the presence of GSH. The mechanism of 
this effect can be explained by the maintenance of pro- 
tein thiols in the reduced form by GSH. Our data are con- 
sistent with the conclusion that this occurs without the 
intervention of any undefined factor. 

Preservation of reduced protein thiols seems unlikely 
to account fully for GSH-mediated protection against 
lipid peroxidation since other thiol agents such as cysteine 
and mercaptoethanol do not substitute for this protective 
effect {26}. The combination of a protein thiol sparing ef- 
fect along with the reduction of vitamin E radicals would 
make GSH a very potent antioxidant molecule against 
lipid peroxidation in vitamin E sufficient microsomal 
membranes. The finding that GSH inhibits the peroxida- 
tion associated loss of protein thiols, even in vitamin E 
deficient microsomes, suggests that  effects on protein 
thiols independent of vitamin E content are important in 
the mechanism by which GSH inhibits microsomal lipid 
peroxidation. 

Takenaka et  aL (15) have recently examined the relation- 
ship between membrane protein thiols and vitamin E. 
They reported that  protein thiols are unable to directly 
reduce the vitamin E radical to vitamin E. However, pro- 
tein thiols facing the aqueous cytosol could potentially 
compete with vitamin E for free radicals formed in an 
aqueous environment thereby sparing vitamin E from at- 
tack and consumption. The same study reported that 
generation of free radicals in a lipid environment would 
first cause consumption of vitamin E followed by con- 
sumption of protein thiols. In an in v i tro  system, free 
radicals are generated by the addition of water soluble 
components such as ascorbic acid and ADP-chelated iron. 
It  is possible that  under these conditions protein thiols 
could effectively compete with vitamin E for free radicals. 
GSH-dependent protection of protein thiols could thus 
spare the protein thiols and either prevent vitamin E con- 
sumption or perhaps facilitate the transfer of reducing 
equivalents among GSH, protein thiols and vitamin E. 

The data have shown that  GSH inhibited lipid perox- 
idation in liver microsomes from vitamin E sufficient rats 
more effectively than in liver microsomes from vitamin 

E deficient rats. The lesser protection in vitamin E defi- 
cient microsomes may be related to the inability of resid- 
ual levels of vitamin E, which were consumed rapidly dur- 
ing peroxidation, to inhibit initiation. In contrast, GSH 
prevented peroxidation and vitamin E oxidation very ef- 
fectively in vitamin E sufficient rat liver microsomes. Pro- 
tein thiols were partially spared by GSH in both vitamin 
E sufficient {6) and deficient microsomes while destruc- 
tion of protein thiol groups by diamide abolished GSH- 
dependent protection against vitamin E oxidation and 
also lipid peroxidation. The mechanism by which GSH in- 
hibits lipid peroxidation in rat liver microsomes may in- 
volve the maintenance of protein thiols, and consequently 
vitamin E, in the reduced state. 
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The purpose of this study was to investigate the roles of 
decreased synthesis and increased consumption in the 
depression of arachidonic acid levels in renal cortex and 
glomeruli of rats with streptozotocin-induced diabetes 
mellitus. In diabetic rats, arachidonic acid was depressed 
33.2% in renal cortex, 47.4% in liver and 66.1% in heart 
compared to values of control rats. A6 Desaturase activ- 
ity was depressed in renal cortex, liver and heart of  dia- 
betic rats to  53.3, 55.5 and 63.7%, respectively, of control 
values. A5 Desaturase activity was also depressed 43.7, 
55.5 and 47.6% in renal cortex, liver and heart of diabetic 
rats, respectively. In other rats the activities of five 
enzymes involved in the synthesis and esterif ication of  
arachidonic acid were measured in renal cortex and 
in isolated glomeruli. Both tissues from diabetic rats 
showed depressed activit ies  of A5 and A6 desaturases, in- 
creased activities of long-chain acyl-CoA synthetase and 
1-acyl-sn-glycel~3-phosphocholine acyltransferase and no 
change in the activity of elongase as compared to  those  
in control tissues. Malondialdehyde, an end product of 
lipid peroxidation, was lower in the renal cortex of dia- 
betic rats than in control rats, whereas/3~xidation of 
linoleic acid and arachidonic acid were similar in diabetic 
and in control rats. Basal and stimulated prostaglandin 
E 2 synthesis were significantly higher in i so la ted  
glomeruli from diabetic rats compared to  those  in con- 
trol rats. In isolated tubules, prostaglandin E 2 synthesis 
was similarly low in both groups. From these data we con- 
clude that the reduced level of arachidonic acid esterified 
in lipids of the kidney cortex is caused principally by 
depressed synthesis of arachidonic acid secondary to  
decreased activity of A5 and A6 desaturases. Increased 
consumption of arachidonic acid to support prostaglan- 
din synthesis may have contributed to  the depression of 
arachidonic acid in glomeruli but not  in tubules. 
Lipids 28, 433-439 (1993). 

Arachidonic acid, the most abundant constituent polyun- 
saturated fa t t ty  acid in lipids of mammalian cells, has 
been found to be greatly depressed in a number of organs 
of humans and animals with diabetes mellitus {1-13). Re- 
cent studies in our laboratory have confirmed that  
arachidonic acid esterified in lipids is depressed in renal 
cortex of rats with streptozotocin-induced diabetes 
mellitus (14). Several investigators have shown that the 
activities of A6 and A5 desaturases are decreased in the 
liver of diabetic animals (4,15-18). These observations, 
together with the demonstration that  the rate of conver- 
sion of linoleic acid to arachidonic acid is reduced in 
diabete~s mellitus (1,18,19), provide strong support for the 

*To whom correspondence should be addressed. 
Abbreviations: DTNB, 5,5-dithiobis-2-nitrobenzoic acid; EDTA, 
ethylenediaminetetraacetate; 1-acyI-GPCAT, 1-acyl-sn-glycero-3- 
phosphocholine acyltransferase; PGE 2, prostaglandin E 2. 

hypothesis that  the low level of arachidonic acid in com- 
plex lipids found in diabetes mellitus is caused, at least 
in part, by decreased synthesis. In the renal cortex of 
diabetic rats, however, increasesd activity of A6 desaturase 
activity has been reported {20}. This observation im- 
plicates a different mechanism underlying the depression 
of arachidonic acid levels in the kidney. 

Arachidonic acid is synthesized from linoleic acid, an 
essential fatty acid. The five enzymes involved in the syn- 
thetic pathway include long-chain acyl-CoA synthetase, 
which is required for the activation of linoleic and arachi- 
donic acids; A6 desaturase, which converts linoleoyl-CoA 
to y-linolenoyl-CoA; elongas~ which converts y-linolenoyl- 
CoA to dihomo-rlinolenoyl-CoA; A5 desaturas~ which con- 
verts dihomo-y-linolenoyl-CoA to arachidonoyl-CoA; and 
acyltransferase, which mediates arachidonoyl-CoA acyla- 
tion of phospholipids {21}. Increased activity of acyl-CoA 
sy-nthetase has been reported in renal cortex of diabetic 
rats in one study {20), and increased activity of both acyl- 
CoA synthetase and acyltransferase has been observed 
in isolated glomeruli of diabetic rats in another study {22}. 
However, in no single study have the activities of all five 
enzymes been systematically examinecL Thus, no firm con- 
clusions can be drawn about the contributions of de- 
creased arachidonic acid synthesis and/or esterification to 
the depressed level of arachidonic acid in renal cortical 
lipids in diabetes mellitus. Furthermore, the possibility 
that increased consumption contributes to the depression 
of arachidonic acid in diabetes mellitus has been ne- 
glectecL The major pathways of arachidonic acid cor~suml> 
tion include synthesis of prostaglandins, f~oxidation and 
free radical mediated lipid peroxidation. The purpose of 
the current study was to investigate whether the depres- 
sion of arachidonic acid in the renal cortex of diabetic rats 
is caused by decreased synthesis or increased consump- 
tion of arachidonic acid. 

MATERIALS AND METHODS 

Diabetes mellitus was induced in male Sprague Dawley 
rats, weighing 200-250 g, by intravenously injecting 
streptozotocin at a dose of 65 mg/kg body weight. The 
rats were studied 4-6 wk thereafter, at which time they 
manifested hyperglycemia (>500 mg/dL), 4+ glucosuria 
and polyuria. Three groups of rats were studied. In one 
group the composition of esterified fatty acids and the 
activities of A6 and A5 desaturases were measured in renal 
cortex~ heart and liver of 12 control and of 12 diabetic rats. 
In a second group the activities of five enzymes involved 
in the synthesis and esterification of arachidonic acid in 
lipids and the consumption of arachidonic acid by f~ 
oxidation and lipid peroxidation were measured in the 
renal cortex of 17 control and 17 diabetic rats. In a third 
group the above measurements were performed in isolated 
glomeruli from 6 control and 6 diabetic rats. Rats were 
anesthetized with 50 mg of pentobarbital, after which 
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they were sacrificed by exsanguination from the aorta. 
The kidneys were removed and the renal cortex was dis- 
sected free. Glomeruli and tubules were isolated by a 
sieving technique {23). Lipids were extracted from known 
quantities of tissue by homogenizing first in 5 mL metha- 
nol containing 2% HC1. Chloroform was then added to 
achieve a final concentration of chloroform/methanol/HC1 
(100:50:1, by vol). All organic solvents contained the 
antioxidant 2,6-di-tert-butyl-4-methyl-phenol at 1.5 mg/ 
100 mL. The homogenate was mixed by vortexing, shaken 
for 5 min in a water bath at room temperature and filtered 
over a Whatman glass-fiber filter, model GF/C. The filter 
was washed with chloroform/methanol (2:1, vol]vol) and 
the combined filtrates were centrifuged to achieve phase 
separation. The organic phase was removed and dried 
under N2; the residue was redissolved in 4 mL of chlorr 
form/methanol (2:1, vol/vol) and stored at -70~ until 
lipids were analyzec[ To determine the fatty acid composi- 
tion, an aliquot of lipid solution was evaporated to dryness 
under N2. Fatty acids were liberated by hydrolysis with 
formation of methyl esters in the presence of sodium 
methoxide and methanol. The resulting fatty acid methyl 
esters were analyzed by gas-liquid chromatography, as 
previously reported {24). 

E n z y m e  assays. Tissue was homogenized in ice-cold 
0.25 M sucrose, 62 rnM potassium phosphat~ 0.15M KCI, 
5 mM MgCI~ and 0.1 mM ethylenediaminetetraacetate 
(EDTA) at pH 7.0. The homogenate was centrifuged at 
16,000 • g for 10 min at 4~ following which the super- 
natant was centrifuged at 100,000 • g for 60 min at 4~ 
The microsomal pellet was resuspended in the homogeniz- 
ing buffer at a final protein concentration of 10 mg/mL 
and assayed for enzyme activity. The activities of A6 
desaturase, A5 desaturase and elongase were assayed by 
adding 0.1 mL of the microsomal suspension (1 mg of pro- 
tein) to 0.75 mL of buffer composed of 0.25 M sucrose, 
0.15 M KC1 and 62 mM potassium phosphate (pH 7.4) and 
containing in micromoles: ATP 10, NADH 26, CoA 1.0, 
MgC12 7.5, glutathione 1.5, NaF 62.5 and NAD 0.5. This 
assay mixture represents a slight modification of that 
used by Mandon et  al. (25). The appropriate [14C]acyl- 
CoA substrate (50 moles) (radiochemical purity 99%, New 
England Nuclear, Boston, MA) dispersed in 0.15 mL of 
buffer was added to the above reaction mixture, and the 
mixture was incubated for 30 min in a shaking water bath 
maintained at 37~ The reaction was saponified under 
N2 by adding 10% KOH in ethanol and boiling in a water 
bath for 1 h. After the reaction mixture cooled to room 
temperature, it was acidified with HC1. The fat ty acids 
were extracted in hexane and then converted to methyl 
esters with 14% boron trifluoride in methanol (26). The 
fatty acid methyl esters were separated on 15% AgNO3 
thin-layer chromatography plates using hexane/diethyl 
ether (40:60, vol]vol) as solvent system. The [14C]fatty 
acid methyl esters were identified by cochromatography 
with authentic standards and assayed directly on the plate 
using a radioscanner (Vanguard, Hartford, CT). In pilot 
experiments, we established that the recovery of fatty 
acids as methyl esters using this procedure was 94.0 +_ 
0.7% (n = 4). The data were not corrected to a recovery 
of 100%. In other pilot experiments we established that  
under these assay conditions product formation by each 
enzyme was linear during the 30-min incubation period 
using samples containing up to 1.5 mg of protein. 

Acyl-CoA synthetase activity in the homogenate of 
renal cortex and of glomeruli was determined as reported 
by Morisaki et  aL (27). The homogenate was centrifuged 
at 800 • g for 5 min, and the supernatant was used for 
enzyme assay. An aliquot of homogenate supernatant con- 
taining 10 ~g of protein was added to the reaction mix- 
ture containing 0.15 M Tris HC1 (pH 7.4), 0.1% Triton 
X-100, 50 mM MgCI2, 20 mM ATP, 0.2 mM [1-14C]fatty 
acid (radiochemical purity 99%, New England Nuclear), 
0.2 mM CoASH and 2.5 mM glutathione in a final volume 
of 0.25 mL; the mixture was incubated for 10 min at 37~ 
The reaction was terminated by the addition of 2.5 mL 
of isopropanol/heptane]lN H2SO4 (40:10:1, by vol) and 
the precipitate was removed by centrifugation. Water and 
heptane were added to the supernatant. The aqueous 
phase was removed and assayed for [1-14C]acyl-CoA in a 
liquid scintillation spectrometer. In pilot studies we estab- 
lished that under these assay conditions product forma- 
tion was linear over 10 min. 

1-Acyl-sn-glycero-3-phosphocholine acyltransferase 
(GPCAT) activity was measured in the microsomal fraction 
of renal cortex and of isolated glomeruli using a spectr~ 
photometric assay as described by Dang et oL (28). The 
method involves the reduction of 5,5~lithiob/s-2-m'trobenzoic 
acid (DTNB) by the thio group of free CoASH released 
from acyl-CoA. An aliquot of the microsomal fraction con- 
taining 0.1 mg of protein was added to the reaction mix- 
ture composed of 0.1 M Tris HC1 (pH 7.4), 0.33 mM DTNB, 
0.1 mM 1-acyl-sn-glycero-3-phosphocholine (Avanti Polar 
Lipids, Birmingham, AL) and 25 ~Vl acyl-CoA. In pilot 
experiments we established that  under these assay con- 
ditions product formation was linear for 15 rain when 
samples containing up to 0.15 mg of protein were added. 

E-Oxidation was determined by measuring acyloxidase 
activity in renal cortex homogenized in buffer composed 
of 0.25 M sucrose, 62 mM potassium phosphate, 0.15 M 
KC1, 5 mM MgC12, 0.1 M EDTA and 3 mM imidazole 
(29). An aliquot (100 ~L) of homogenate was added to 
1 mL of a reaction mixture composed of 0.25 M sucrose, 
0.1 M potassium phosphate, 0.15 M KC1, 5 mM MgC12, 
5 mM ATP, 1 mM NADH, 0.5 mM NAD, 1.5 mM gluta- 
thione and 45 mM NaF at pH 7.4 and 37~ The reaction 
was initiated by the addition of 100 nmol [1-~4C]acyl-CoA 
dispersed in homogenizing buffer and was terminated 
after 10 min by the addition of acid. The reaction product, 
~4CO2, was trapped in hyamine hydroxide contained in a 
center well and subsequently assayed in a liquid scintilla- 
tion spectrometer. 

Lipid peroxidation in renal cortex and in glomeruli was 
estimated by measuring malondialdehyde by the thiobar- 
bituric acid method as previously reported (30). 

For determination of prostaglandin E 2 (PGE2), isolated 
glomeruli and isolated renal cortical tubules were homoge- 
nized in 50 mM phosphate buffer containing 0.01 M 
EDTA, 0.05% Triton X-100, 0.05% sodium azide and 
0.1 mM CaC12. Aliquots of homogenate were incubated 
in a water bath at 37~ for 10 min and then assayed for 
basal PGE2 synthesis by radioimmunoassay (23). 
A23187 at 10-6M was added to parallel samples and 10 
min later stimulated PGE2 synthesis was measured. 

The data in the text, tables and figures are expressed 
as the mean _ SE. Differences between groups were 
assessed by Student's t-test. A P value ~< 0.05 was con- 
sidered statistically significant. 
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RESULTS 

The  c o m p o s i t i o n  of f a t t y  ac ids  e s t e r i f i ed  in t o t a l  l ip ids  
of rena l  cor tex ,  l iver  a n d  h e a r t  is s u m m a r i z e d  in Table  1. 
A r a c h i d o n i c  ac id  c o m p r i s e d  28.0 ___ 1.1, 21.2 +_ 1.0 a n d  
27.0 +__ 1.1 mol% of t h e  f a t t y  ac ids  e x t r a c t e d  f rom t h e  
rena l  cor tex ,  l iver  a n d  hear t ,  respect ive ly ,  of n o n d i a b e t i c  
con t ro l  ra t s .  In  d i abe t i c  r a t s  a rach idon ic  ac id  was  signif-  
i can t ly  r educed  by  33.2% in renal  cortex,  by  47.2% in l iver  
and  by  66.7% in h e a r t  as  c o m p a r e d  to  t he  r e spec t ive  con- 
t ro l  va lues  (P < 0.01}. The  depress ion  of a rach idon ic  ac id  
was  a c c o m p a n i e d  by  s i g n i f i c a n t  inc reases  of f a t t y  ac ids  
t h a t  serve  as  p r ecu r so r s  for t he  s y n t h e s i s  of a r ach idon ic  
acid. These  included dihomo-y-linolenic acid  and  y-linolenic 
ac id  in rena l  co r t ex  a n d  hear t ,  and  l inoleic  ac id  in rena l  
cor tex ,  l iver  a n d  h e a r t  {Table 1). I s o l a t e d  g lomeru l i  and  
i so l a t ed  rena l  cor t i ca l  t u b u l e s  of d i abe t i c  r a t s  showed 
c h a n g e s  in f a t t y  ac id  c o m p o s i t i o n  s imi l a r  to  t hose  ob- 
se rved  for t h e  whole  rena l  co r t ex  {data n o t  shown). 

The  ac t i v i t i e s  of A6 and  A5 d e s a t u r a s e s  in rena l  cor tex ,  
l iver and  hea r t  of control  and  d iabe t ic  r a t s  are s u m m a r i z e d  
in Table 2. In  con t ro l  r a t s  A6 d e s a t u r a s e  a c t i v i t y  in t he  
l iver  was  5.5-fold h ighe r  t h a n  in rena l  co r t ex  and  6.5-fold 
h ighe r  t h a n  in hear t .  In  d i a b e t i c  ra t s ,  A6 d e s a t u r a s e  ac- 
t i v i t y  was  s i gn i f i c an t l y  r educed  in all t h r ee  t i s sues  (P < 
0.01): - -46.7% in rena l  cor tex;  - -44.5% in liver; - -36.3% 
in h e a r t  {Table 2). A5 D e s a t u r a s e  a c t i v i t y  in t he  l iver  of 

con t ro l  r a t s  was  fourfo ld  h ighe r  t h a n  in rena l  co r t ex  a n d  
f ivefold h ighe r  t h a n  in hear t .  In  d i abe t i c  r a t s  t h e  act iv-  
i t y  of A5 d e s a t u r a s e  a c t i v i t y  was s ign i f i can t ly  r educed  by  
56.2% in renal  cor tex ,  by  44.5% in l iver  and  by  52.4% in 
h e a r t  as  c o m p a r e d  to  t he  r e spec t ive  con t ro l  va lues  
{P < 0.01). 

I n  a second  g roup  of r a t s  t he  ac t i v i t i e s  of f ive e n z y m e s  
involved in the  s y n t h e s i s  and  es te r i f ica t ion  of a rachidonic  
ac id  in l ip ids ,  as  well a s  t he  c o n s u m p t i o n  of a rach idon ic  
ac id  b y  $ o x i d a t i o n  and  b y  l ip id  pe rox ida t ion ,  were 
m e a s u r e d  in rena l  cor tex .  The  a c t i v i t y  of long-cha in  acyl- 
CoA s y n t h e t a s e  was  s i gn i f i c a n t l y  h ighe r  in t he  rena l  cor- 
t ex  of d i abe t i c  r a t s  t h a n  in t h a t  of con t ro l  r a t s  (Table 3). 
W i t h  linoleic acid  as  subs t ra te ,  acyl-CoA s y n t h e t a s e  activ- 
i t y  was  158.4% of t h a t  of con t ro l  (P < 0.01); w i th  arachi-  
donic  acid as  subs t ra te ,  acyl-CoA s y n t h e t a s e  a c t i v i t y  was 
139.2% of t h a t  of con t ro l s  {P < 0.01). The  ac t i v i t i e s  of A6 
and  A5 d e s a t u r a s e s  in d i a b e t i c  r a t s  were d e p r e s s e d  80.2 
and  66.7%, respect ive ly ,  be low the  d e s a t u r a s e  ac t i v i t i e s  
of con t ro l  r a t s  (Table 3). The  a c t i v i t y  of e longase ,  which  
c a t a l y z e s  t h e  e l o n g a t i o n  of y-linolenic ac id  to  dihomo-y- 
l inolenic  acid, was  s l i g h t l y  h ighe r  in d i a b e t i c  r a t s  com- 
p a r e d  to  t h a t  in con t ro l  ra t s ,  b u t  t h e  d i f ference  d id  n o t  
r each  s t a t i s t i c a l  s ign i f i cance  {0.05 < P < 0.1). The  act iv-  
i t y  of 1-acyl -GPCAT in d i a b e t i c  r a t s  was  i nc reased  to  
161.6% of t h a t  of con t ro l  r a t s  w i th  l inoleoyl -CoA as  sub- 
s t r a t e  {P < 0.01) and  to  149.7% of t h a t  of cont ro l  r a t s  wi th  

TABLE 1 

Fatty Acid Composition of Lipids in Renal Cortex, Liver and Heart from Control and Diabetic Rats a 

Renal cortex Liver Heart 

Fatty acid C D C D C D 

Tetradecanoic (14:0) 0.29 • 0.03 0.38 4- 0.04 0.40 __- 0.06 0.55 • 0.11 0.31 4- 0.05 0.21 • 0.03 
Hexadecanoic (16:0) 17.0 • 0.2 18.7 b • 0.5 20.2 +- 0.6 23.8 c 4- 0.7 14.6 • 0.5 13.9 • 0.2 
Hexadecenoic (16:1) 0.92 4- 0.11 0.58 b ... 0.06 2.1 • 0.1 2.0 • 0.4 1.3 • 0.4 0.69 c 4- 0.07 
Octadecanoic (18:0) 20.4 4- 0.3 18.6 c • 0.4 16.4 +- 0.6 19.4 c • 0.7 16.9 • 0.6 19.0 b • 0.5 
Octadecenoic (18:1n-9) 9.9 +- 0.3 11.5 c ... 0.2 13.1 4- 0.4 15.7 b • 0.3 12.3 • 0.5 15.7 c • 0.5 
Octadecadienoic (18:2n-6) 16.9 4- 0.7 22.3 c ... 0.6 16.1 - 0.4 19.6 c • 0.8 16.5 • 1.0 29.2 c • 0.7 
Octadecatrienoic (18:3n-6) 0.19 • 0.03 0.46 c • 0.04 0.65 ... 0.12 0.44 ... 0.04 0.52 4- 0.06 0.69 b • 0.03 
Eicosanoic (20:0) 0.26 4- 0.04 0.36 • 0.06 1.0 +_ 0.2 0.47 c • 0.06 2.9 • 0.5 1.7 4- 0.4 
Eicosatrienoic (20:3n-6) 1.1 4- 0.1 1.8 b • 0.2 2.5 ... 0.4 2.5 4- 0.6 0.04 ... 0.04 4.5 c 4- 0.6 
Eicosatetraenoic (20:4n-6) 28.0 __- 1.1 18.7 c • 0.5 21.2 • 1.0 11.2 c • 0.7 27.0 • 1.1 9.0 c • 0.3 
Docosatetraenoic (22:4) 0.92 4- 0.34 1.7 • 0.4 0.8 • 0.1 1.0 • 0.1 0.02 ... 0.01 0.31 c 4- 0.08 
Docosapentaenoic (22:5) 1.1 • 0.3 1.8 • 0.3 1.4 ... 0.2 0.79 c 4- 0.07 1.0 • 0.3 0.82 • 0.15 
Docosahexaenoic (22:6) 0.02 4- 0.01 0.04 ---!- 0.02 0.53 • 0.12 0.34 • 0.03 0.80 ... 0.15 0.14 4- 0.07 

aData represent mean _ SE, n = 12, expressed in units of mole percent; C, control; D, diabetic. 
b, cSignificantly different from control, P < 0.05 and P < 0.01, respectively. 

TABLE 2 

Desaturase Activities in Renal Cortex, Liver and Heart from Control and Diabetic Rats a 

Renal cortex Liver Heart 

C D C D C D 

A6 Desaturase 
(nmol/mg protein/30 min) 1.07 +- 0.03 0.57 b +- 0.02 5.93 • 0.19 3.29 b 4- 0.14 0.91 4- 0.03 0.58 b • 0.01 

A5 Desaturase 
(nmol/mg protein]30 rain) 0.80 • 0.04 0.35 b ... 0.02 3.30 • 0.27 1.83 b • 0.08 0.63 ... 0.06 0.30 b • 0.04 

aData  represent mean 4- SE, n -- 12; C, control; D, diabetic. The microsomal fraction was used to assay desaturases. 
bSignificantly different from control, P < 0.01. 

LIPIDS, Vol. 28, no. 5 (1993) 



436 

L.S. RAMSAMMY E T  AL.  

TABLE 3 

Enzyme Activi t ies  in Renal Cortex and Glomeruli of Control and Diabetic Rats a 

Renal cortex Glomeruli 

C D C D 

Acyl-CoA synthetase (18:2) 67.1 • 2.2 (12) 106.3 • 4.3 b 54.5 • 3.5 (6) 84.2 • 2.6 b 
Acyl-CoA synthetase (20:4) 60.2 • 2.0 (12) 83.8 • 2.7 b 43.8 • 2.8 (6) 85.4 • 2.7 b 
A6 Desaturase 0.78 • 0.08 {17) 0.15 • 0.01 b 0.71 • 0.07 (6) 0.27 • 0.09 b 
Elongase 0.81 • 0.11 (17) 1.16 • 0.15 0.56 • 0.05 (6} 0.56 • 0.07 
A5 Desaturase 0.72 • 0.09 (17} 0.24 • 0.04 b 0.49 • 0.06 (6) 0.17 • 0.06 b 
1-AcyI-GPCAT (18:2) 36.7 • 2.7 (12) 59.3 • 2.5 b 31.2 • 3.0 (6) 47.3 • 2.5 b 
1-Acyl-GPCAT ~20:4) 73.8 • 2.0 (12) 110.5 • 3.5 b 53.4 • 2.5 (6) 72.8 • 3.2 b 
Acyl-CoA oxidase (18:2) 0.23 • 0.01 (17) 0.24 • 0.01 0.17 • 0.03 (6) 0.17 • 0.05 
Acyl-CoA oxidase (20:4) 0.23 • 0.01 (17) 0.21 • 0.01 0.20 • 0.05 (6) 0.18 • 0.05 

aData represent mean • SE in units of nrnol/mg protein, except for acyl-CoA oxidase for which the unit is pmol CO2/mg protein. Assays 
for desaturases, elongase and 1-acyI-GPCAT were performed using the microsomal fraction, and assays for acyl-CoA synthetase and 
acyl-CoA oxidase using homogenate of renal cortex and glomeruli; C, control; D, diabetic. Numbers in parentheses denote n. GPCAT, 
sn-glycero-3-phosphocholine acyltransferase. 

bSignificantly different from control, P <: 0.01. 

arachidonyl-CoA as substra te  (P < 0.01). Thus, of the five 
enzymes examined, only A6 and d5 desaturase  activit ies 
were found to be depressed in the renal cortex of diabetic 
rats. Similar directional changes in the activities of these 
five enzymes were found in isolated glomeruli of diabetic 
ra ts  (Table 3). 

E-Oxidation of f a t ty  acids by acyl-CoA oxidase is il- 
lus t ra ted  in Figure 1. Acyl-CoA oxidase ac t iv i ty  in the 
renal cortex of diabetic ra ts  was significantly higher than  
t ha t  of control ra t s  when palmitoyl-CoA or oleoyl-CoA 
were the substrates;  however, acyl-CoA oxidase act ivi ty  
in diabetic ra ts  was not  different from control when 
linoleoyl-CoA or arachidonoyl-CoA was the substrat~ The 
latter findings were confirmed in isolated glomeruli 
{Table 3). Malondialdehyde, an end product of lipid perox- 
idation, was significantly lower in the renal cortex of 
diabetic rats compared to that of control rats {0.63 • 0.02 
vs.  0.77 • 0.02 nmol]mg protein, n = 17, P <0.01). In  i s~  
lated glomeruli of diabetic rats, malondialdehyde was not  
significantly different f rom tha t  of controls (1.05 • 0.07 
vs.  0.98 • 0.06 nmol /mg protein, n = 6, P > 0.2). 

o,o 
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FIG. 1./~Oxidatlon rates of tmlmltoyl~_~A, o l eoyH~k,  l inoleoyl~oA 
and arachidonoyl-CoA by acyl-CoA oxidase in renal cortical 
homogenate of control and diabetic rats. Bars denote mean + SE, 
n = 17. Asterisks denote that data are significantly different from 
control, P < 0.01. 

Basal  PGE2 production by glomeruli of diabetic ra ts  
was significantly greater  than  t ha t  of control glomeruli 
{1,423 • 79 vs .  1,002 • 44 pg /mg protein, n = 12, P < 
0.01). The calcium ionophore A23187 augmented  P G E  2 
product ion to 1,960 • 91 pg /mg protein in glomeruli of 
diabetic ra ts  {P < 0.01) and to 1,371 • 66 pg /mg protein 
in glomeruli of control ra t s  (P < 0.01). The fractional in- 
crease of PGE2 in response to A23187 was 38% in 
glomeruli of diabetic ra ts  and 37% in glomeruli of con- 
trol rats.  Basa l  P G E  2 product ion by isolated renal cor- 
tical tubules of diabetic ra ts  (125 • 15 pg/mg protein) was 
not  different from tha t  of control ra ts  (130 • 7 pg/mg p r ~  
tein, P > 0.2). These values are less than  10 percent of the 
respective basal  glomerular  PGE2 synthesis.  Fur the~  
more, no increased PGE2 product ion was detected in 
isolated tubules in response to A23187 (data not  shown). 

DISCUSSION 

This s tudy  confirms our previous observat ion (14) t ha t  
the amount  of arachidonic acid esterified in renal cortical 
lipids of ra ts  with streptozotocin-induced diabetes mel- 
l i tus is great ly  reduced, and t ha t  the reduction of arachi- 
donic acid is accompanied by significant increases of 
precursor fa t ty  acids involved in the arachidonic acid syn- 
thet ic  pathway. The present  s tudy  extends our earlier 
observation by demonstrat ing that  the reduction of esteri- 
fled arachidonic acid occurs both  in renal cortical tubular  
cells and in renal glomerular  cells. The la t ter  observat ion 
in glomeruli confirms the earlier report  of Clark e t  aL (8). 
We have also confirmed the work of other invest igators 
who showed tha t  the depression of esterified arachidonic 
acid occurs in the liver (1-5) and in the hear t  (5,10) of 
diabetic rats. Thus, our results  add to a growing body of 
da ta  derived from human  and animal studies (1-13), in- 
dicating tha t  diabetes mellitus is complicated by a general 
d is turbance of arachidonic acid metabol i sm and is char- 
acterized by a depression of arachidonic acid esterified in 
the lipids of most ,  if not  all, organs and tissues. 

The main objective of our s tudy  was to elucidate the 
major  mechanism(s) responsible for the depression of 
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arachidordc acid in the renal cortex of diabetic rats. We 
investigated~ therefore, the possible roles of decreased syn- 
thesis and increased consumption of arachidonic acid. 
Linoleic acid, the starting substrate for the synthesis of 
arachidonic acid, is not synthesized in mammalian cells 
and must be supplied by dietary intak~ The observation 
that  linoleic acid was higher in tissues from diabetic rats 
than in tissues from control rats eliminates the possibil- 
i ty that the low level of arachidonic acid is a consequence 
of an inadequate supply of substrate. The data are con- 
sistent with decreased utilization of linoleic acid for the 
synthesis of arachidonic acick Strong support for this con- 
clusion is previded by the data on the activities of the five 
enzymes involved in the synthesis of arachidonic acid from 
linoleic acid and the subsequent esterification of arachi- 
donic acid in phospholipids. Of the five enzymes involved 
in these processes, we found that  the activities of two 
enzymes, A6 and A5 desaturase~ were significantly de- 
pressed, whereas the activities of the three remaining en- 
zymes, acyl-CoA synthetase, ielinolenoyl-CoA elongase 
and 1-acyl-GPCAT, were either increased or unchanged in 
renal cortex and in glomeruli of diabetic rats. Decreased 
activities of A6 and A5 desaturases were also found in liver 
and in myocardium of diabetic rats. Thus, our results are 
internally consistent in that the renal cortex, the liver and 
the heart exhibited depressed levels of arachidonic acid 
esterified in lipids and also exhibited depressed activities 
of A6 and A5 desaturases. These data, taken together with 
the evidence that  arachidonic acid consumption in the 
renal cortex of diabetic rats was not appreciably increased 
(vide infra), provide strong support for the conclusion that 
the depression of arachidonic acid is caused almost en- 
tirely by decreased synthesis. 

Decreased A5 desaturase activity appears to be more 
important than decreased A6 desaturase in causing de- 
creased synthesis of arachidonic acid (at least in the renal 
cortex and glomeruli of diabetic rats). Dihomo-~,-linolenic 
acid, the substrate for A5 desaturase, was increased in 
these tissues. This finding implicates decreased enzyme 
activity rather than inadequate substrate availability as 
the mechanism responsible for decreased synthesis of ara- 
chidonic acid. By contrast, rlinolenic acid, the product 
generated by the action of A6 desaturase on linoleic acid, 
was increased in renal cortex and in glomeruli of diabetic 
rats despite the fact that A6 desaturase activity was de- 
presseck This finding implies that the conversion of linoleic 
acid to y-linolenic acid was not the rate limiting step for 
arachidonic acid synthesis in these tissues. A5 Desaturase 
activity is probably also the major factor responsible for 
decreased synthesis of arachidonic acid in the heart of dia- 
betic rats in view of the findings that the changes in A5 
and A6 desaturase activities and in fatty acid composition 
of lipids in the heart were directionally similar to those 
observed in the renal cortex. Because no significant dif- 
ferences were detected between the levels of y-linolenic acid 
or between the levels of dihomo-y-linolenic acid in the livers 
of control and diabetic rats, no conclusion can be drawn 
concerning the relative importance of decreased A5 and 
A6 desaturase activities in the depression of arachidonic 
acid synthesis in the liver of diabetic rats. 

Our enzyme data are in agreement with the results of 
other investigators who have demonstrated decreased ac- 
tivities of A6 and A5 desaturase in various organs and 
tissues of diabetic animals {1,4,15-19}. By contrast, in the 

only study of desaturase activity in the kidney of diabetic 
rats, Clark and Queener (20) reported that  A6 desaturase 
pathway activity was increased in renal cortex but was 
unchanged in liver of alloxan-induced diabetic rats. Al- 
though no data were provided, the authors stated that 
they obtained similar results in rats with streptozotocin- 
induced diabetes mellitus. The reason for the discrepancy 
between the results of Clark and Queener (20) and our 
study on A6 desaturase activity in the renal cortex and 
between the results of Clark and Queener (20) and those 
of other investigators (4,15,16,18) (including our own) on 
A6 desaturase activity in the liver most likely relates 
to significant differences in methodology. Clark and 
Queener (20) used unesterified arachidonic acid or linoleic 
acid as substrate and added CoASH, whereas we used the 
CoA esters of these fat ty acids as substrates. Clark and 
Queener (20) also used a crude enzyme preparation that 
included soluble factors, whereas we used a traditional 
microsomal preparation. The investigators showed that 
the desaturase pathway activity in their experiments was 
influenced by long chain acyl-CoA synthetase activity as 
they detected no difference between the A6 desaturase 
pathway activities in renal cortex of normal and diabetic 
rats when exogenous long-chain acyl-CoA synthetase was 
included.in the assay reaction. Clark and Queener (20) sug- 
gested that previous studies in which A6 desaturase ac- 
tivity was reported to be depressed were open to question 
because the investigators had failed to document that the 
enzymatic reaction was linear under the assay conditions 
employed. That criticism, however, does not pertain to 
our study. 

No disagreement exists with respect to our findings of 
increased activities of linoleoyl-CoA synthetase and of 
arachidonoyl-CoA synthetase in renal cortex and in 
glomeruli of diabetic rats, as similar results were obtained 
for the renal cortex of diabetic rats by Clark and Queener 
(20) and in glomeruli of diabetic rats by Kanzaki et  aL (22). 
Our observation that  1-acyl-GPCAT activity was in- 
creased in renal cortex and in glomeruli of diabetic rats 
is in agreement with similar findings in glomeruli of 
diabetic rats by Kanzaki et  aL (22) and in liver of diabetic 
rats by Dang et  al. (28). 

Insnlln-dependent diabetes mellitus is complicated by 
a shift in metabolism from carbohydrates to fatty acids 
as a source of fuel (31,32). Moreover, it is well established 
that renal proximal tubular cells have the capacity to 
transport and metabolize fatty acids (33,34). Therefore, 
we assessed the possibility that  increased 0-oxidation of 
fatty acids might contribute to the pathogenesis of low 
arachidonate levels in the renal cortex of diabetic rats. 
Although/~-oxidation of palmitoyl-CoA and of oleoyl-CoA 
was significantly higher in the renal cortex of diabetic rats 
compared to that  of control rats, no difference was 
detected between the acyl-CoA oxidase activities of renal 
cortex or glomeruli of diabetic and control rats when 
linoleoyl-CoA and arachidonyl-CoA were the substrates. 
Thus, increased consumption of arachidonic acid or its 
precursor by f~oxidation cannot be implicated as a cause 
of the reduced level of arachidonic acid in the renal cor- 
tex or in glomeruli of diabetic rats. 

Arachidonic acid is the most abundant polyunsaturated 
fat ty acid in mammalian tissue and is highly susceptible 
to free radical attack (35,36). Increased lipid peroxidation 
and increased activities of enzymes involved in peroxide 
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metabolism have been observed in diabetes meUitus (37). 
In the renal cortex, peroxisomal E-oxidation is st imulated 
in diabetes mellitus (32) and this metabolic pathway 
generates hydroxyl radicals (38,39}. Therefore, we con- 
sidered the possibility tha t  consumption secondary to in- 
creased lipid peroxidation might contribute to the depres- 
sion of arachidonic acid in the renal cortex of diabetic rats. 
For this purpose we measured mallondialdehyd~ an end 
product  of lipid peroxidation (35}. However, the level of 
malondialdehyde in the renal cortex of diabetic rats  was 
significantly lower than  tha t  of control rats, a finding 
more consistent with a reduced rate of lipid peroxidation, 
possibly due to the reduced quant i ty  of arachidonic 
acid present. 

Finally, we considered the possibility tha t  increased con- 
sumption of arachidonic acid in support  of eicosanoid syn- 
thesis might contribute to the depression of this fa t ty  acid 
in the renal cortex of diabetic rats. In agreement with the 
results of other investigators (40), we found that  basal and 
st imulated PGE 2 synthesis  were higher in glomeruli 
from diabetic rats  when compared to PGE2 synthesis  in 
glomeruli from control rats. Thus, increased consumption 
of arachidonic acid to support  prostaglandin synthesis 
may contr ibute to the depression of arachidonic acid in 
glomeruli of diabetic rats. In renal cortical tubules, how- 
ever, basal PGE2 synthesis was similarly low in both  
groups and did not  increase in response to st imulation 
with A23187. I t  remains uncertain whether  the trivial 
level of PGE2 synthesis in renal cortical tubules reflects 
the presence of contaminating glomeruli or is derived from 
cells of the cortical collecting tubule  As tubules comprise 
the vast  bulk of the renal cortex, the low rate of P G E 2 
synthesis detected in renal cortical tubules argues against 
increased consumption of arachidonic acid in support  of 
prostaglandin synthesis as a significant factor contribut- 
ing to the depression of arachidonic acid. 

Arachidonic acid may also be metabolized by the lipoxy- 
genase pathway which, in the kidney, is found primarily 
in glomeruli {40,41}, with little or no act ivi ty detectable 
in renal cortical tubules (41-43}. Arachidonic acid can also 
be metabolized by cytochrome P-450 dependent  monoox- 
ygenases (44,45) and this enzyme system is present  in 
renal proximal tubules. We did not  measure the metabo- 
lism of arachidonic acid by the lipoxygenase pathway and 
the P-450 pathway in our study, and no information is 
available in the literature concerning the activities of these 
pathways in the renal cortex of diabetic rats. Although 
unlikely to be a major factor, we cannot  exclude the pos- 
sibility tha t  increased activity of these pathways may con- 
t r ibute to the depression of arachidonic acid in the renal 
cortex of diabetic rats. 

In summary, the results of our experiments support  
the conclusion tha t  the depression of arachidonic acid 
esterified in lipids of the renal cortex and glomeruli of 
rats  with diabetes meUitus is principally due to d e  
creased synthesis  of arachidonic acid consequent  to de- 
pression of A6 and A5 desaturases. No evidence was found 
to implicate increased consumption of arachidonic acid 
secondary to accelerated lipid peroxidation or to ~- 
oxidation. Increased consumption of arachidonic acid to 
support  prostaglandin synthesis may contr ibute to the 
depression of arachidonic acid in glomeruli, but  not  in 
renal cortical tubules of diabetic rats. The possible role 
of increased consumption of arachidonic acid by the 

lipoxygenase and cytochrome P-450 pathways remains to 
be assessed. 
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Effect of High Fat Corn Oil, Olive Oil and Fish Oil on Phospholipid 
Fatty Acid Composition in Male F344 Rats 
Chinthalapaily V. Rao, Edith Zang and Bandaru S. Reddy* 
Division of Nutritional Carcinogenesis, American Health Foundation, Valhalla, New York 10595 

Epidemiologicai and laboratory animal model studies have 
provided evidence that the effect of dietary fat on colon 
tumorigenesis depends on the amount of fat and its com- 
position. Because of the importance of the composition of 
dietary fat and of tissue membrane fatty acid composition 
in tumor promotion, experiments were designed to in- 
vestigate the relative effects of high fat diets rich in r 
w6 and w9 fatty acids and colon carcinogen on the phos- 
phofipid fatty acid composition of fiver, colon, small in- 
testine, erythrocytes and blood plasma. At 6 wk of age, 
groups of animals were fed diets containing 5% corn oil 
(LFCO), 23.5% corn oil (HFCO), 23.5% olive oil {HFOO), 
and 20.5% fish oil plus 3% corn oil (HFFO). Two weeks 
later all the animals except the vehicle-treated animals 
received azoxymethane &a once weekly for 2 wk at a dose 
rate of 15 mg/kg body weight. Animals were sacrificed 5 
d later and fiver, colon, small intestine and erythrocytes 
and blood plasma were analyzed for phospholipid fatty 
acids. The results indicate that the phospholipid fatty acid 
composition of liver, colon and small intestine of HFCO 
diet fed animals, were not significantly different from 
those fed the LFCO diet. The levels of palmitoleic acid and 
iinoleic acid were increased in erythrocytes and blood 
plasma of the sn|mais fed the HFCO diet compared to 
those fed the LFCO diet. Feeding the HFOO diet signi- 
ficantly increased the oleic acid content and decreased the 
linoleic acid and arachidonic acid levels in various organs 
when compared to the HFCO diet. ~dkn|mais fed the HFFO 
diet showed a marked increase in eicosapentaenoic acid and 
docosahexaenoic acid and a decrease in finoleic acid and 
arachidonic acid levels as compared to those fed the HFCO 
diet. The results also indicate that carcinogen treatment 
had only a minimal effect on the phosphofipid fatty acid 
composition. 
Lipids 28, 441-447 (1993). 

Several epidemiological studies have demonstrated that 
diets particularly high in total fat generally correlate with 
an increased risk for the development of colon cancer in 
humans {1-4}. Laboratory animal model studies have pr~ 
vided evidence that the effect of dietary fat on colon tumori- 
genesis depends on the amount and types of fat consume& 
For example, high fat diets containing corn oil, safflower oil, 
beef fat or lard increased the chemically-induced colon 
tumors when compared to the respective low fat diets, 
whereas the diets containing high levels of coconut oil olive 
oil or fish oil had no effect on colon tumor promotion {4-10). 
One study showed that even at a low dietary fat level rats 
fed the diet containing 5% linoleate showed a greater 
tumorigenesis than did rats fed 0.3% linoleate and 4.7% 
stearate (7). These studies suggest that the differential ef- 
fect of various high fat diets on colon tumorigenesis, at least 

*To whom correspondence should be addressed. 
Abbreviations: AOM, azoxymethane; HFCO, high fat corn oil diet; 
HFOO, high fat olive oil diet; HFFO, high fat fish oil diet; HPLC, 
high-performance liquid chromatography; LFCO, low fat corn oil diet. 

in part, depends on the fatty acid composition of the diets 
consumed. 

Dietary lipids have been shown to induce extensive modi- 
fication in the fatty acid composition of cell membranes 
which in turn affects various cellular functions (11-14}. 
Modifications in the fatty acid composition can influence 
the activities of various membrane-bound enzymes and car- 
tiers {15,16}. For example" phospholipids composed of mainly 
essential fatty acids are required for optimal mixed func- 
tion oxidase activities (17). Diets containing corn oil increase 
the mixed function oxidase activity and cytochrome P4s0 
levels in rat liver (18}. Many carcinogens require metabolic 
activation in liver and other organs, including colon, to ex- 
ert their carcinogenic effect {19). These activating enzymes 
have been shown to be influenced by dietary fats (18,20). 
In addition, several xenobiotics and other environmental and 
dietary carcinogens alter the lipid metabolism through 
modulation of these enzymes (20,21). 

In view of significance of both amount and types of 
dietary fat and membrane fatty acid composition in tumor 
promotion, experiments were designed to assess the relative 
effect of high fat diets rich in co3 {fish oil), co6 {corn oil) and 
c~9 {olive oil) fatty acids on phospholipid fatty acid composi- 
tion of the liver, colon, small intestine, erythrocytes and 
plasm& Also the effect of carcinogen on the phospholipid 
fatty acid composition of these organs was investigatecL 

MATERIALS AND METHODS 
Animals, diets and carcinogen. Weanling male F344 rats 
were purchased from Charles River Breeding Laboratories 
{Kingston, NY). Cold pressed extra virgin olive off was ob- 
tained from a supermarket. Fish oil was supplied by the 
National Institutes of Health through the National 
Marine Fisheries Service (Charleston, SC). The ingredients 
of semipurified diets were purchased from Dyets, Ina 
(Bethlehem, PA} and azoxymethane (AOM) was from Ash- 
Stevens {Detroit, MI). A total of 64 male F344 rats re- 
ceived at weaning were quarantined for 7 d and then ran- 
domly assigned to one of four dietary groups of 16 animals 
each. Each dietary group was then divided equally into 
vehicle-treated and AOM-treated subgroups. They were 
housed three to a plastic cage with filter tops and main- 
tained under controlled conditions of 21~ 50% humidi- 
ty and 12-h light/dark cycle. All animals were fed ad 
libitum. The food cups were replenished every day. 

The compositions of the experimental diets were based 
on modified AIN-76A diets (22,23} and are shown in Table 
1. The percent composition of all experimental diets was 
adjusted so that the animals in all dietary groups would 
consume the same amount of calories, protein, vitamins, 
minerals and fiber. All the diets were prepared in our 
laboratory three times weekly and stored in a cold room 
at 4~ in the dark in air-tight containers filled with 
nitrogem Aliquots of experimental diets were analyzed for 
their fatty acid composition. 

Experimental procedurr Beginning at 5 wk of age, all 
animals were fed the control diet containing 5% low fat 
corn oil {LFCO). At 6 wk of ag~ i.a, two weeks before AOM 

Copyright �9 1993 by the American Oil Chemists' Society LIPIDS, Vol. 28, no. 5 (1993) 



442 

C.V. RAO ET AL. 

TABLE 1 

Composition of Experimental Diets a 

Diet 
ingredients LFCO b HFCO b HFOO b HFFO b 

(g/kg diet) 

Casein 200 235 235 235 
DL-Methione 3.0 3.5 3.5 3.5 
Corn starch 520 329 329 329 
Dextrose 130 83.2 83.2 83.2 
Alphacel 50 59 59 59 
Corn oil 50 235 0 30 
Olive oil 0 0 235 0 
Fish oil 0 0 0 205 
Mineral mix 35 41.1 41.1 41.1 
Vitamin mix 10 11.8 11.8 11.8 
Choline bitartrate 2.0 2.4 2.4 2.4 

aThis diet was prepared on the basis of the American Institute of 
Nutrition standard reference diet with the modification of vary- 
ing sources of carbohydrate. 

bLFCO, low fat corn oil diet; HFCO, high fat corn oil diet; HFOO 
high fat olive oil diet; HFFO, high fat fish off diet. Additional 
amounts of corn oil or olive oil and fish oil were added at the ex- 
pense of starch and dextrose. The composition of high fat diets was 
adjusted so that all animals in various dietary groups would con- 
sume approximately the same amount of protein, minerals, vita- 
mins, fiber and calories. 

or saline (vehicle) t rea tment ,  groups of animals  were 
placed on experimental  diets containing 5% low fat  corn 
oil (LFCO), 23.5% high fat  corn oil {HFCO), 23.5% high 
fat  olive off (HFOO) or 20.5% high fat  fish oil plus 3% corn 
oil (HFFO). At  the beginning of 8 and 9 wk of age, all 
animals except the vehicle-treated animals received AOM 
subcutaneously  once weekly a t  a dose rate  of 15/mg/kg 
body wt/wk. Five days af ter  the las t  AOM injection, all 
the animals  were bled by hear t  puncture  under  CO2 
anesthesia. They were then killed and livers were excised 
and frozen in liquid nitrogen. The colon and small intestine 
were rapidly removed and rinsed in ice-cold normal  sal ine 
They were slit open longitudinally and freed from all con- 
tents.  They were laid f lat  on a glass plate, and mucosa  
scraped with  a microscopic glass sl ide The samples  were 
quickly frozen in liquid nitrogen and stored at  - 80~  

Analyt ical  methods. Blood samples were centrifuged a t  
3,000 X g for 10 min at  4~ to separate p lasma from cells. 
Ery throcyte  ghosts  were obtained according to the meth- 
od described by Ha nahan  and Ekho lm (24). Liver and col- 
onic and small  intestinal  mucosal  samples  were h o m o  
genized in 0.15 M KC1 using a polytron homogenizer. 
Debris and nuclei were removed by centrifugation at  1500 
X g for 10 min at  4~ Microsomes were pelleted by cen- 
t r i fuging the superna tan t  at  105,000 • g for 1 h a t  4~ 
Methods for isolation of phospholipids from erythrocytes, 
p l a sma  and from microsomal fractions of liver, colon and 
small intestine were as described by Bligh and Dyer  (25) 
us ing chloroform/methanol {2:1, vol/vol) containing buty- 
lated hydroxytoluene (0.005%). Fa t ty  acid phenacyl esters 
from phospholipids were prepared according to the meth- 
od of Borch (26). The f a t ty  acid derivatives were ana- 
lyzed by high-performance liquid chromatography (HPLC) 
using a Waters HPLC system driven by model 510 system 
controller (Waters Associates, Milford, MA). Briefly, the 
f a t ty  acid derivatives were separa ted  on a Waters ~ Bond 

TABLE 2 

Fatty Acid Composition of Experimental Diets a 

Fatty acid HFCO b HFOO b HFFO b 

12:0 0.1 0.4 ND 
14:0 0.4 0.5 6.7 
16:0 11.2 12 18.2 
16:1n-7 0.2 1.5 7.2 
18:0 2.0 2.2 2.7 
18:1n-9 24.3 72.1 15.9 
18:2n-6 58.8 9.3 7.1 
18:3n-3 1.2 0.2 0.9 
20:4n-6 0 0 1.2 
20:5n-3 0 0 17.4 
22:6n-3 0 0 13.1 
Saturated fatty acids 13.7 15.3 27.9 
n-3 1.2 0.2 30.9 
n-6 58.8 9.3 8.3 
n-9 24.3 72.1 15.9 

aMean percentage composition of fatty acids (n = 2). 
bHFCO, high fat corn oil diet; HFOO, high fat olive off diet; HFFO, 
high fat fish oil diet. 

pack  C~8 column (30 cm length • 4 m m  diameter) us ing 
a step-wise gradient  of acetonitrile and water  a t  a flow 
rate  of 1.5 mL/min. Elut ions of f a t ty  acid phenacyl  esters 
were monitored at  240 nm wavelength in a Waters 990 
Photodiode Array  Detector  (Waters Associates). Indi- 
vidual fa t ty  acids were identified by comparing to authen- 
tic s tandards  derivatized and analyzed under  the same 
conditions and by the compar ison of retention times. 

Statistical analysis. Data  are presented as means _ SD. 
Significant difference in values of f a t ty  acids between 
various die tary  groups was analyzed by analysis of vari- 
ance and Student  t-test. The da ta  were analyzed routine- 
ly us ing bo th  the log t ransformed and ar i thmet ic  values 
of the dependent  variables (in the case of percentage com- 
posit ion of f a t ty  acids) in view of the assumpt ion  of nor- 
mal i ty  proscribed by  paramet r ic  tests,  such as the t-test. 
When the results were similar, we assumed tha t  there was 
no significant departure from normali ty and reported only 
the P-values based on the arithmetic comparisol~ Further- 
more, our P-values were based on the S tudent ' s  t-distri- 
bution rather  than  normal distribution to further account 
for deviations from the s tandard  normal  cu rve  

The conventional method of adjust ing for the critical 
P-values (a error) is by dividing the usual probabili ty (ag., 
P = 0.05) by the number  of comparisons made (a/k). Thus, 
while the P-values  listed in the tables t ha t  are below 0.01 
remain significant even after  adjus tment ,  those values 
between 0.05 and 0.01 lose their  significance and should, 
therefore, be interpreted with caution. The potent ia l  in- 
teract ions between the diet and carcinogen with regard 
to fa t ty  acid composition have been evaluated using a fac- 
torial analysis of variance model with diet, carcinogen and 
diet vs. carcinogen interactions. 

RESULTS 

The fa t ty  acid composit ion of the exper imental  diets is 
summarized in Table 2. As expected, corn oil, olive oil and 
fish oil diets contain high levels of linoleic acid, oleic acid 
and co3 f a t ty  acids {eicosapentaenoic acid and docosa- 
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EFFECT OF DIETARY FAT ON MEMBRANE FATTY ACID COMPOSITION 

h e x a e n o i c  acid}, r e s p e c t i v e l y .  T h e  b o d y  w e i g h t s  a n d  t h e  
w e i g h t s  of  co lon ic  a n d  s m a l l  i n t e s t i n a l  m u c o s a  a n d  f ive r  
were  s i m i l a r  a m o n g  t h e  d i e t a r y  g r o u p s  {Table 3). 

T h e  f a t t y  a c i d  c o m p o s i t i o n  of  p l a s m a  p h o s p h o f i p i d s  in 
a n i m a l s  f ed  v a r i o u s  e x p e r i m e n t a l  d i e t s  a n d  t r e a t e d  w i t h  
A O M  is s h o w n  in Tab le  4. I n  a n i m a l s  fed  t h e  H F C O ,  a 
s l i g h t  b u t  s i g n i f i c a n t  i n c r e a s e  in  t h e  p l a s m a  p a l m i t o l e i c  
acid,  f ino le ic  a c i d  a n d  e i c o s a p e n t a e n o i c  a c i d  w e r e  ob- 
s e r v e d  w h e n  c o m p a r e d  to  t h o s e  fed  t h e  L F C O  die t .  W h e n  
c o m p a r e d  t o  H F C O ,  H F O O - f e d  a n i m a l s  s h o w e d  a s igni f i -  
c a n t  i n c r e a s e  in  t h e  p l a s m a  o le ic  a c i d  a n d  a d e c r e a s e  in  
l i no le i c  acid.  F e e d i n g  of  H F C O  o r  H F O O  d i e t s  h a d  no  
m e a s u r a b l e  e f f e c t  o n  t h e  p a l m i t i c  a c i d  a n d  s t e a r i c  a c i d  
c o n t e n t  of  p l a s m a .  T h e  p l a s m a  e i c o s a p e n t a e n o i c  a c i d  a n d  
d o c o s a h e x a n o i c  a c i d  w e r e  s i g n i f i c a n t l y  i nc r ea sed ,  a n d  

stearic, finoleic and arachidonic (20:4n-6) acids were de- 
creased in the animals fed the HFFO diet compared to 
those fed the HFCO diet. The results also indicate that 
carcinogen treatment did not significantly alter the plas- 
ma fatty acid composition irrespective of the type of fat 
in the diet. 
The fatty acid composition of erythrocyte phospholipids 

is shown in Table 5. Dietary HFCO caused a slight in- 
crease in palmitoleic acid and linoleic acid as compared 
to LFCO. Oleic acid was significantly higher and stearic 
acid, finoleic acid and arachidonic acids were lower in 
animals fed the HFOO diet as compared to those fed the 
HFCO diet. Animals fed the HFFO diet showed a 
marked increase in eicosapentaenoic acid and docosahex- 
aenoic acid, the two major co3 fatty acids, and a signifi- 

TABLE 3 

Effect of Experimental Diets on the Body, Colonic Muscosal, Small Intestinal Mucosal 
and Liver Weights a 

Body Colonic Small intestinal Liver 
Dietar~ weight mucosal weight mucosal weight weight 
group ~ (g) (mg) (g) (g) 

Saline 
LFCO 255 • 14.5 326 • 15 1.7 _+ 0.1 10.5 • 0.6 
HFCO 242 • 9.8 328 • 23 2.1 • 0.2 9.48 + 0.8 
HFOO 243 +_ 10.2 335 • 31 1.9 • 0.2 9.26 • 0.7 
HFFO 238 __ 12.1 340 +- 24 1.7 • 0.2 10.8 • 0.8 

AOM c 
LFCO 248 +_ 12.0 350 • 30 1.8 • 0.1 9.83 • 0.6 
HFCO 257 • 13.3 388 - 20 1.8 • 0.1 10.8 + 0.7 
HFOO 252 • 14.6 395 • 17 1.7 _ 0.2 10.2 + 0.9 
HFFO 243 _+ 13.2 374 • 19 1.6 • 0.2 11.0 • 0.7 

aValues are means • SE (n = 8). 
bLFCO, low fat corn oil; HFCO, high fat 

fat fish oil. 
CAOM, azoxymethane. 

corn oil; HFOO, high fat olive oil, HFFO, high 

TABLE 4 

Percentage Composition of Fatty Acids in the Plasma Phospholipids a 

Fat ty  
acid LFCO b HFCO b HFOO b HFFOb 

12:0 0.1 + 0.0 0.1 + 0.0 0.1 -_. 0.0 0.2 +- 0.1 e'h 
14:0 0.4 + 0.1 0.4 • 0.2 0.4 + 0.1 0.8 +- 0.1g 
16:0 18.4 + 2.4 19.6 --+ 2.1 19.3 • 1.7 23.4 --+ 2.7f 
16:1n-7 0 0.8 +-- 0.2 1.3 +_- 0.2 e'f 1.6 ----- 0.4g 
18:0 17.9 + 1.3 18.4 • 1.6 18.4 --_. 2.4. 14.5 +-- 1.3~, 
18:1n-9 7.5 • 0.8 10.5 -- 0.8 d ' f  21.5 • 1.6 I. 8.8 • 0.8I. 
18:2n-6 20.4 • 1.8 23.9 • 2.2f 11.8 • 0.8 ~ 7.6 • 1.5 z 
18:3n-3 0.2 • 0.1 0.3 • 0.1 0.4 • 0.1f 0.5 • 0.1g 
20:4n-6 20.8 • 2.1 19.2 • 1.7 18.6 • 1.4 11.3 --+ 1.4 ~ 
20:5n-3 0 0.26 + 0.1 0.6 +_- 0.2f 10.7 • 1.3! 
22:6n-3 2.8 • 0.5 3.1 • 0.4 2.9 • 0.6 9.3 • 1.4 ~ 
SFA c 36.8 38.5 38.2 38.9 
n-3 3.1 3.7 4.0 20.4 
n-6 41.2 43.1 30.4 18.9 
n-9 7.5 10.5 21.5 8.8 
Total 88.6 89.5 95.5 88.6 

aValues are means + SD {n = 6); 0nimals were treated with azoxymethane (AOM). 
bLFCO, low fat corn oil; HFCO, high fat corn oil; HFOO, high fat olive oil, HFFO, high 
fat fish oil. 

~sFA, saturated fatty acids. 
ignificantly different from animals fed LFCO and treated with AOM; fP < 0.05, 

gP  < 0.01. 
eSignificantly, different ~om animals fed HFCO and treated with AOM: fP < 0.05, 

gP < 0.01, hp < 0.001, zp < 0.0001. 
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c a n t  d e c r e a s e  of  s t e a r i c  ac id ,  l i no le ic  a c i d  a n d  a r a c h i d o n i c  
acid,  a s  c o m p a r e d  t o  t h o s e  f ed  t h e  H F C O  die t .  A O M  t r e a t -  
m e n t  h a d  a m i n i m a l  e f f e c t  o n  f a t t y  a c i d  c o m p o s i t i o n  of  
e r y t h r o c y t e  p h o s p h o l i p i d s .  

T h e  p e r c e n t a g e  c o m p o s i t i o n  of  f a t t y  a c i d s  of  c o l o n  a n d  
s m a l l  i n t e s t i n e  a n d  l i ve r  p h o s p h o l i p i d s  a re  s h o w n  in  T a b l e s  
6, 7 a n d  8, r e s p e c t i v e l y .  D i e t a r y  H F C O  h a d  n o  e f f e c t  o n  
t h e  l e v e l s  of  f a t t y  a c i d s  of  co lon ,  s m a l l  i n t e s t i n e  a n d  l i v e r  
a s  c o m p a r e d  t o  t h e  L F C O  g r o u p .  I n  t h e  o l i ve  oi l  ( H F O O )  
g r o u p ,  t h e r e  w a s  a m a r k e d  i n c r e a s e  i n  o le ic  a c i d  a n d  a 
s l i g h t  i n c r e a s e  i n  co3 f a t t y  a c i d s  a n d  a d e c r e a s e  in  l i no l e i c  

a c i d  a n d  a r a c h i d o n i c  a c i d  c o n t e n t  of  a l l  t h r e e  o r g a n s .  I n  
c o n t r a s t ,  t h e  H F F O  d i e t  i n c r e a s e d  t h e  e i c o s a p e n t a e n o i c  
a c i d  a n d  d o c o s a h e x a e n o i c  a c i d  l e v e l s  a n d  d e c r e a s e d  t h e  
o le i c  ac id ,  l i no l e i c  a c i d  a n d  a r a c h i d o n i c  a c i d  i n  t h e  co lon ,  
s m a l l  i n t e s t i n e  a n d  l iver .  A O M - t r e a t m e n t  h a d  n o  e f f e c t  
o n  t h e  f a t t y  a c i d  p r o f i l e  of  a l l  t h r e e  o r g a n s .  

DISCUSSION 

The results of the present study are of considerable in- 
terest because they demonstrate that the types of fat in 

TABLE 5 

Percentage Composition of Fatty Acids in the Erythrocyte Phospholipids a 

Fa t ty  
acid LFCO b HFCO b HFOO b HFFO b 

12:0 0.1 • 0.0 0.2 • 0.1 0.1 • 0.0 0.4 +_ 0.1 e'h 
14:0 0.9 • 0.2 1.1 _ 0.2 1.2 +-- 0.3 1.7 • OA f 
16:0 30.4 + 3.1 33.1 • 3.9 28.4 • 2.5 30.2 _ 3.2 
16:1n-7 0.1 • 0.1 1.3 • 0.2 1.8 • 0.2 e'g 1.7 • 0.6 
18:0 15.6 • 1.5 14.8 • 1.3 13.8 • 2.1 9.1 ,,, 0.8 i 
18:1n-9 10.7 +__ 1.6 11,5 +__ 1.1d, 17.3 • 1,2 i 12.4 • 1.1 
18:2n-6 11.3 +_ 1.3 14.2 • 1.3 g 10.5 • 1.1 h 6.5 ___ 0.7 i 
18:3n-3 0.4 +_ 0.1 0,4 • 0.1 0.8 • 0.1f 0.6 ... 0.1. 
20:4n-6 18.2 • 2.7 17,2 • 1.8 16.4 +-- 1.1 11.0 + 1.2 ~. 
20:5n-3 0.2 • 0.1 0,3 ___ 0.1 0.4 +_ 0.2 7.1 ___ 0.1 z. 
22:6n-3 2.8 • 0.4 2.9 • 0.6 2.6 • 0.7 8.5 • 1.0 z 
SFA c 47.0 49.2 43.5 41.6 
n-3 3.5 3.7 3.7 16.3 
n-6 29.5 31.6 26.9 17.5 
n-9 20.7 11.5 17.3 12.4 
Total 90,9 97.3 93.5 89.5 

ava lues  are means _ SD (n = 6). 
bLFCO, low fat  corn oil; HFCO, high fa t  corn oil; HFOO, high fa t  olive oil, HFFO, high 

fat  fish oil. 
FA, sa tura ted  fa t ty  acids. 
ignificantly different from animals fed LFCO and t reated with azoxymethane (AOM): 

< 0.05, gP < 0.01, np< 0.001. 
eSignificantly, different fr.om animals fed HFCO and t reated with AOM: fP < 0.05, 

EP < 0.01, np < 0.001, ~P < 0.0001. 

TABLE 6 

Percentage Composition of Fatty Acids in the Colonic Mucosal Phospholipids a 

F a t t y  
acid LFCO b HFCO b HFOO b HFFO b 

12:0 0 0.I • 0.0 0.2 • 0.1 0.3 + 0 . I .  d,T 
14:0 0.2 ___ 0.1 0.3 +__ 0.1 0.3 • 0.1 0.6 + 0.2/ 
16:0 13.8 _ 2.3 14,3 _ 2.5 16.1 • 2.5 15.9 + 3.7 
16:1n-7 2,1 +__ 0.4 1.8 +__ 0,3 3.3 • 0.4 d'e 1.9 • 0.5 
18:0 19.3 + 4.3 22.1 + 3.8 17,9 ... 3.1 16.2 • 2.9 e 
18:1n-9 10.8 • 1.3 10.4 • 1.2 20.4 • 2.1 h 13.1 • 1.9 e 
18:2n-6 25.6 • 3.8 27.5 +__ 4.1 10.1 • 1.2g 8.4 • 1.4 h 
18:3n-3 0.1 +__ 0.0 0.1 +__ 0.04 0.8 • 0.4g 1.3 • 0.3 h 
20:4n-6 16.3 + 2.1 17.1 + 3.2 12,9 • 2.1 e 9.1 • 1.1 h 
20:5n-3 0,2 • 0.1 0.3 ... 0.1 0.5 --4-_ 0.2 8.2 • 0.9 h 
22:6n-3 1.3 • 0.1 1.3 + 0.1 2,8 • 0.sg 10.1 • 1.3 h 
SFA c 33.3 36.7 34.3 33.0 
n-3 1.5 1.7 4.1 19.6 
n-6 41.9 44.6 23 17.5 
n-9 10.8 10.4 20.4 13.1 - 
Total 89.8 95.3 85.3 85.2 

aValues are means +__ SD (n = 6); and animals treated with azoxyrnethane (AOM). 
bLFCO, low fat corn oil; HFCO, high fat corn oil; HFOO, high fat olive oil, HFFO, high 
fat fish oil. 

CSFA, saturated fatty acids. 
dSignificant~ different from animal~ fed LFCO and treated with azoxymethane (AOM). 
ep < 0.05, Ip < 0.01, gP < 0.001, np< 0.0001. 
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TABLE 7 

Percentage Composition of Fatty Acids in the Small Intestinal Mucosal Phospholipids a 

Fa t ty  
acid LFCO b HFCO b HFOO b HFFO b 

12:0 0 0.4 _ 0.0 0.2 _+ 0.1 e'f 0.3 - 0.1 e,h 
14:0 0.1 +_ 0.1 0.2 +_ 0.1 d ' f  0.3 +- 0.1 0.4 +- 0.1f 
16:0 14.4 + 2.1 15.0 +_ 2.3 16.8 +- 1.6 15.0 +- 2.1 
16:1n-7 2.1 +_ 0.8 2.1 +_ 0.6 3.9 +_ 0.7f 2.1 + 0.5 
18:0 18.5 _ 3.2 21.7 + 2.8 20.5 + 3.1 16.2 + 1.9 g 
18:1n-9 10.4 ___ 1.3 9.7 ___ 1.2 22.5 ----- 2.5! 12.8 + 0.9 h 
18:2n-6 24.5 + 2.2 28.6 + 3.7 d'g 9.2 + 0.7 z 8.8 ___ 0.8 / 
18"3n-3 0.1 +_ 0.1 0.1 +_ 0.0 0.8 +-- 0.2 h 1.5 + 0 2 i 
20:4n-6 17.4 -4- 2.2 17.8 +__ 2.5 11.3 +-- 1.8 ~ 8.7 +--- 0.7 ~ 
20:5n-3 0.2 + 0.1 0.3 + 0.1 0.5 + 0.1( 9.4 + 1 I i 
22:6n-3 1.2 ___ 0.1 1.3 + 0.1 2.5 + 0.5 ~ 11.5 + 1.3 z 
SFA c 33.1 37.0 37.9 32.0 
n-3 1.5 1.6 3.7 22.4 
n-6 41.9 46.4 20.5 17.5 
n-9 10.4 9.7 22.5 12.8 
Total  88.8 97.1 88.6 86.9 

~ Values are means __ SD (n = 6) and animals t rea ted  with azoxymethane (AOM). 
LFCO, low fat  corn off; HFCO, high fat  corn oil; HFOO, high fat  olive oil, HFFO, high 
fat  fish oil. 

CSFA, sa tura ted  fa t ty  acids. 
dSignificantly different from animals fed LFCO and t reated with AOM. Ip < 0.05. 
eSignificantly different ~rom animals fed HFCO and t reated with AOM: [P  < 0.05, 
gP < 0.01, np< 0.001, ~P < 0.0001. 
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TABLE 8 

Percentage Composition of Fatty Acids in the Liver Phospholipids a 

Fa t ty  
acid LFCO b HFCO b HFOO b HFFO b 

12:0 0 0.1 _ 0 d ' /  0.2 +_ 0.1 e'g 0.3 +-- 0.1 e'h 
14:0 0.2 ___ 0.1 0.1 _ 0.1 0.3 +- 0.1f 0.4 + 0.1g 
16:0 17.4 _+ 1.9 18.7 +_ 2.4 14.3 -+ 2.1g 15.8 -- 1.6 
16:1n-7 2.5 +_ 0.4 2.3 +_ 0.5 4.2 _ 0.5[ 3.0 +_ 0.6 
18:0 16.7 +_ 1.4 15.5 + 1.4 14.6 + 1.7 16.3 --+_ 1.4 
18:1n-9 8.8 + 0.7 8.5 __+ 0.6 20.9 ---+ 2.1! 11.4 +_ 0.8 h 
18:2n-6 15.4 _+ 2.2 14.6 _ 1.6 8.7 +- 0.7 ~ 8.9 --+ 1 2 = 
18:3n-3 0.8 _+ 0.3 0.3 +_ 0.2 0.8 +- 0 2( 1.6 _+ 0 4 ~. 
20:4n-6 24.7 +_ 2.2 27.4 +_ 3.2 17.2 + 2.2 ~ 16.7 __- 1.8 z 
20:5n-3 0.2 +_ 0.1 0.3 _+ 0.1 0.2 +_ 0.1 7.7 +_ 1.2! 
22:6n-3 1.4 +_ 0.3 1.3 _ 0.4 3.1 +_ 0.7g 9.4 +-- 1.1 z 
SFA c 34.3 34.4 29.5 32.8 
n-3 2.4 1.9 4.2 18.7 
n-6 40.1 42.0 25.9 25.6 
n-9 8.8 8.5 20.9 11.4 
Total 88.1 89.2 84.72 91.6 

aValues are means +_ SD (n = 6) and animals treated with azoxymethane (AOM). 
bLFCO, low fat corn oil; HFCO, high fat corn oil; HFOO, high fat olive oil, HFFO, high 
fat fish oil. 
SsFA, saturated fatty acids. 
ignificantly different from animals fed LFCO and treated with AOM. fP < 0.05. 

eSignificantly, different fxom animals fed HFCO and treated with AOM: fP < 0.05, 
gP < 0.01, hp < 0.001, =P < 0.0001. 

t h e  d i e t  a f f e c t  t h e  f a t t y  a c i d  c o m p o s i t i o n  of  b l o o d  p l a s m a ,  
a n d  of  t h e  p h o s p h o l i p i d s  of  e r y t h r o c y t e s ,  l iver ,  c o l o n  a n d  
s m a l l  i n t e s t i n e  i n  r a t s .  I n  g e n e r a l ,  h i g h  d i e t a r y  o l i ve  oi l  
i n c r e a s e d  t h e  o le ic  a c i d  c o n t e n t  of  p l a s m a ,  e r y t h r o c y t e s ,  
l i v e r  a n d  i n t e s t i n e s  a n d  d e c r e a s e d  t h e  l i n o l e i c  a c i d  c o n -  
t e n t  of  t h e s e  t i s s u e s  a n d  of  p l a s m a .  T h e s e  r e s u l t s  a r e  i n  
a g r e e m e n t  w i t h  p u b l i s h e d  r e p o r t s  f r o m  o t h e r  l a b o r a t o r i e s  
(27-29} .  F u r t h e r m o r e ,  i n  t h e  o l i ve  o i l - fed  a n i m a l s ,  t h e  
a r a c h i d o n i c  a c i d  c o n t e n t  w a s  d e c r e a s e d  i n  p l a s m a ,  e ry-  

t h r o c y t e s  a n d  o t h e r  t i s s u e  p h o s p h o l i p i d s .  T h e  i n v e r s e  rela-  
t i o n s h i p  b e t w e e n  t h e  a r a c h i d o n i c  a c i d  a n d  o le ic  a c i d  of  
p h o s p h o l i p i d s  s u g g e s t s  t h a t  i n c r e a s i n g  t h e  r a t i o  of  d i e t a r y  
co9/co6 f a t t y  a c i d s  e n h a n c e s  t h e  a v a i l a b i l i t y  of  co9 f a t t y  
a c i d s  f o r  i n c o r p o r a t i o n  i n t o  m e m b r a n e  p h o s p h o l i p i d s  
r e l a t i v e  t o  w6 f a t t y  ac ids .  A l s o  t h e  s l i g h t l y  h i g h e r  con -  
t e n t  of  ~ 3  f a t t y  a c i d s  o b s e r v e d  in  p h o s p h o l i p i d s  of  t h e  
o l i ve  oi l  g r o u p  a s  c o m p a r e d  t o  t h e  c o r n  oi l  g r o u p  m a y  b e  
r e l a t e d  t o  t h e  l o w e r  l i no l e i c  a c i d  a n d  l i n o l e n i c  a c i d  r a t i o  
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in olive oil. I t  is well known tha t  competi t ion exists be- 
tween oleate, linoleate and a-linolenate for the A6 desatur- 
ase enzyme system. Enzyme affinity decreases in the 
order linolenic acid (co3), linoleic acid (~6) and oleic acid 
{co9) {30). Thus, the lower linoleate content of olive oil could 
enhance a-linolenate desaturation, thereby increasing the 
co3 fa t ty  acid in phospholipids of olive oil-fed animals. 

This s tudy also demonstrates  tha t  high dietary fish oil 
significantly increased the eicosapentaenoic acid and 
docosahexaenoic acid levels with a concomitant  decrease 
of linoleic acid and arachidonic acid in phospholipids of 
various organs. These results are in general agreement 
with those of studies in which decreased levels of linoleic 
acid and arachidonic acid were found in plasma, platelets, 
heart,  lung and kidney in animals fed cod liver oil or con- 
centrates of other  marine oils {12,27,31-33). I t  has also 
been reported tha t  dietary fish oil significantly decreases 
liver, plasma and platelet  arachidonic acid levels (11). 
Previously, our laboratory had shown a dose-related in- 
crease in the incorporation of Go3 fa t ty  acids into the 
microsomes of colonic mucosal cells when feeding increas- 
ing levels of menhaden oil to F344 rats  (34). 

The fa t ty  acid changes that  occur following supplemen- 
tat ion of various high fat  diets appear to be facilitated 
through competit ion among individual saturated,  mo- 
nounsaturated, polyunsaturated and highly polyunsatu~ 
ated fa t ty  acids for the enzyme system tha t  synthesizes 
long-chain fa t ty  acids through a sequence of elongation 
and desaturat ion reactions (35). Although in our study, 
the fa t ty  acid composition of various organs was not  af- 
fected by AOM-treatment  factors such as modulation of 
the ongoing dynamic acyl exchange and transfer, and 
remodeling involved in the modification of membrane lipid 
fa t ty  acid composition were affected by AOM-treatment  
(35,36). In this regard we are not  aware of any previous 
studies on the modulat ing effect of carcinogens on mem- 
brane phospholipids. Our recent s tudy indicates tha t  
AOM-treatment significantly enhances plasma, liver and 
colonic mucosal synthetic activity of prostaglandins, such 
as PGE2 and 6-keto PGFI=, when compared to saline- 
t reated animals fed similar diets (37). This may  be due 
to increased turnover of membrane arachidonic acid as a 
consequence of AOM-treatment.  

The role of diets containing olive off and diets high in 
fish in coronary hear t  disease and cancer is currently of 
great  interest. There is evidence indicating tha t  popula- 
tions consuming large amounts  of olive oil or marine 
animals have a decreased incidence of heart  disease 
(38-41). Labora tory  animal model studies conducted in 
our laboratory indicated tha t  high dietary olive oil or fish 
oil had no colon tumor  promoting effect when compared 
to diets high in corn oil or safflower oil (34,42). Similar 
results were observed with olive oil on the 7,12-dimethyl- 
benz[a]anthracene and N-methyl-N-nitrosourea induced 
mammary  tumorigenesis (43-45) and fish oil on AOM in- 
duced colon tumorigenesis (34,42,46). Recently, Laseken 
et  al. (47) showed tha t  animals fed olive off and treated 
with 7,12-dimethylbenz[a] anthracene had a longer laten- 
cy period, fewer tumors per rat  and lower tumor  incidence 
as compared to those fed safflower oil or olive oil plus 
linoleic acid. This may be part ly due to an increase in oleic 
acid content  with an associated decrease in linoleic and 
arachidonic acid in membrane phospholipids. Whether  
this altered composition of oleic acid and linoleic acid con- 

tent  of phospholipids has any significant effect on 
t u m o r i g e n e s i s  r e m a i n s  to  be e s t ab l i sh ed .  Pre-  
viously, several studies have shown a positive correlation 
between the amount  of co3 fa t ty  acids in the microsomes 
of colon tumors  (34) or mammary  tumors  {48) and the 
amount  in the fish oil diet. Als~ the results of earlier 
studies indicate tha t  the diets containing high levels of 
beef fat, lard, corn oil or safflower oil increase the incidence 
of colon tumors  when compared to a low fat diet {4-9). 
Thus, the results of the present s tudy and of a previous 
investigation (34) suggest  tha t  high fat  intake is a neces- 
sary but  not  a sufficient condition for colon tumor  prc~ 
motion and tha t  the fa t ty  acid composition of the dietary 
fat is one of the determinants  of the tumor  promoting ef- 
fect of a high fat diet. 
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Effect of Varying Proportions of Dietary Menhaden and Corn Oil 
on Experimental Rat Mammary Tumor Promotion 1 
Leonard A. Cohen*, Jye.Yu Chen.Backlund, Daniel W. Sepkovic 2 and Shigeyuki Sugie 3 
Division of Nutrition and Endocrinology, Naylor Dana Institute for Disease Prevention, American Health Foundation, Valhalla, New 
York 10595 

Dose-related effects of long,chain highly unsaturated n-3 
fatty acids on the development of N-nitrosomethylurea 
{NMU)-iuduced rat mammary tumors were assessed in 
female F344 rats. Four test groups (36 rats/group) were fed 
the following high-fat (HF) diets (23% fat, w/w}: Group 1, 
18% menhaden oil (MO) and 5% corn oil (CO); Group 2, 11% 
MO and 11.8% CO, Group 3, 5% MO and 18% CO; Group 
4, CO alone. A fifth group, serving as an internal control, 
was fed a low-fat diet containing 5% CO alone. Experimen- 
tal diets were begun after initiation with NMU, and the 
experiment was terminated 31 wk later. Total tumor 
numbers in the five groups were 28, 16, 32, 26 and 11, 
respectively, indicating that the promotion phase of NMU- 
induced carcinogenesis  was s igni f icant ly  sup- 
pressed only when equal parts of CO and MO {Group 2) 
were fed or when CO alone was fed at 5% (w/w). At high 
(Group 1) or low (Group 3) levels of MO, tumor numbers 
were indistinguishable from the HF CO group (Group 4). 
The same pattern was observed when assessed in terms 
of cumulative tumor incidence and multiplicity. However, 
when expressed in terms of final tumor incidence, dietary 
MO did not suppress tumor promotion in a statistically 
significant fashion at any concentration. Animals fed MO 
gained weight at the same rate as those fed CO, indicating 
that the presence of MO in the diet did not result in food 
avoidance behavior. Measurement of total serum cho- 
lesterol indicated an inverse trend with respect to the MO 
content of the diet. Analysis of serum fatty acid profiles 
indicated that the proportion of n-3 and n-6 polyuno 
saturated fatty acids (PUFA} in the serum reflected that 
of the diet. These results support the hypothesis that the 
relative proportions of dietary n-3/n4} fatty acids play an 
important role in the suppression of experimental mam- 
mary tumorigenesis and suggest that changes in cir- 
culating cholesterol or n-3 PUFA levels, induced by dietary 
MO, are not directly related to tumor development. 
Lipids 28, 449-456 (1993). 

I t  is well established that  the development of carcinogen- 
induce(~ transplantable and virus-induced mammary tumors 
is enhanced by high-fat (HF) diets (1). In addition, it has 
been shown that  diets containing high levels of the n-6 di- 
unsaturated fat ty acid linoleic acid (LA) stimulate the pr~  

1Presented in part at the 81st Annual Meeting of the American As- 
sociation for Cancer Research, Washington, D.C., May 1990. 

*To whom correspondence should be addressed. 
2present address: Strang-Cornell Cancer Research Laboratory, New 
York, NY. 

3Visiting Pathologist, Department of Pathology, Gifu University 
School of Medicine, Gifu City 500, Japan. 

Abbreviations: AA, arachidonic acid (20:4n-6); ANOVA, analysis of 
variance; CO, corn oil; DHA, docosahexaenoic acid (22:6no3); DMBA, 
7,12-dimethylbenz(a)anthracene; EFA, essential fatty acid; EPA, eic~ 
sapentaenoic acid (20:5n-3); FA, fatty acid(s); HF, high-fat diet (23% 
fat, w/w); HIP, hexane/isopropyl alcohol; LF, low-fat diet (5% fat w/w); 
LA, linoleic acid (18:2n-6); MO, menhaden oil; MMU, N-nitroso- 
methylurea; PUFA, polyunsaturated fatty acid(s); TBHQ, tert-butyl- 
hydroquinone. 

motion phase of experimental ~ carcinogenesis (2,3) 
as well as metastasis to distant organs (4,5), whereas diets 
containing high levels of medium, chain saturated fatty acids 
(FA) or monounsaturated FA such as oleic acid (18:1n-9), do 
not (6). 

A fourth class of fatty acids~ the n-3 polyunsaturated fatty 
acids (PUFA) has been shown to exhibit protective effects, 
in most but not all cases, in primary tumor models including 
mammary (7-19), colon (20,23), prostate (24,25) and pancreas 
(26), and in one metastasizing mammary tumor model (27}. 
The majority of studies on n-3 PUFA have used menhaden 
oil (MO) as the source of n-3 PUFA and have focused on 
mammary cancer. However, many inconsistencies appear in 
the literature In some cases, fish oil suppressed tumori- 
genesis (8,19); while in others it had little effect (7,9}. Still 
in others, fish oil at certain concentrations actually enhanced 
tumor development (10,17,23). Also of concern is the lack 
of any consistent dose-response effects of n-3 PUFA on 
mammary tumorigenesis (8,9,14-16). The reasons for these 
inconsistencies are unclear but  may involve (i) variations in 
diet composition, (ii) the use of undeodorized MO which 
reduces diet palatability, (iii) the use of MO, which is LA 
deficient, as the sole source of fat, (iv) small numbers of 
animals and (v) differences inherent in the models being used 
(transplantable vs. chemically induced). 

The present study was designed to assess whether increas- 
ing amounts of dietary n-3 PUFA inhibit the promotion 
phase of N-nitrosomethylurea (NMU)-induced mammary 
carcinogenesis in a dose-related manner. Three HF groups 
containing blends of MO and corn oil (CO) were formulated 
to obtain n-3/n-6 ratios of 1.51, 0.55 and 0.19 (Groups 1-3, 
respectively). They were compared with HF and low-fat diet 
(LF) groups (Groups 4 and 5) containing CO only (n-3/n-6 
ratio, 0.007) (Fig. 1). To gain insight into possible mechan- 
isra~ the effect of feeding these diets on the cholesterol con- 
tent and FA composition of serum was also examinecL 

MATERIALS AND METHODS 
Experimental protocol. One-hundred and eighty virgin 
female inbred F344 rats, 28 d of age (Charles River 
Breeding Laboratories, Nor th  Wilmington, MA), were 
maintained on the s tandard NIH-07 diet (Zeigler Bros., 
Gardners, PA) until  50 d of age. All animals were then 
assigned into groups of 36 animals each by recognized ran- 
domization procedures (27) to equalize initial weight. On 
day 50 of age, all animals received a single dose (37.5 
mg/kg body wt) of NMU (CAS:684-93-5) (Ash Stevens Inc, 
Detroit,  MI} by tail vein injection. NMU was dissolved 
in a few drops of 3% acetic acid and diluted with distilled 
H20 to give a stock solution of 10 mg NMU/mL, which 
was administered within 2 h of formulation (28). At weekly 
intervals beginning 4 wks after NMU injection, each rat  
was weighed and the position and date of palpable tumors 
recorded. 

Two days after NMU administration, animals were ran- 
domly allocated to one of five different experimental diets. 
Groups of thirty-six animals each were placed on diets 
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FIG. I. Comparative fatty acid profiles of corn oil and corn 
oil/menhaden oil blends. Gas-liquid chromatography (GLC) traces 
depict the relative area percentages of fatty acids as a function of 
retention time (numbered vertically). Total lipids were extracted from 
diets 1-4 and processed for GLC analysis as described in Materials 
and Methods. Only the major peaks were identified using authentic 
standards. 

containing. 18% MO, 5% CO (Group 1); 11.8% MO, 11.8% 
CO (Group 2); 5% MO, 18% CO (Group 3); 23% CO (Group 
4); and 5% CO (Group 5). The animals remained on the 
diets for the duration of the experiment (31 wks). Animals 
were housed three to a polyethylene cage containing hard- 
wood shavings and covered with a filter top. The animal 
room was controlled for temperature (24 +__ 2~ light 
(12-h cycle) and humidity (50%). Diets were administered 

TABLE 1 

Diets a 

Adjusted 
Low-fat diet high-fat diet 

Ingredient (g) (g) 

Casein 20.0 23.5 
Corn starch 52 32.9 
Dextrose 13 8.30 
Fat 5 23.52 
DI~methionine 0.3 0.35 
Choline bitartrate 0.2 0.24 
Alphacel 5 5.9 
(AIN-76) Vitamin mix 1.0 1.18 
(AIN-76) Mineral mix 3.5 4.11 

Energy value (Kcal/g) 3.89 4.73 
aHigh- and Low-fat diets based on Newberne et al. (31) with replace- 
ment of starch/dextrose for sucrose as carbohydrate source. 

in powdered form and tap water was provided ad libitum. 
Stainless steel "J" type powder feeders were used to pre- 
vent scattering of food. Animals were maintained accord- 
ing to the revised Guide for the Care and Use of Labora- 
tory Animals (Department of Health, Education, and Wel- 
fare Publications, NIH 85-23, Bethesda, revised 1985) (29). 

HF and LF diets. The HF and LF diets used in these 
experiments were based on the recommendations of the 
Committee on Laboratory Animal Diets of the National 
Academy of Sciences (30,31) with slight modifications 
(Table 1). Because the HF diet is more calorie-dense than 
the LF diet, less is eaten. The adjusted formulation ac- 
counts for this, ensuring that all animals consume the 
same amount of vitamins, minerals and fiber. The increase 
in fat in the HF diet was at the expense of starch-dextrose 
The HF and LF diets consisted of 23 and 5% fat by 
weight, respectively. The LF diet was designed to provide 
approximately 5-6 calories/d of fat, based on an estimated 
consumption of 45 calories/d {= 12% of total calories). The 
HF diet provided approximately 20-21 calories/d of fat 
(=45% of total calories). The LF and HF diets were de- 
signed to mimic the Japanese diet of the 1950s and the 
U.S. diet during the 1970s (32,33). 

Bulk vacuum-deodorized menhaden oil (Lot No. 
L89195BB) was obtained gratis from the Fish Oils Test 
Materials  Program (DOC/NOAA/NIH/ADAMHA) 
(Southeast Fisheries Center, Charleston, SC). The MO con- 
tained 1 g/kg a-tocopherol and 1 g/kg y-tocopherol and 0.2 
g/kg t-butyl hydroquinone (TBHQ) as added antioxidants. 
Food-grade corn oil, provided by BioServ Inn (French- 
town, N J) which contains some a- and y-tocopherol, was 
supplemented further with a- and y-tocopherol and TBHQ 
to yield an amount of total antioxidants equal to that in 
MO. Cholesterol was added to the corn oil at 2.0 g cho- 
lesterol/kg oil in order to equalize the cholesterol in all five 
diets. 

All dietary ingredients, other thaz, MO, were obtained 
and diets were prepared by BioServ Inc In order to pre- 
vent the formation of oxidized lipids, diets were for- 
mulated and stored undeer the following conditions: both 
MO and CO were stored under a blanket of N2 in the 
dark at 4~ Batches of diet were mixed and placed in 2- 
or 4-kg plastic bags, flushed with N~ and heat-sealed. 
Upon receipt, aliquots of the diets were rebagged in 
amounts sufficient for a single feeding per group. The 
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TABLE 2 

Fatty  Acid Composition of Corn and Menhaden Oil a 

Fatty acid Corn Menhaden b 

14:0 _c  6.2 
16:0 10 15.0 
16:1n-7 -- 6.5 
18:0 2 2.4 
18:1n-9 31 8.2 
18:2n-6 56 1.2 
18:3n-3 0.4 1.0 
18:4n-3 -- 3.2 
20:4n-6 --  0.5 
20:4n-3 -- 1.4 
20:5n-3 -- 12.5 
22:5n-3 -- 1.9 
22:6n-3 -- 11.0 
Total PUFA (%) 56 39.5 
Total n-3 (%) <1 31.9 
Total n-6 (%) 56 2.5 
n-3/n-6 Ratio 0.007 12.8 
aData for corn oil were obtained as previously described (34); data 

for menhaden oil were provided by Southeast Fisheries Center, 
Charleston Laboratory. Values are area percentage of total methyl 
esters. 

bpercentage of fatty acids adds up to 72%; these represent the ma- 
jor fatty acid species in menhaden oil. In total, menhaden off con- 
tains 11 saturated, 21 monounsaturatod, 9 unsaturated and 19 
other fatty acids containing from 3 to 6 double bonds. 

c_  = value <0.05%. PUFA, polyunsaturated fatty acids. 

bags were flushed with N 2 and heat sealed. All diets were 
stored at 4 o C. Once opened and animals fed, the remain- 
ing diet was discarded. Animals were fed three times per 
week and feeders removed and washed after each feeding. 

Quality controls for experimental diets. The fa t ty  acid 
profile of the MO was provided by the National Marine 
Fisheries Service (Charleston Laboratory) (Table 2). Fat- 
ty  acid analyses were conducted in our laboratory as 
described previously (34). The fa t ty  acid profiles of for- 
mulated diets were determined as follows: One gram of 
diet 1-4 was placed in a pre-weighed 25-mL glass conical 
test  tube, and lipids were extracted with 18 mL of a hex- 
ane/isopropyl alcohol {HIP) mixture (3:2). The mixture was 
then vortexed and the organic layer decanted following 
centrifugation. After a second extraction with 10 mL HIP, 
the two organic phases were pooled and evaporated to 
dryness under a s tream of N2. The conical tube contain- 
ing the dried residue was weighed to confirm tha t  approx- 
imately 0.23 g of lipid was present. Methanolysis was then 
performed by addition of methanol  containing 5% HC1 
(80~ for 2 h) under N2. A known amount  of pentade- 
canoic acid was added as an internal s tandard to the ex- 
t rac t  prior to methanolysis.  The fa t ty  acid methyl  esters 
were extracted with n-hexane and quanti tat ively ana- 
lyzed by gas-liquid chromatography (Hewlett-Packard 
5890, Pal(~ Alto, CA) using a column packed with 10% 
DEGS-PS adsorbed on 80-100 mesh Supelcoport  (Supel- 
co, Bellefonte, PA). The oven temperature  was program- 
med at 24~ from 160 to 225~ Individual fa t ty  
acids were identified by comparison with authentic stan- 
dard mixtures. All s tandards were from Nu-Chek-Prep 
(Elysian, MN). Thiobarbituric acid tests  for lipid oxida- 
t ion products  were conducted on formulated diets (35). 

Necropsy, serum collection and histopathology. Approx- 
imately 31 wk after NMU administration, the expe "rrment 
was terminatecL Blood was drawn by heart  puncture under 
ketamine anaesthesia, collected in evacuated, sterile auto- 
sep tubes (Terumo Med., Elkton, MD) and serum sepa- 
rated by centrifugation. Serum was stored at  20~ until  
u se  Animals were then sacrificed by CO2 euthanasia,  
and mammary  tumors, classified as palpable or non- 
palpable bu t  grossly visible, were excised, fixed in 10% 
buffered formalin, blocked in paraffin and stained with 
hematoxylin and eosin for histological examination. 
Histologic diagnosis of mammary  tumors was based on 
criteria outlined by Young and Hallowes (36). 

Serum lipid analysis. Total serum cholesterol content  
in aliquots of serum were determined enzymatical ly us- 
ing a DT-60 Clinical Chemistry Analyzer (Kodak Ina,  
Rochester, NY). The limit of detection of this assay is 30 
mg/100 mL and the coefficient of variance is 5%. The 
method is based on a layered coating dry-slide technique 
(37,38). Serum fa t ty  acid profiles were determined in the 
laboratory of Dr. M.T. Clandinin (University of Alberta, 
Edmonton,  Alberta, Canada) using methods described in 
Reference 39. 

Statistical analysis. A tumor-free survival function was 
est imated separately for each experimental  group by the 
Kaplan-Meier product  limit method 140). The survival 
functions for the different dietary groups were then com- 
pared by Gehan's generalized Wilcoxon (41,42). The pur- 
pose of this method was to test  the null hypothesis tha t  
all five survival functions were identical. Differences in 
the overall frequency of tumor/animal (including tumor- 
free animals) and in the number of tumors/tumor-bearing 
animal were assessed by the Chi Square tes t  (43). Weight 
gain over t ime and the latency of tumors were compared 
by analysis of variance with multiple comparison p r o  
cedures (44,45). Trends in serum cholesterol levels as a 
function of diet were tested by multiple regression analysis 
(44). Pairwise comparisons of cholesterol levels were per- 
formed by analysis of covariance, the covariates being 
weight gain and latency. The relationship between the 
presence (or absence) of a tumor  and serum cholesterol 
levels was assessed by the tw~tai led t-test. 

RESULTS 

Animal weight gains (Fig. 2) were similar in Groups 1-4, 
suggesting that  differences in dietary MO content did not  
alter food consumption patterns.  I t  was not  possible to 
measure food consumption accurately because of diet scat- 
tering. Group 5, however, exhibited a lower body weight 
gain when compared to Groups 1-4 which was of border- 
line significance (P > 0.10). 

With the exception of mammary  tumors, no gross 
changes in the major  organs or organ systems were seen. 
Mammary  tumors  were either adenocarcinomas or f ibr~ 
adenomas, with the fibroadenomas varying in frequency 
from 0 to 11%. There were 0, 1, 2, 2, 0 unscheduled ter- 
minations in Groups 1-5, respectively, due to necrotizing 
tumors.  No animals died of extraneous causes. Tumor in- 
cidence data, presented as either total  tumor  incidence or 
incidence of adenocarcinoma alone, can be seen in Table 
3. Tests for overall trend were nonsignificant for the four 
H F  groups. Pairwise comparisons indicated tha t  Group 
1 vs. Group 3, Group 2 vs. Group 3 and Group 5 vs. 
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FIG. 2. Mean ( •  SD) weight gains for Groups 1-5 at selected time 
points. CO-5/MO-18 Group, solid bars; C(N11.5/MO-11.5 Group, 
narrow-hatched bars; CO-18/MO-5 Group, broad-hatched bars; CO-23 
Group, dotted bars; CO-5 Group, densely dotted bars. Overall com- 
parison is based on analysis of variance, P < 0.001. Differences in 
mean weights for Groups 1-4 vs. 5, P < 0.10 are by one-tailed t-test. 
Abbreviations: NMU, N-nitrosomethylurea; CO, corn oil; MO, 
menhaden oil. 

Groups 3 and 4 exhibited significant differences in tumor  
incidence, respectively. 

Analysis  of t ime-to-first- tumor curves for each of the 
five experimental groups (Fig. 3) indicated tha t  m a m m a r y  
tumors  appeared most  rapidly in Group 3 (5% MO + 18% 
CO) and Group 4 (23% CO), less rapidly in Group 1 (15% 
MO + 18% CO) and least  rapidly in Groups 2 (11.8% MO 
+ 11.8% CO) and 5 (5% CO). Tests for overall t rend were 
not  significant, indicating t ha t  there was no direct (or in- 
direct) relationship between the amount  of MO in the diet 
and average t ime to first tumor  in Groups 1-3. Pairwise 
compar isons  by Wflcoxon's Rank tes t  among  the five ex- 
perimental  groups revealed tha t  tumors  appeared signifi- 
cant ly  more rapidly in Group 3 v s .  Group 5 (P < 0.001), 
Group 2 v s .  Group 3 (P < 0.01), and Group 2 v s .  Group 
4 (P < 0.05). Pairwise compar isons  between Groups 1, 2 
and 5 were nonsignificant.  During the course of the ex- 
periment, palpable tumors  occasionally appeared and then 
disappeared. The number  of such animals  in each group 
exhibiting such t ransient  tumors  were 4, 0, 4, 3, 2, respec- 
tively, in Groups 1-5. 

1 . 0  ~ 

~ .  0.9 

O.S- 

0.?" 

O.S. 

0.$. 

0.4 

0 . 3  

TO 9'0 110 130 1S0 170 1DO 210 230 
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FIG. 3. Kaplan-Meier life table curves for cumulative mammary 
tumor incidence for Groups 1-5. [7, Corn oil (CO) 5%; [[, menhaden 
oil (MO) 11.5%/CO 5%; e ,  MO 18%/CO 5%; O, CO 5%; A, MO 5%/CO 
18%. Life table data include all palpable tumors (adenocarcinoma 
and fibroadenoma). The proportion of animals surviving per unit 
time-without-tumor (1.0 represents 100% tumor-free animals) plot- 
ted as a function of days post-N-nitresomethylurea (NMU) treatment. 
Tests for overall trend: Cox's test for adjusted trends and generaliz- 
ed Kruskal-Wallis analysis, not significant. Pairwise comparisons: 
Cox's test, Groups 3 and 4 vs. Groups 1, 2 and 5 (P < 0.05). 

The frequency distr ibution of tumors  can be seen in 
Tables 4 and 5. Examina t ion  of the pa t t e rns  of distribu- 
t ion of tumors/ ra t  among  the various groups reveals 
dist inct  differences. The three high incidence groups (1, 
3 and 4) exhibited a pa t t e rn  characterized by a higher fre- 
quency of animals  bear ing either one or two tumors  than  
zero tumors.  The two low-incidence groups (2 and 5) ex- 
hibited the opposite pat tern.  In t e rms  of total  t umor  
number, Groups 1, 3 and 4 exhibited significantly higher 
tumor  yield compared  to Groups 2 and 5 (Table 4). A 
similar pa t t e rn  was found when only histologically 
verified adenocarcinomas (Table 5) were evaluated with the 
exception t ha t  total  tumor  yields in Group 4 were not  
significantly greater  than  in Group 2. When tumor  
mult ipl ici ty was assessed in t e rms  of mean number  of 

TABLE 3 

Mammary Tumor Incidence as a Function of Dietary Group 

Number rats Number rats 
with mammary tumor a with adenocarcinoma b 

Group vs.  number rats at risk % vs.  number rats at risk % 

I. Corn oil (5%) 
Menhaden oil (18%) 15/36 42 13/36 36 

2. Corn oil (11.5%) 
Menhaden oil (11.5%) 16/36 44 11/36 30 

3. Corn oil (18%) 
Menhaden oil (5%) 24/36 67 22/36 61 

4. Corn oil (23%) 18/36 50 16/36 44 
5. Corn oil (5%) 9/36 25 8/36 22 

aAll mammary tumors. Differences between Groups 3 and 4 vs.  Group 5 are statistically 
bsignificant (P < 0.05) based on the C h i - S q u a r e  test; all other pairwise comparisons, NS. 
Adenocarcinomas only. Differences between Group 3 vs.  5 and Group 3 vs.  2 are sta- 
tistically significant (P < 0.05) based on the C h i - S q u a r e  test. All other pairwise compari- 
sons, not significant. 
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TABLE 4 

Frequency Distribution of Total Mammary Tumors by Experimental Group 

Mean number 
Number of tumors Total of tumors c 

Group 0 1 2 3 4 7 tumors a per group 

1. Corn oil (5%) 
Menhaden oil (18%) 21 b 11 0 2 1 1 28 0.78 • 1.46 

2. Corn off (11.5%} 
Menhaden oil (11.5%) 24 8 4 0 0 0 16 0.48 • 0.70 

3. Corn oil (18%) 
Menhaden oil (5%) 12 16 8 0 0 0 32 0.88 • 0.76 

4. Corn oil (23%) 18 12 5 0 1 0 26 0.83 • 0.96 
5. Corn oil (5%) 27 7 2 0 0 0 11 0.31 • 0.57 

apairwise comparisons. Differences between Group 2 v s .  Groups 1, 3 or 4 and Group 5 
v s .  Groups 1, 3 or 4 are statistically significant (P < 0.05-0.01). All other pairwise com- 

bParisons, not significant. 
Number of rats. 

CMean • SD. Group 3 v s .  Group 2 (P < 0.0D, Group 3 v s .  Group 5 (P < 0.004). All other 
pairwise comparisons, not significant {analysis of variance}. 
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TABLE 5 

Frequency Distribution of Mammary Adenocarcinomas by Experimental Group 

Number of adenocarcinomas Total 

Group 0 1 2 3 4 5 tumors a 

Mean number 
of tumors c 
per group 

1. Corn oil (5%) 
Menhaden oil (18%) 21 b 10 0 2 1 1 25 0.70 • 1.2 

2. Corn oil (11.5%} 
Menhaden oil (11.5%) 26 6 3 1 0 0 15 0.42 • 0.77 

3. Corn oil (18%) 
Menhaden off (5%) 14 16 6 0 0 0 28 0.78 • 0.72 

4. Corn oil (23%) 19 12 4 0 1 0 24 0.67 • 0.89 
5. Corn oil (5%) 27 8 1 0 0 0 10 0.28 • 0.51 

apairwise comparisons. Differences between Group 3 v s .  Group 5, Group 3 v s .  Group 2, 
and Group 4 v s .  Group 5 are statistically significant (P < 0.05-0.01} by C h i  Square 
test. 

bNumber of rats. 
CMean • SD. Group 3 v s .  Group 5 (P < 0.01), Group 3 v s .  Group 2 (P < 0.0125}. All other 

pairwise comparisons, not significant {analysis of variance). 

t umors / t o t a l  an ima l s  a t  risk, or m e a n  n u m b e r  of 
tumors / tumor  bear ing  animal,  no overall t rends  among  the 
five t r e a t m e n t  groups  were observed.  Ra t s  in  Group  3 ex- 
h ib i ted  h igher  mul t ip l ic i t ies  t h a n  Groups  2 a nd  5 
(P < 0.004 and  P < 0.01, respectively);  all o ther  pai rwise  
compar i sons  were nons ign i f i can t  (Table 4). Similar  resul ts  
were ob ta ined  when only adenocarcinomas were comparec[ 
W h e n  assessed u s i n g  only  t u m o r  bea r i ng  animals ,  Group  
1, c o n t a i n i n g  the  h ighes t  levels of n-3 PUFA,  exhib i ted  
grea ter  t u m o r  mul t ip l i c i ty  t h a n  Groups  2-5  (P < 0.001) 
{Table 4). 

Mean  se rum cholesterol levels (Table 6) were significant-  
ly suppressed  in  the  h igh MO Groups  (1 and  2) compared  
to the  CO Groups  {4 and  5). W h e n  assessed in  t e r ms  of 
m e d i a n  levels, a s imi la r  p a t t e r n  was observed (30, 36, 53, 
58, 64 m g  cholesterol]100 m L  for Groups  1-5, respective- 
ly). Tests for t r end  ind ica ted  a s t r o n g  inverse assoc ia t ion  
be tween  the  propor t ion  of MO in the  diet  and  to ta l  s e rum 
cholesterol  levels. No assoc ia t ion  was found  be tween  
an ima l  weight  (at t e rmina t ion )  or l a t ency  and  s e rum cho- 
lesterol, no r  was there  any  assoc ia t ion  be tween  the  pre- 
sence or absence  of a m a m m a r y  t u m o r  and  s e rum cho- 

TABLE 6 
Serum Total Cholesterol as a Function of Diet a 

Mean • SD 
Group N b (median) Range 

i. Corn oil (5%) 36 39 + 13 c 30-78 
Menhaden oil (18%) (30) 

2. Corn oil (11.5%) 33 40 • 13 30-77 
Menhaden oil (11.5%) (36) 

3. Corn oil (18%) 34 53 +_ 19 30-88 
Menhaden oil (5%) (53) 

4. Corn oil (23%) 29 58 • 21 30-107 
5. Corn oil (5%) 36 64 • 15 30-97 

(64) 
Total 168 51 • 19 30-107 

aStatistical comparisons. Test for linear trend (Duncan's Multiple 
Range test), among Groups 1-4 (P < 0.001} based on multiple re 
gression analysis adjusting for differences in weight and tumor 
latency. Pairwise comparisons. Group 1-4 vs. 5 (P < 0.001}, Group 
4 vs. 5 (P < 0.002}, Group 1 vs. 5 (P < 0.001), Group 1 vs. Group 
2 (not significant}, Group 3 vs.. Group 4 (not significant} after ad- 
justment for differences in weight and presence or absence of tumors 
by analysis of covariance. 

bN ---- number of rats assayed. 
Cln rag/100 mL serum. 
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TABLE 7 

Serum Fatty Acid Profiles 

Fatty acid 

Group 16:0 18:0 18:1n-9 18:2n-6 20:4n-6 20:5n-3 22:6n-3 
1. Corn oil (5%) 26(1.7) ~b 18(1.5) 12(3.5) 12(3.6)  5(1.6) 7(3.7) 2(0.7) 

Menhaden (18%) 
2. Corn off (11.5%) 26(2) 19(2) 11(1.5)  22(0.4)  7(0.6) 4(0.9) 1(0.5) 

Menhaden oil (11.5%) 
3. Corn oil (18%) 24(6) 20(7) 13(1.6)  3 1 ( 1 )  11(1.5) 2(0.2) 1(0.2) 

Menhaden oil (5%) 
4. Corn oil (23%) 19(0) 16(2) 13(1) 31(3) 15(2.3) 0.2(0) 0.5(0.1) 
5. Corn oil (5%) 25(0.6) 18(1) 14(0) 16(2.5) 15(1) 0.17{0.04) 0.4(0) 
apercent total fatty acids (SD). Rows do not necessarily add up to 100% since only the even major fatty 
acids in serum are shown. A total of 19 to 21 fatty acids were detected in groups 2, 3, 4 and 5. Group 1 
exhibited 27 different fatty acids. In the majority of cases these minor fatty acids were present at <1% 
of the total. 

b N = 3 .  

lesterol levels in individual animals. The results re- 
mained unchanged after adjustment for differences in 
weight gain and/or presence of a tumor or after segrega- 
tion of cholesterol data into tertiles (30, 30-50, >50 mg/100 
mL) followed by evaluation of the association between 
cholesterol and tumorigenesis by the Mantel-Haenszel Chi 
Square test and logistic regression. 

Analysis of serum fatty acid profiles (Table 7) indicated 
that  when dietary MO was increased at the expense of 
CO, keeping total lipid content constant, there was a step- 
wise decrement in the major n-6 serum fatty acids, linoleic 
(LA) and arachidonic (AA) and a concomitant stepwise 
increase in the major n-3 fatty acids, eicosapentaenoic 
(EPA) and docosohexaenoic (DHA). In contrast, lowering 
CO intake from 23 to 5% resulted in a 50% decrease in 
serum LA but no change in AA. No trend was found be- 
tween the amount of EPA or DHA in serum and overall 
tumor yield in the five experimental groups. Interesting- 
ly, the levels of n-3 PUFA in serum never rose above 9% 
of total serum FA, despite levels of dietary n-3 intake as 
high as 4 g/100 g diet (Group 1). 

DISCUSSION 

In the present study, significant inhibition of mammary 
tumor promotion was seen only when MO and CO were 
fed in equal proportions (n-3/n-6 ratio = 0.55). Moreover, 
at the lowest MO/CO ratio (0.19) a nonsignificant enhance~ 
ment of tumor numbers and incidence was seen. An HF 
diet containing a n-3/n-6 ratio of 0.55 resulted in a tumor 
yield (Tables 4 and 5) and latency (Fig. 3) similar to that  
of animals fed a LF CO diet indicating the importance 
of the type as well as the amount of dietary fat in affec- 
ting mammary tumor promotion. 

Previous attempts at demonstrating linear dose~related 
effects of n-3 PUFA have been largely unsuccessful. Us- 
ing a transplantable mouse mammary tumor model, 
Gabor and Abraham (16) examined the effects of various 
combinations of MO and CO fed at 10% (w/w) on tumor 
growth rates, and reported no dose-related changes when 
MO was increased from 25 to 75% of total fat. These 
authors did report, however, that growth of the tumor im- 
plant was inhibited at a MO/CO ratio of 9:1 or when MO 
alone was fed. In another study, using a transplantable 
rat  mammary tumor model, Karmali et  al. (8) fed F-344 

rats (15/group) a 5% chow diet supplemented with Max 
EPA, a fish oil concentrate containing 17% EPA and 16% 
DHA (MO contains 16% EPA and 11% DHA and a far 
greater spectrum of other fatty acids), at 100, 200 and 400 
pL rat/day. Growth of the tumor implant was inhibited 
equally in all three supplemented diets. Direct comparison 
of these studies with ours is difficult due to differences 
in (i) the resolving power of the models used, (ii) the small 
numbers of animals used in the transplant studies (5- 
15/group) and (iii) differences in the fat content and com- 
position of the diets employed. 

In the only study directly comparable to ours, Jurkow- 
ski and Cave (15) fed HF diets containing MO alone and 
MO/CO ratios of 3:1 and 1:3 to Buffalo rats initiated with 
NMU. No differences in tumor yields were found between 
the MO-containing groups and CO controls with the ex- 
ception of the group fed MO alone which did suppress 
tumor development. Unfortunately, the authors did not 
include a group fed MO and CO in equal proportions. The 
results of the Jurkowski and Cave (15) study are consis- 
tent with our findings as are two other reports in the 7,12- 
dimethylbenz(a)anthracene (DMBA) model (10,17): low 
levels of MO in a CO-based diet either had no effect or 
enhanced mammary tumor development compared to CO 
alone Also concordant with our findings is the study by 
Ip et  al. (14) which reported that  DMBA-tumor suppres- 
sion occurred in rats fed almost equal levels of MO and 
CO (12% MO + 8% CO), but not in rats fed high levels 
of MO (19% MO + 1% CO). Interestingly, the tumor- 
enhancing effects of low levels of menhaden oil have also 
been observed in the neoplastic pancreatic foci model (26), 
the two-stage skin papilloma model (46) and the azoxy- 
methanol-induced colon cancer model (23). 

Various mechanisms have been proposed to explain the 
putative beneficial effects of n-3 PUFA. These include ef- 
fects on eicosanoid metabolism (8,26,47-50), immune func- 
tions (50), cell membrane structure and function (50,51), 
free radical activity (9) and oncogene activity (47). Clear- 
ly, any mechanism proposed must be able to account or 
the nonlinear dose-response effect of n-3 PUFA in the 
mammary tumor model. In this regard, an eicosanoid- 
based mechanism seems plausible since eicosanoids have 
been shown to exhibit opposed biological effects based on 
their relative concentrations in specific tissues (52). 

Most biochemical studies on n-3 PUFA have focused 
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on their  effects on lipid metabol i sm and par t icular ly  
serum triglyceride and cholesterol levels (39,53,54). In 
humans,  n-3 PUFA suppress serum triglycerides and in- 
consis tent ly  suppress serum cholesterol (54), while in 
rodents  bo th  lipid classes are suppressed (39,53). Total 
serum cholesterol was examined in the present  s tudy  
because of the known link between high cholesterol and 
H F  intake (55) and a reported epidemiological association 
between elevated serum cholesterol levels and (i) in- 
creased risk for breast  cancer (56,57) and (fi) decreased stm 
vival among  breas t  cancer pa t ien ts  (58,59). Our studies 
show clearly tha t  serum cholesterol levels are inversely 
related to the amount  of n-3 PUFA in the diet bu t  are 
unrelated to m a m m a r y  tumorigenesis.  

Examina t ion  of serum FA profiles indicated that ,  in 
general, the serum profiles of the various t rea tment  groups 
reflected the n-3/n-6 content  of the diet, and because the 
levels of AA in the high MO groups were decreased, sup- 
por t  the idea tha t  increased n-3 PUFA suppresses elonga- 
tion and desaturat ion of LA to AA. However, since we did 
not  examine t issue PUFA profiles, i t  is not  possible to 
know whether  or not  similar changes took place at  the 
phospholipid or neutral  lipid level. Two studies (8,15} have 
examined changes in m a m m a r y  tumor  membrane  lipids 
induced by  n-3 PUFA, and these sugges t  t ha t  n-3 PUFA 
can displace n-6 PUFA from membrane  phospholipid and 
may  thereby alter eicosanoid metabol i sm (8,18). I t  is of 
interest  t ha t  despite the fact  t ha t  the Group 1 diet prc~ 
vided twice as much n-3 PUFA as LA, serum levels of n-3 
PUFA in Group 1 were lower (9%) than  those of LA (12%). 
These results imply tha t  dietary n-3 PUFA were preferen- 
tially oxidized or sequestered in a manner  different than  
dietary LA. 

I t  is noteworthy t ha t  the blended otis differed in a 
number  of ways other  than  the relative amoun t s  of n-3 
and n-6 PUFA (Fig. 1}. Fish oil, in cont ras t  to corn off, 
contains a wide var ie ty  of minor fa t ty  acids, hence blends 
of CO and MO result in markedly different overall FA pro- 
files. For example, 14:0 increased incrementally along with 
EFA and DHA,  and the  ratio of 18:0 to 18:2n-6 changed 
dramatical ly  as the proport ion of MO increased relative 
to CO. The possibili ty m u s t  therefore be considered tha t  
the effects of these diets on m a m m a r y  tumorigenesis may 
not  be due solely to n-3 PUFA or their  n-3/n-6 ratios. To 
resolve this methodological  problem future studies may  
require use of the nontriglyceride forms of n-3 PUFA as 
recently suggested by  Ackman (60). 

Several authors  have drawn a t tent ion to the present  
d ie tary  imbalance of n-3 and n-6 PUFA in Western coun- 
tr ies and have a t t r ibu ted  the high prevalence of chronic 
diseases such as coronary heart disease, cancer and ar- 
thritis in these societies specifically to this imbalance (66). 
With regard to breast  cancer, this notion has received par- 
tial suppor t  from epidemiological studies (67-69). For ex- 
ample, special populations such as rural Japanese  (70) and 
Greenland Eskomos  (71), which exhibit  low breast  cancer 
rates, consume n-3/n-6 PUFA at  rat ios of 0.365 and >1, 
respectively, compared  to high-risk Americans  who con- 
sume a n-3/n-6 PUFA ratio of approximate ly  0.060 {71}. 
Moreover, in a cross-country comparison,  a posit ive as- 
sociation was demons t ra ted  between breas t  cancer mor- 
ta l i ty  and fish consumpt ion  (67), and Hislop et  aL (68) 
reported similar results  in a case/control study. In  con- 
trast ,  however, no association between risk for breas t  

cancer and fish consumpt ion  was found in a recent large- 
scale prospect ive s tudy  (69). 

In summary,  the results of our s tudy suggest  that,  with 
regard to the NMU-tumor  inhibition, a n-3/n-6 ratio of 0.55 
was the mos t  effective and tha t  raising or lowering the 
rat io above or below tha t  point  offered no beneficial ef- 
fects. The implications of these experimental  findings to 
human  breast  cancer remain to be determined. 
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Effects of Dietary Proteins on Linoleic Acid Desaturation 
and Membrane Fluidity in Rat Liver Microsomes 
Kazunori Koba a, Kosaburo Wakamatsu a, Keisuke Obata a and Michihiro Sugano b,* 
aLaboratory of Nutrition Chemistry and bLaboratory of Food Science, Kyushu University School of Agriculture 46-09, 
Fukuoka, Japan 

The effect of dietary protein, casein (CAS) and soybean 
protein (SOY), on linoleic acid desaturation in fiver micro- 
somes was studied in rats. The activity of A6 desaturase 
in total and rough endoplasmic reticula (ER and RER) was 
significantly higher in the CAS group than in the SOY 
group. In ER and smooth endoplasmic reticulum, the 
steady-state fluorescence anisotropy of 1,6~diphenyl- 
1,3,5-hexatriene, when incorporated into the membrane, 
was decreased in the SOY group and accompanied by a 
reduction in the cholesterol/phospholipid (CHOL/PL) 
rati~ consistent with an increase in membrane fluidity. 
In a separate study, the effect of varying dietary proteins, 
CAS, milk whey protein, egg albumin, SOY, potato 
protein and wheat gluten, on the relationship between 
the A6 desaturase activity and microsomal membrane 
fluidity was also examined. The results indicated that the 
dietary protein-dependent change in the fiver microsomal 
CHOL/PL ratio affected membrane fluidity, and subse- 
quently the activity of A6 desaturase in liver microsomes. 
However, since dietary protein influenced the A6 desatu- 
rase activity in RER without influencing membrane fluid- 
ity, it is possible that some regulation might have taken 
place at the level of enzyme synthesis. 
Lipids 28, 457-464 (1993). 

Dietary protein influences not only the serum cholesterol 
level (1,2) but also the metabolism of linoleic acid (3,4). 
I t  has been observed in rats that  casein (CAS) not only 
increases the concentrations of serum and liver choles- 
terol, but also promotes the metabolism of linoleic acid 
to arachidonic acid more than does soybean protein (SOY) 
(3-8). These protein-dependent effects may result, at least 
in part, from the arginine content of the two dietary pro- 
teins (6,7). However, the exact mechanism as to how 
dietary protein affects linoleic acid metabolism is not 
clear. Since both A5 and A6 desaturases, two rate-limiting 
enzymes of linoleic acid metabolism, are bound to the 
microsomal membrane (9), it is possible that desaturase 
activity may be affected by changes in the liver micro- 
somal membrane architecture. Microsomes (endoplasmic 
reticulum; ER) are composed of rough endoplasmic retic- 
ulum (RER), with ribosomal particles attached on the 
outer surface, and smooth endoplasmic reticulum (SER), 
which has no ribosomes attached (10). To elucidate the 
mechanism of the protein-dependent effect on the metabo- 
lism of linoleic acid, we invstigated the protein-effect at 

*To whom correspondence should be addressed at Laboratory of 
Food Science, Department of Food Science and Technology, Kyushu 
University School of Agriculture 46-09, Higashi-ku, Fukuoka 812, 
Japan. 

Abbreviations: CAS, casein; CHOL, cholesterol; DPH, 1,6-diphenyl- 
1,3,5-hexatriene; EAL egg albumin; EDTA, ethylenediaminetetra- 
acetic acid; ER, endoplasmic reticulum; GLC, gas-liquid chromatog- 
raphy; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PL, 
phospholipids; POT, potato protein; RER, rough endoplasmic 
reticulum; SER, smooth endoplasmic reticulum; SOY, soybean pro- 
tein; TLC, thin-layer chromatography; WGL, wheat gluten; WHY, 
milk whey protein. 

the level of RER and SER of rat liver. We also studied 
the relationship between membrane fluidity and A6 
desaturase activity and between membrane fluidity and 
the relative distribution of liver microsomal lipids [cho- 
lesterol]phospholipid (CHOL/PL) ratio and phospholipid 
subclasses] using various dietary proteins. 

MATERIALS AND METHODS 

Animals and diets. Male Sprague-Dawley rats (four-weeks- 
old) were purchased from Seiwa Experimental Animals 
(Fukuoka, Japan) and acclimated for four days (Experi- 
ment 1) or three days (Experiment 2) in a room maintained 
at 20-23~ with a 12-h light-dark cycle (lights on 8 a.m. 
to 8 p.m.). During this period, rats were allowed free ac- 
cess to commercial rat chow (Type NMF, Oriental Yeast 
Ca, Tokyo, Japan}. Then rats were divided into two groups 
(Experiment 1) and six groups (Experiment 2) of six 
animals each according to the source of the dietary pro- 
tein. In Experiment 1, the dietary proteins used were CAS 
(Wako Pure Chemical Industries Ltd., Osaka, Japan) and 
SOY (Fujipro R, Fuji Oil Co., Osaka, Japan). In Experi- 
ment 2, CAS, milk whey protein (WHY; Meiji Milk Co., 
Tokyo, Japan), egg albumin (EAL; Wako Pure Chemical 
Industries Ltd.), SOY, potato protein (PO~, protamyl PF; 
Avebe Holland, provided by Ajinomoto Ca, Tokyo, Japan) 
and wheat gluten (WGL; Nisshin Flour Milling Ca, Tokyo" 
Japan) were used. The diets were prepared according to 
recommendations of the American Institute of Nutrition 
(11) and contained (by wt%) protein (CAS or SOY) 20, corn 
oil (Ajinomoto Co.) 5.0, vitamin mixture (AIN-76 TM) 1.0, 
mineral mixture (AIN-76 TM) 3.5, choline bitartrate 0.2, 
DL-methionine 0.3, cellulose 5.0, corn starch 15 and su- 
crose 50 for Experiment 1. In Experiment 2, the dietary 
protein level (wt%) was adjusted to be isonitrogenous as 
follows: CAS 20, WHY 20, EAL 21.8, SOY 20, POT 20, 
WGL 25.7 + 0.7% a-lysine-HC1 + 0.32% NaHCO3. The 
diets were adjusted to 100% at the expense of corn 
starch. In both experiments, the rats were fed these diets 
ad libitum for 21 d. At the end of the feeding period, 
they were killed by decapitation, and liver was excised 
immediately. 

Preparation of liver microsomes (total ER fraction). Ac- 
cording to the method of Svensson (12), a piece of liver 
(approximately 2 g) was homogenized in 10 vol of 0.25 M 
sucrose solution containing 0.05 M potassium phosphate 
buffer (pH 7.0), 0.15 M KCI, 5 mM MgCl2, 1 mM ethyl- 
enediaminetetraacetic acid (EDTA) and 1.5 mM reduced 
glutathion~ The homogenate was centrifuged at 10,000 • 
g for 20 rain at 4~ The supernatant was recentrifuged 
at 105,000 X g for 60 min to sediment microsomes. The 
microsomal pellet was resuspended in potassium phos- 
phate buffer (pH 7.0) (approximately 10 mg protein/mL). 

Separation of liver RER and SER fractions. According 
to the method of Dallner (13), a piece of liver (approximate- 
ly 2 g) was homogenized in 12 mL of 0.25 M sucrose buf- 
fer containing 0.05 M potassium phosphate buffer (pH 
7.0), 0.15 M KC1, 5 mM MgC1 z, 1 mM EDTA and 1.5 mM 
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reduced glutathione- The homogenate was centrifuged at 
10,000 • g for 20 re_in at 4~ and the supernatant was 
harvested. Then 0.15 mL of 1 M CsC1 was added to 9.85 
mL of this supernatant giving a final CsC1 concentration 
of 15 mM. The supernatant (7 mL) was layered over 4.5 
mL of the buffer containing 1.30 M sucrose and 15 mM 
CsC1 (pH 7.0). After centrifugation at 165,000 • g for 180 
min at 4~ a fluffy double-layered fraction appearing 
around the gradient boundary and a tight pellet at the 
bottom (RER fraction) were separated. The upper 7.5 mL 
including the fluffy double-layer was diluted with 4 mL 
0.25 M sucrose buffer (pH 7.0) and recentrifuged at 
165,000 • g for 60 rain at 4~ to yield a tight pellet (SER 
fraction). Each pellet was resuspended with 0.25 M su- 
crose buffer (pH 7.0). We confirmed that CsC1 that may 
be contaminating the RER fraction does not influence the 
enzymatic activity. 

M e a s u r e m e n t  o f  the desa turase  ac t i v i t y  o f  l iver micro- 
somes. [1-14C]Linoleic acid (51.7 mCi/mmol, New England 
Nuclear, Boston, MA) and [1-14C]dihomo-),-linolenic acid 
(47.0 mCi/mmol, New England Nuclear) were used as sub- 
strates to determine the activities of the A6 and A5 desatu- 
rase, respectively. Enzyme activity measurements were 
based on the method of Svensson (12). Microsomal pro- 
tein (approximately 1 rag) was incubated at 37~ for 20 
min together with 100 nmol 0.1 ~Ci radiolabelled fatty 
acid in 1 mL (final volume) 0.25 M sucrose buffer contain- 
ing 0.1 M KC1, 5 mM ATP, 0.25 mM CoA, 0.25 mM 
NADH, 5 mM MgC12, 1.5 mM reduced glutathione, 45 
mM NaF and 0.5 mM nicotinamide- In a preliminary 
study, we found that under these conditions the enzymes 
were saturated with substrate and the reactions proceeded 
linearly with microsomal protein concentration and incu- 
bation time (12). The reaction was terminated by adding 
5 mL of ethanol, and lipids were extracted. Fat ty acids 
were separated by argentation thin-layer chromatography 
(TLC) (14) using petroleum ether/diethyl ether (70:30 and 
30:70, vol]vol, for A6 and A5 desaturase, respectively) as 
a developing solvent. The fractions corresponding to fatty 
acids with 2 and 3 double bonds were scraped for the mea- 
surement of A6 desaturase activity, whereas those with 
3 and 4 double bonds were scraped for the measurement 
of A5 desaturase activity. Each fraction dissolved in a 
toluene scintillation fluid (2 g of 2,5-diphenyloxazole and 
50 mg of 2,2"-p-phenylene-bis[5-phenyloxazole]/li ter tolu- 
ene), and radioactivity was determined using a liquid scin- 
tillation spectrometer (Aloka LSC-1000, Aloka, Tokyo, 
Japan). Microsomal protein was measured by the method 
of Lowry et  al. (15). 

Lip id  analyses.  Liver microsomal lipids were extracted 
by the method of Folch e t  aL {16). CHOL was assayed by 
gas-liquid chromatography (GLC) on a OV-17 column (17). 
Microsomal PLs were resolved by TLC (18). The concen- 
tration of total PL as well as of individual PL classes was 
measured using the method of Rouser et al. (19). Fatty 
acid compositions were analyzed by GLC of the methyl 
esters using a SILAR 10C (Chromatotec, Tokyo, Japan) 
column (20). 

Fluorescence  an i so t ropy  measuremen t s .  According to 
the method of Leikin and Brenner (21), one volume of 2 wM 
1,6-diphenyl-l,3,5-hexatriene (DPH; Nacalai Tesque, 
Kyoto, Japan) was mixed with a volume of a microsomal 
suspension diluted with 0.25 M sucrose buffer (pH 7.0) (ap- 
proximately 50 ~M phospholipid). Then the mixture was 

incubated for I h at 25~ A reference blank was prepared 
without the fluorescence probe. The fluorescence 
anisotropy measurements (352 nm excitation and 435 nm 
emission) were made at 37~ in a spectrofluorometer 
equipped with two polarizers {Hitachi 650-10S, Tokyo, 
Japan) with a HP-85F computer (Yokogawa Hewlet- 
Packard, Tokyo" Japan). They were corrected by subtrac- 
tion of the corresponding blank values. The steady-state 
fluorescence anisotropy {r s) was calculated using the 
equation: rs = (ILl -- GI• + 2GI• where Iii and [ l  are 
the fluorescence intensities detected with the excitation 
polarizer in vertical position and with the analyzer in ver- 
tical and horizontal position, respectively. G = i J i  n is a 
correction factor arising from instrumental factors. The 
fluorescence intensities are ii and ill detected with the ex- 
citation polarizer in horizontal position and the analyzer 
in vertical and horizontal position, respectively. 

Sta t i s t ica l  analyses.  Data were analyzed by Student's 
t-test (22) or Duncan's new multiple-range test (23) pre- 
ceded by analysis of variance. 

RESULTS 

Growth  and liver weight. In Experiment 1, no statistically 
significant differences were found in body weight gain and 
food consumption between the groups {Table 1). Relative 
liver weight (g/100 g body weight) was higher in rats fed 
the CAS diet than in those fed the SOY diet. In Experi- 
ment 2, body weight gain was lower in the EAL group 
than in the SOY group, although food consumption was 
comparable among the groups {Table 1). Relative liver 
weight was significantly higher in rats fed the CAS diet 
than in those fed the EAL, SOY, POT and WGL diets and 
was lowest in the SOY group. When the effects of animal 
proteins were compared to those of vegetable protein, 
relative liver weight was significantly higher in the 
former than in the latter {5.80 • 0.12 vs. 5.20 • 0.07, 
P < 0.05). 

Desaturase  ac t iv i ty  in liver microsomes.  In Experiment 
1, the A6 desaturase activity in total ER and RER frac- 
tions was significantly higher in the CAS group than in 
the SOY group IFig. 1). The A5 desaturase activity of total 
ER and SER was also higher in the CAS group than in 
the SOY group, but differences were not statistically 
significant. The A5 desaturase activity of RER was com- 
parable between the groups. In Experiment 2, the activ- 
ity of A6 desaturase was significantly higher in rats fed 
CAS, EAL or POT diets than in those fed the SOY diet 
IFig. 2). The activities of the WHY and WGL groups also 
tended to be lower than that  of the CAS, EAL and POT 
groups, although the difference was not statistically 
significant. However, no effect was found in the activity 
between animal and vegetable proteins. 

The activity of A6 desaturase measured in Experiments 
1 and 2 was different (231 vs. 80 nmol/min-mg protein for 
CAS and 112 vs. 56 nmol/min.mg protein for SOY). In Ex- 
periment 1, the activity of total endoplasmic reticulum 
(microsomes) was measured after storage for about 6 h at 
4~ until RER and SER were available In Experiment 
2, on the other hand, the enzymatic activity was measured 
immediately after separation of microsomes. These dif- 
ferences may influence the activity of desaturase- Never- 
theless a dietary protein-dependent effect on the desatu- 
rase activity was observed in both experiments. 
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T A B L E  1 

Effects  of Dietary Protein on Growth Parameters and Liver Weight  a 

Body weight (g) Food intake Liver weight 
Group Initial Gain {g/d) (gllO0 g body wt) 

E x p e r i m e n t  1 
C A S  114 +_ 2 185 +- 9 21.7 -- 0.8 6.18 _+ 0.14 b 
SOY 114 _ 2 178 - 10 20.7 +- 0.7 5.08 _ 0.05 b 

E x p e r i m e n t  2 
C A S  108 +_ 4 179 _ 5b, c 21.5 +_ 0.4 6.16 +__ 0.22 b 
W H Y  108 +_ 3 169 +_ 7b, c 20.4 _ 0.8 5.74 +_ 0.22b, e 
E A L  108 +__ 3 160 +_ 11 b 19.4 __ 0.9 5.51 _ 0.14c, e 
SOY 108 _ 3 188 --- 8 c 21.5 +- 0.7 4.91 ___ 0.05 d 
P O T  108 __ 3 175 _ l l b ,  c 20.7 +- 1.0 5.25 __ 0.06c, d 
W G L  108 __ 3 167 __ 8b, c 20.0 +- 0.8 5.45 +_ 0.10c, e 

a M e a n  _ SE of s ix  ra t s .  CAS,  casein;  SOY, s o y b e a n  prote in;  W H Y ,  mi lk  w h e y  protein;  
E A L ,  egg a lbumin ;  POT,  p o t a t o  protein;  W G L ,  w h e a t  g lu ten .  Va lues  in each  experi-  
m e n t  w i t h o u t  a c o m m o n  s u p e r s c r i p t  (b-e) are  s ign i f i can t ly  d i f fe ren t  a t  P < 0.05. 
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FIG. 1. Effects  of dietary protein on A6 and A5 desaturase activities 
of liver eudoplasmic reticula {Experiment 1). Values are expressed 
as mean +-- SE of  s ix rats. CAS, casein; SOY, soybean protein. 
*Significantly different from the corresponding CAS group at 
P < 0.05. 
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F IG .  2. Effects  of dietary protein on A6 desaturase act ivity  of liver 
microsomes (Experiment 2). Values are expressed as mean _.+ SE of 
s ix  ra t s .  CAS,  casein;  W HY,  mi l k  whey protein; EAL, egg a lbumin ;  
SOY, soybean protein; POT, potato protein; WGL, wheat gluten. 
a, bValues w i t h o u t  a common superscript are significantly different 
a t  P < 0.05. 

Lipid composition of liver microsomes. The lipid com- 
position of hepatic ER {Experiment 1) is shown in Table 2. 
The concentration of CHOL in SER was significantly 
lower in the SOY group than in the CAS group. RER con- 
tained approximately one-fifth to one-sixth as much 
CHOL as SER, but no protein-dependent difference was 
observed. Similarly, the PL concentration in ER was ap- 
proximately one-third of that  seen in SER. No protein ef- 
fect on the PL concentration was observed in all fractions. 
The CHOL/PL ratio of total ER and SER was signifi- 
cantly higher in the CAS group than in the SOY group, 
whereas the CHOL]PL ratios of the RER were comparable 
between the groups. In Experiment 2, the concentration 
of CHOL was significantly higher in the CAS, EAL and 
POT groups than in the WHY, SOY and WGL groups 
{Table 2). The PL concentration was significantly higher 
in the CAS, EAL and POT groups than in the WGL group, 
whereas the PL levels in the WHY and SOY groups were 
comparable As a result, the CHOL/PL ratio of the CAS 
group was significantly higher than that  of the SOY and 
WGL groups. When the effects of animal proteins were 
compared to those of vegetable proteins, the concentra- 
tion of CHOL 139.4 +- 0.6 vs. 37.2 +_ 0.7, P < 0.05} and the 
CHOL/PL ratio {9.22 ___ 0.11 vs. 8.81 +__ 10, P < 0.05} were 
significantly higher in the former than in the latter. 
Although it is difficult to explain the reason why the lipid 
concentrations observed in Experiment 1 were higher than 
those in Experiment 2, the ratio of CHOL/PL was com- 
parable, and the same protein-dependent difference was 
observed in both experiments. 

Fatty acid composition of liver microsornal lipids. The 
fat ty acid composition of total lipids in hepatic ER (Ex- 
periment 1) is shown in Table 3. The proportion of linoleic 
acid was significantly lower in the CAS group than in the 
SOY group in all ER fractions. The proportion of arachi- 
donic acid in total ER was significantly higher in the CAS 
group than in the SOY group, whereas those in RER and 
SER were comparable between the groups. Consequently, 
the desaturation index for linoleic acid expressed as 
(20:3n-6 + 20:4n-6)/18:2n-6 was significantly higher in the 
CAS group than in the SOY group in all ER fractions. 
Interestingly, the RER fraction in both dietary protein 
groups, contained more n-3 highly polyunsaturated fatty 
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TABLE 2 

Effects of Dietary Protein on Lipid Composition of Hepatic Endoplasmic Reticulum (Microsomes)a 

Lipid (nmol/mg protein) CHOL/PL 
Group CHOL PL (X 10 2) 

Experiment 1 
Total endoplasmic reticulum 

CAS 145 _+ 21 1147 +_ 203 12.9 _ 1.1 b 
SOY 95.5 +- 7.8 969 +- 73 9.99 -- 0.36 c 

Rough endoplasmic reticulum 
CAS 27.8 +- 1.5 340 -+ 30 8.31 +_ 0.39 
SOY 30.2 +- 2.4 359 - 19 8.43 +_ 0.44 

Smooth endoplasmic reticulum 
CAS 180 _ 6 b 1187 _+ 23 15.2 +_ 0.6 b 
SOY 162 + 4 c 1196 + 17 13.5 +_ 0.4 c 

Experiment 2 
Liver microsomes 

CAS 40.8 _ 0.7 b 435 +_ l0 b 9.38 +_ 0.16 b 
WHY 37.3 _.+ 1.1c,d 413 +_- 7 b,c 9.03 +- 0.19b, c 
EAL 40.1 _ 0.8b,d 434 +_ 5 b 9.24 +_ 0.24b, c 
SOY 36.5 + 1.1c,e 418 +_ 7 b,c 8.73 +_ 0.21 c 
POT 39.2 _+ 1.2b,d,e 436 + 11 b 8.99 +- 0.08 b,c 
WGL 35.4 - 1.0c 407 +_ 6 c 8.69 +_- 0.20 c 

aMean _ SE of five or six rats. CHOL, cholesterol; PL, phospholipid; CAS, casein; SOY, soybean protein; 
WHY, milk whey protein; EAL, egg albnmin; POT, potato protein; WGL, wheat gluten. Values in each 
experiment without a common superscript {b-e} are significantly different at P < 0.05. 

acids, in par t icular  docosapentaenoic acid (22:5n-3) than  
did the SER fraction. 

In  Exper iment  2, the proport ion of linoleic acid in liver 
microsomal  phosphatidylcholine (PC) was significantly 
lower in ra ts  fed the CAS, E A L  and POT diets than  in 
those fed the SOY and W G L  diets (Table 3). Conversely, 
the proportion of arachidonic acid was significantly higher 
in ra ts  fed the WHY, E A L  and POT diets than  in those 
fed the SOY diet. Consequently, the desatura t ion index, 
(20:3n-6 + 20:4n-6)/18:2n-6, was significantly higher in the 
CAS, WHY, E A L  and POT groups than  in the SOY and 
WGL groups. In  ra ts  fed WGL, all responses resembled 
those in ra ts  fed SOY. When comparisons  were made  be ~ 
tween animal and vegetable proteins, the proport ion of 
linoleic acid (8.0 __ 0.2 vs. 9.0 __ 0.3, P < 0.05) was signifi- 
cant ly  lower whereas t ha t  of arachidonic acid (31.1 + 0.3 
vs. 29.9 _+ 0.3, P < 0.05) was significantly higher in the 
former than  in the latter. Consequently, the desatura t ion 
index was significantly higher in ra ts  fed animal proteins 
than  in those fed vegetable proteins (4.2 -4-_ 0.1 vs. 3.7 +_ 
0.2, P < 0.05). 

Dis tr ibut ion  o f  P L  subclasses in liver microsomes.  The 
PL  composi t ions are shown in Table 4. In Exper imen t  1, 
the protein-effect was observed only in the proport ion of 
lysophosphatidylcholine and phosphatidylinositol, and no 
effect was seen in the main components,  PC and phospha- 
t idylethanolamine (PE) in all fractions except PC in SER. 
The ratio of PC/PE was therefore similar in all fractions. 

In  Exper iment  2, the proportion of liver microsomal PC 
was significantly higher (P < 0.05) in the animal proteins 
(57.2 __ 0.5%) than  in the vegetable protein group (55.4 _ 
0.5%), whereas the proport ion of PE was significantly 
lower (P < 0.05) in the animal  protein groups (9.6 +_ 0.2%) 
than  in the vegetable protein group (10.7 _+ 0.3%). Thus, 
the  PC/PE rat io was significantly higher (P < 0.05) for 

animal protein fed rats  (6.0 _ 0.2%) than  for vegetable pro- 
tein fed ra ts  (5.3 __ 0.2%). The difference was most  evident 
in the CAS and W H Y  groups in compar ison with the 
W G L  group (Table 4). The proport ion of PC was signifi- 
cantly higher (57.2 +_ 0.5 vs. 55.4 __ 0.5, P < 0.05) whereas 
tha t  of PE was significantly lower (9.6 __+ 0.2 vs. 10.7 _ 0.3, 
P < 0.05) in ra ts  fed animal proteins than  in those fed 
vegetable proteins. 

M e m b r a n e  f lu idi ty  measured  by f luorescence anisot- 
ropy. In  Exper iment  1, the DPH-fluorescence anisotropy 
in total  E R  and SER was significantly higher in the CAS 
group than  in the SOY group, bu t  t ha t  in R E R  was com- 
parable between the groups (Fig. 3). In Exper iment  2, the 
fluorescence anisotropy of the CAS group was significant- 
ly higher than  t ha t  of the SOY and W G L  groups (Fig. 4). 
When the effect of animal proteins was compared to 
vegetable proteins, the fluorescence anisotropy was sig- 
nificantly higher in the former than  in the la t ter  (0.099 +_ 
0.003 vs. 0.089 +_ 0.002, P < 0.05). 

Correlations be tween  lipid parameters ,  A6 desaturase  
act iv i ty  and membrane  fluidity. As shown in Figure 5, the 
fluorescence anisotropy was highly correlated with the  
CHOL]PL ratio (r = +0.941} (Fig. 5A). Significant correla- 
t ion was also observed between the CHOL/PL  rat io vs. 
A6 desaturase  act ivi ty  (r = +0.832} (Fig. 5B). The anisot- 
ropy vs. A6 desaturase  act ivi ty  (r = +0.804} was not cor- 
related significantly (0.05 < P < 0.1) (Fig. 5C). The correla- 
t ions between the anisotropy vs. the PC/PE ratio (r = 
+0.800} (Fig. 6A) and PC/PE rat io vs. the A6 desaturase  
ac t iv i ty  (r = +0.420) were also not  significant (Fig. 6B). 

DISCUSSION 

The present s tudy showed a characteristic effect of dietary 
protein on the metabol i sm of linoleic acid. The results  in 
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FIG. 4. Effects of dietary protein on fluorescence anisotropy of fiver 
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SOY, soybean protein; POT, potato protein; WGL, wheat gluten; 
DPH, 1,6-diphenyl-l,3,5-hexatriene. a, bvalues without a common 
superscript are significantly different at P < 0.05. 

Experiment 1 showed that the A6 desaturase activity in 
total ER and RER in the CAS group was higher than that 
in the SOY group. This protein-dependent difference was 
also reflected in the fatty acid profiles of total PL in 
microsomal preparations; the A6 desaturation index ex- 
pressed as (20:3n-6 + 20:4n-6)/18:2n-6 was significantly 
higher in ER, RER and SER in rats fed the CAS diet than 
in those fed the SOY diet. The results in Experiment 2 
with various dietary proteins also indicated that micro- 
somal membrane fluidity plays an important role in the 
regulation of the A6 desaturase activity of liver micro- 
somes. Since the A5 desaturase activity in total ER and 
SER was also higher in the CAS group than in the SOY 
group, it is possible that dietary protein exerted a similar 
mode of the action on both desaturase activities, even 
though the response seemed to be less marked with A5 
than with A6 desaturase. 

The exact  mechan i sm as to how die tary  protein affects  
microsomal membrane  properties is not  clear. Previously, 
we {5-8) and others (24} have reported t ha t  CAS-feeding 
as compared  with SOY-feeding s t imulated the A6 d e  
sa turase  ac t iv i ty  of liver microsomes. Garda  and Bren- 
ner (25) have shown in an in vitro s tudy  tha t  a decrease 
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in the fluoescence artisotropy (increased membrane fluid- 
ity) caused a decrease in the activity of A6 desaturase and 
that an increase in the fluorescence anisotropy {decreased 
membrane fluidity) induced an increase in A6 desaturase 
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activity in liver microsomes (26). These findings suggest 
that the activity of desaturases is closely associated with 
membrane fluidity. Since the steady-state fluorescence 
anisotropy in the total ER was significantly higher in the 
CAS group than in the SOY group (Fig. 3), membrane 
fluidity was lower in the CAS than in the SOY groups. 
Furthermore, fluorescence anisotropy was correlated 
significantly with A6 desaturase activity (r = 0.804), in- 
dicating that  an increase in the fluorescence anisotropy 
{decreased membrane fluidity) is associated with an in- 
crease in the total h6 desaturase activity (Fig. 5). Thus, 
our finding is consistent with the in vitro studies by 
Garda and Brenner (25,26). It is concluded that  dietary 
protein modulates desaturase activity through its effect 
on membrane fluidity. 

To examine how dietary protein affects membrane fluidi- 
ty, we have also analyzed the microsomal lipid profiles. 
Results in Table 2 show that dietary protein modulated 
the lipid composition of liver ER; the ratio of CHOL/PL 
of total ER was significantly higher in the CAS group 
than in the SOY group. The evidence that the CHOL/PL 
ratio directly influences the microsomal membrane fluid- 

ity is further illustrated by the results shown in Figure 5, 
which illustrate that  fluorescence anisotropy correlated 
significantly with the CHOL/PL ratia Therefore, it is con- 
firmed that dietary protein changes the microsomal 
CHOL/PL rati(~ which in turn modulates membrane 
fluidity. Hence, A6 desaturase activity reflects changes in 
the fluidity of the microsomal membrane consistent with 
the "self-regulatory function" of liver microsomes pro- 
posed by Garda and Brenner (25,26). Since these protein- 
dependent differences in the CHOL/PL ratio and mem- 
brane fluidity were detected only in SER, but not in RER, 
it seems that the above mechanism operates only in SER. 
However, the results have shown that  dietary protein also 
modulated h6 desaturase activity in RER, even though 
the CHOL/PL ratio and the membrane fluidity of RER 
were not affected. Since the microsomal desaturase en- 
zyme is considered to be synthesized on the RER (27), it 
is speculated that CAS, in comparison with SOY, might 
have stimulated the synthesis of the h6 desaturase en- 
zyme protein, which then exhibited its activity after be- 
ing transferred to the SER. 

The difference in the microsomal PC/PE ratio could also 
be a factor influencing membrane fluidity (28). It has been 
shown that increasing the PC/PE ratio, through an in- 
crease  in the transformation of PE to PC by methyltrans- 
ferase, increases membrane fluidity (28). Results in Fig- 
ure 6A show that the fluorescence anisotropy is correlated, 
to a certain extent, with the PC/PE ratio (r = 0.800, 
0.05 < P <  0.1), suggesting that decreased microsomal 
membrane fluidity might be associated with an increase 
in the PC/PE ratio. This finding is apparently opposite 
to what has been reported (28). In our study, however, the 
dietary protein source affected liver microsomal proper- 
ties in a manner similar to that reported by Garda and 
Brenner (26) in an in vitro CHOL-supplementation study�9 
In this case, it was suggested that CHOL-supplementa- 
tion had no effect on the PC/PE ratio {9,29,30), but in- 
creased the CHOL-content, the CHOL/PL ratio and h6 
desaturase activity in the microsomal preparation (26,31). 
Since our results did not show any correlation between 
the PC/PE ratio and A6 desaturase activity (Fig. 6B), we 
conclude that  the change in the PC/PE ratio is not 
associated with the change in desaturase activity. 

In summary, our results suggest that dietary protein 
modulates microsomal CHOL levels, the CHOL/PL ratio 
and membrane fluidity, and subsequently the activity of 
h6 desaturase {and possibly A5 desaturase) in liver 
microsomes. 
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Dietary sterol is required by the oyster for growth, and 
sterol is believed to be obtained primarily from dietary 
phytoplankton. Seven isolates of Chaetoceros and one of 
Skeletonema, which are of potential use as oyster food, 
were analyzed for sterol composition using gas chroma- 
tography, high-performance liquid chromatography and 
gas chromatography/mass spectrometry. Skeletonema 
and five isolates of Chaetoceros contained cholesterol as 
their major sterol. Two other isolates of Chaetoceros also 
contained cholesterol, but 24-methylenecholesterol was 
the principal sterol. Cholesterol has rarely been reported 
as the major sterol from phytoplankton. In view of the 
widespread occurrence of Skeletonema and Chaetoceros 
in the marine environment, these algae could be an im- 
portant source of the oyster's cholesterol. 
Lipids 28, 465-467 (1993}. 

The American oyster Crassostrea virginica has a complex 
sterol composition of some forty compounds (1-3). This 
complexity has been attributed to dietary sterols that are 
accumulated due to the oyster's inability to synthesize 
sterols from simple precursors (4-7). Oysters must there- 
fore obtain sterols from their diet of phytoplankton. In 
carefully controlled studies, the growth rates of oysters 
have been correlated with several dietary factors, one of 
which is sterol composition (8). The principal sterol of the 
oyster is cholesterol (1,9); however, cholesterol is rarely 
found in phytoplankton species, which are used in the 
laboratory or in commercial hatcheries to feed oysters or 
clams (10). This leads to the conclusion that  other as yet 
unexamined phytoplankton must provide the oyster's cho- 
lesterol. In studies designed to evaluate phytoplankton 
as food for juvenile oysters, Enright et aL (11,12) listed 
three species of Chaetoceros and Skeletonema costatum 
as the most effective phytoplankton for promoting growth 
of the juvenile oyster, Ostrea edulis. S. costatum was re- 
ported by Ballantine et aL (13) to contain 24-methylene- 
cholesterol as the principal sterol, and it also contained 
cholesterol, 24-methylcholesterol and 24-ethylcholesterol 
in amounts greater than 10% of total sterol. In Chaeto- 
ceros simplex calcitrans the principal sterols were choles- 
terol and 24-methylenecholesterol (14), but in an uniden- 
tified Chaetoceros sp., 24-methylcholesterol and 24-ethyl- 
cholesterol were the principal sterols (15). In view of the 
importance of sterols to the oyster, and the reports of 
cholesterol in some isolates of the cosmopolitan marine 

1Mention of trade names does not imply endorsement. 
2Permanent address: Department of Pharmacy, University of 
Athens, Greece. 

*To whom correspondence should be addressed at Department of 
Botany, University of Maryland, College Park, MD 20742. 

Abbreviations: GC, gas chromatography; GC/MS, gas chromatog- 
raphy/mass spectrometry; HPLC, high-performance liquid chro- 
matography. 

genera Chaetoceros and Skeletonema, the present study 
was undertaken to quantitatively determine the sterol 
composition of all Chaetoceros and Skeletonema isolates 
available to us. 

MATERIALS AND METHODS 

Phytoplankton strains were obtained from the Milford 
Culture Collection (Strain number is listed in parenthesis 
in Table 1.). Five of the eight strains were bacterized, and 
three were axenic. Of the seven Chaetoceros isolates ana- 
lyzed, only B-13 forms short chains (ca- 4 cells); the others 
grow as essentially solitary unicells with sizes easily con- 
sumed by post-set oysters (<10/~m). The Skeletonema 
strain produced only short chains (ca. 3-4 cells). Algae 
were cultured in enriched natural seawater medium "E" 
formulation (16) under aseptic conditions (17). Algae from 
the stationary phase were centrifuged, lyopbillzed and 
stored in a freezer before analysis. Cells from the centri- 
fuged concentrate were diluted and counted in an Im- 
proved Neubauer Hemocytometer (American Optical Ca, 
13uffal~ NY) with a microscope Dry weights were deter- 
mined by weighing a known number of cells collected on 
a glass fiber filter (Whatman, GF/F, Whatman Labsales, 
Hillsbor~ OR), washed with ammonium formate isotonic 
to the growth medium and dried in an oven at 80~ 
Means of two dry weight determinations were calcu- 
lated for each species, ranges never exceeded 5% of the 
m e a n .  

Lyophilized samples were extracted overnight in a Soxh- 
let apparatus with CHCl3/methanol (2:1, vol/vol) and 
sterol ester, sterol glycoside and free sterol fractions were 
isolated by Biosil A column chromatography and analyzed 
by capillary gas chromatography (GC), as described 
previously (17). Sterols were identified by capillary GC and 
gas chromatography/mass spectrometry (GC/MS) {17). 
High-performance liquid chromatography (HPLC) was 
employed to assign C-24 stereoconfiguration. 

RESULTS AND DISCUSSION 

Cholesterol, desmosterol, 24-methylenecholesterol, 24- 
methylcholesterol, 24-ethylcholesterol, fucosterol and iso- 
fucosterol were significant components in the sterol frac- 
tions of the isolates studied. They were identified on the 
basis of their relative retention times in capillary GC as 
compared to authentic compounds and by analysis with 
capillary GC/MS (21). 

Table 1 shows the free sterol composition of the phyt~ 
plankton examined. Ester sterol and glycoside sterol each 
made up less than 2% of the free sterol and were not ex- 
amined further. 

The sterol composition of C gracile (isolates Chaet 13 
and ARC-11), C mueUeri and C sp. (NRAC-Chaet) were 
essentially identical, with cholesterol being slightly more 
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COMMUNICATION 

TABLE 1 

Sterols of Chaetoceros and Skeletonema 

Dry wt Sterol composition a (% of total sterol) 
Isolate ~g/g fg/cell CHOL DES 24MEC 2 4 M C  24EC FUCO ISOFUCO 

Chaetoceros gracile (Chaet B) 9.9 41 47 9 39 1 
C. gracile (ARC-11) 10.1 40 49 6 33 3 
C. rnuelleri (CHGRA) 14.4 69 48 9 41 1 
C. sp. (NRAC-Chaet) 27.7 84 47 7 3 37 3 
C. simplex (Chaet-G) 3.8 104 40 1 24 1 31 1 
C. sp. (B-13) 3.7 51 1 35 20 23 10 
C. calcitrans (Chaet-cal) 0.3 3 39 3 56 
Skeletonerna costatum (NRAC-Skel) 2.0 16 71 8 3 12 1 

aAbbreviations: CHOL, cholesterol; DES, desmosterol; 24MEC, 24-methylenecholesterol; 24MC, 24-methylcholesterol; 24EC, 
24-ethylcholesterol; FUCO, fucosterol; ISOFUCO, isofucosterol. 

abundan t  than  fucosterol. Small amounts  of 24-methyl- 
enecholesterol and isofucosterol were also present.  The 
amount  of sterol in three of these isolates on a per cell 
basis  (40-84 fg/cell) was also similar, a l though NRAC 
Chaet  contained appreciably more sterol on a dry  weight 
basis  (27.7 ~g/g) than  the other s t ra ins  in this group. 
Cholesterol made up 40% of the sterols of C simplex, but  
subs tant ia l  quant i t ies  of both  24-methylenecholesterol 
and fucosterol were also present. The amount  of sterol per 
cell in C simplex (104 fg/cell) was slightly greater  than  
in the other  isolates examined (Table 1); however, cells of 
this s train were much  larger than  the others, result ing in 
% dry  weight  values less than  those of the C gracile/ 
muelleri group. Chaetoceros sp. (B-13) is the only isolate 
examined tha t  had large amounts  of 24-ethylcholesterol 
and 24-methylcholesterol occurring. The lat ter  sterol was 
examined by H P L C  (18), which separates  mos t  24a from 
24f~ sterols. I t  revealed t ha t  the 24-methylcholesterol of 
Chaetoceros sp. (B-13) was all 24fJ-methylcholesterol 
(5-ergostenol). This sys t em does not  resolve 24-ethylcho- 
lesterol isomers. In  each previous case where a member  
of the d ia tom order centrales was examined for stereo- 
chemistry at  C-24, the/3 isomer was also reported (10). The 
sterols of C caIcitrans (Chaet-cal) differed from those in 
the other  isolates in two respects.  The total  sterol was a t  
least  an order of magni tude  less (3 fg/cell or 0.31 ~g/g dry  
wt) in this isolate than  in any other  Chaetoceros isolate 
examined. Chaet-cal was the only isolate examined tha t  
did not contain C~ sterols. This isolate contained a small 
amount  (3% total  sterol) of desmosterol  and the remain- 
ing sterol consisted only of cholesterol and 24-methylene- 
cholesterol, with the la t ter  sterol being mos t  abundant .  
Cholesterol was prevalent in S. costatum, with the overall 
sterol content  (16 fg/cell or 2.0 ~g/g dry wt) being less than  
all Chaetoceros isolates except C calcitrans. However, the 
second mos t  abundan t  sterol in Skeletonema was the 
24-ethylcholesterol and not  fucosterol, as was the case in 
mos t  Chaetoceros isolates (Table 1). 

Previous indications (10) were t ha t  mos t  algae in the 
families Chaetoceraceae and Thalassiosiraceae, to which 
Chaetoceros and Skeletonema belong, contain 24-methyl- 
enecholesterol as a principal sterol. The presence of 24- 
methylenecholesterol was demonstrated in each isolate ex- 
amined in this study. The seven isolates of Chaetoceros 
examined showed four dist inct  composi t ional  pat terns .  

With  the exception of Chaetoceros sp. (B-13), cholesterol 
was a substant ia l  component,  and was the prevalent com- 
ponent of six of these sterol mixtures. Cholesterol was also 
mos t  abundant  in Skeletonemc~ With the exception of the 
red algae (10), the prevalence of cholesterol in sterol mix- 
tures is rare in mos t  p lant  groups (22). Until  now few 
phytop lankton  were known to contain cholesterol, and it 
appeared tha t  cholesterol in natural  populations of oysters 
mus t  come from dealkylat ion of die tary  phytop lankton  
sterols. Rapid growth of oysters on cultured phytoplank-  
ton species t ha t  contain no cholesterol (8) sugges ts  t ha t  
dealkylation of certain phytosterols to cholesterol is likely 
to occur. Nevertheless, the discovery of the prevalence of 
cholesterol in these widely occurring marine phytoplank-  
ton isolates could point  the way to locating direct phyto- 
p lankton sources of cholesterol for the oyster  and other 
marine  invertebrates in na tu r~  
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Pollen Sterols from Three Species of Sonoran Cacti 
W.R. Lusbya, *, S.L. Buchmann b and M.F. Feldlaufer a 
alnsect Neurobiology and Hormone Laboratory and bHoney Bee and insect Biological Control Research Laboratory, Agricultural 
Research Service, USDA, Beltsville, Maryland 20705 

Cactus bees are important pollinators that contribute to 
the long-term stability of arid regions in the United States. 
Since all insects are dependent upon a dietary source of 
sterol for normal growth, development and reproduction, 
a study was undertaken to determine neutral sterols avail- 
able to cactus bees. The total neutral sterol composition 
of hand~ollected pollen was determined for three species 
of Sonoran cacti by gas-liqnid chromatography and mass 
spectrometry. 24-Methylenecholesterol was the predomi- 
nant pollen sterol in Engelmann's prickly pear, Opuntia 
phaeacantha, cholla, O. versicolor, and cardon, Pachycer- 
eus pringlei. Two pentacyclic triterpene alcohols, lupeol 
and moretenol, were also isolated. Since no cholesterol was 
detected in any of the pollen samples, cactus bees would 
have to utilize the 24-alkyl sterols unchanged or convert 
these sterols to cholesterol v/a dealkylation. 
Lipids 28, 469-470 (1993). 

Insects, unlike mammals and plants, are unable to synthe- 
size sterols and therefore require a dietary source of sterol 
for normal growth and development {1). Many species of in- 
sects are capable of converting dietary C2s and C~ phyt~ 
sterols to cholesterol while other species lack this capabili- 
ty (2-4). Amongst the Hymenoptera, it appears that the 
phytophagous members of this group lack the ability to 
dealkylate plant sterols since the body sterols of these 
species examined contain little or no cholesterol {4-8). 
D/adesa/r/ncon/s Cockerell is a solitary cactus bee that feeds 
primarily on the pollen of Opuntia (9) and is therefore con- 
sidered an important pollinator of these Sonoran cactL The 
purpose of this investigation was to examine the neutral 
sterol content of several species of Sonoran cacti to dete~ 
mine the dietary sterols available to D/adas/a bees. 

MATERIALS AND METHODS 

Isolation ofsterols. Pollen from Engelmarm's Prickly Pear 
cactus, Opuntiaphaeacantha, from Cholla cactus, O. veP 
sicolor, and from Cardon cactus, Pachycereus pringlei, 
were hand-collected near Tacson, AZ, and stored in 
methanol at -20~  until workup. Each sample (2-10 g) 
was saponified under reflux using 4% KOH in a solution 
of ethanol/benzene]water (10:1:1, by vol). After 5 h, the 
solution was allowed to cool, acidified with 6N HC1, and 
subsequently extracted with hexane (3X) and diethyl ether 
(1X). The combined organic phases were dried in vacuo 
and fractionated over Florisil (Fisher Scientific, Fair Lawr~ 
NJ) in a diethyl ether/hexane system as previously de- 
scribed (10). Fractions were monitored by thin-layer 
chromatography  (TLC) and capil lary gas-liquid 
chromatography (GLC). Sterols were purified prior to 
mass spectrometry by reversed-phase high-performance 
liquid chromatography (HPLC). 

*To whom correspondence should be addressed at USDA, ARS, In- 
sect Neurobiology and Hormone Laboratory, Bldg. 467, BARC-East, 
Beltsville, MD 20705. 

Abbreviations: GC/MS, gas chromatography/mass spectrometry; 
GLC, gas-liquid chromatography; HPLC, high-performance liquid 
chromatography; TLC, thin-layer chromatography. 

Analyses and instrumentation. All solvents for extrac- 
tion and purification were reagent grade, redistilled. Sol- 
vents for HPLC were obtained from Burdick & Jackson 
(Baxter Scientific, Columbia, MD). TLC was done on high- 
performance silica gel 60 F254 plates developed in hex- 
ane]diethyl ether/acetic acid (60:40:1, by vol). Reversed- 
phase HPLC was performed on a Shandon ODS Hyper- 
sil column (4.6 • 250 mm, 5 ~rn particle size; Shandon 
Scientific, Runcorn, Chesire" United Kingdom) eluted with 
98% aqueous methanol at 1 mL/min. Effluent was moni- 
tored at 200 and 215 nm using a Waters 991 photodiode 
array detector (Milford, MA). Capillary GLC was per- 
formed at 245~ on a Shimadzu GC-9A gas chromato- 
graph (Columbia, MD) equipped with a J&W DB-1 fused 
silica column (15 m • 0.25 ram; 0.25/m~ film; J&W Scien- 
tific, Folsom, CA) and a recording integrator. Mass spec- 
tra were obtained on a Finnigan 4500 gas chromato- 
graph/mass spectrometer fitted with a J&W DB-1 fused 
silica column (30 m X 0.32 mm; 0.25 ~m film) and tempera- 
ture programmed (230~ for 2 rain, then increased 
5 ~ to 255 ~ and held). Electron impact spectra were 
collected at 70eV and a source block temperature of 150~ 
All sterol identifications were based on relative retention 
time (to cholesterol) and mass spectra. 

RESULTS 

The predominant pollen sterol in all three cactus samples 
was 24-methylenecholesterol, with additional Czs, C~ and 
C30 sterols comprising the remainder. 24-Methylenecho- 
lesterol accounted for 80.3% of the neutral sterols in Prick- 
ly Pear to over 90% in Cardon (Table 1). The next most 
prevalent sterols were 24-ethylcholesterol (7.3%) and 
cycloartenol (7.2%) in Prickly Pear, fucosterol (6.6%) and 
24-ethylcholesterol (5.6%) in Cholla, and 31-norcyclc~ 
artenol (3.8%) and fucosterol (2.0%) in Cardon. Seven 
sterols, ranging in concentration from 0.4-2.2%, were 
found in only a single pollen source (Table 1). In addition, 
two pentacyclic triterpene alcohols were identified during 
this study. Lupeol was found in both the Prickly Pear and 
Cardon pollens, and mortenol [a'-neogammacer-22(29)- 
en-3f~-ol] was isolated from Prickly Pear. No cholesterol 
was detected in any of the cactus pollens examined. 

DISCUSSION 

One species of cactus, the saguaro, Cereus giganteus 
(=Carnegiea giganteus) was included in the survey of 
pollen sterols by Standifer and collaborators (11) and was 
shown to contain predominantly (94%) 24-methylene~ 
cholesterol The preponderance of 24-methylenecholesterol 
in saguaro pollen was later confirmed by Nes and Schmidt 
(12), who reported several additional sterols including 
24-dehydropoUinasterol and a new sterol, 25(27)-dehydr~ 
lanost-8-enol. The only parallels we can perhaps draw 
between these two as well as our present study are with 
a close relative of saguaro, cardon (Pachycereus pringlei), 
where we found the pollen to contain more than 90% 
24-methylenecholesterol. 

Copyright �9 1993 by the American Oil Chemists' Society LiPIDS, Vol. 28, no. 5 (1993) 
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TABLE 1 

Relative Percentages of Neutral Sterols from Sonoran Cactus PoUen a 

Prickly Pear Cholla Cardon 
(Opuntia phaeacantha] (Opuntia versicolor) (Pachycereus pringlei) 

Pollinastanol --  0.7 -- 
24-DehydropoUinast anol 0.8 -- -- 
24-Methylenecholesterol 80.3 81.2 90.3 
24-Methylcholesterol 0.4 1.1 -- 
Ergosta-8(9),24(28)-dienol -- --  1.3 
24-Ethylcholesta-5,22-dienol -- -- 1.1 
31-Norcycloartenol 1.8 -- 3.8 
24-Ethylcholesta-8,24(28)-dienol --  -- 0.4 
24-Methylenepollinast anol --  1.0 --  
24-Ethylcholesterol 7.3 5.6 0.3 
Fucosterol --  6.6 2.0 
Cycloeucalenol 2.2 -- -- 
Cycloartenol 7.2 2.0 0.4 
Unknown --  1.8 0.4 

aSterols were identified by a combination of capillary gas-liquid chromatography (GLC) and capillary gas 
chromatography/mass spectrometer. Relative percentages were determined by integration of the flame 
ionization detector signal from capillary GLC. 

Though no literature appears to exist on sterols from 
Opuntia pollen, several studies involving other plant parts 
from this genus are interesting. Examination of mature 
photosynthetic tissue of O comoduensis and 0 humifusa, 
two nonsonoran species, indicated that sitosterol was the 
primary sterol, accounting for 86.7 and 87.0%, respectively 
(13). The sterol composition of the fruits of seven species 
of Opuntia, inc lud ing  O. phaeacantha, i nd ica t ed  t h a t  sito- 
s te ro l  c o m p r i s e d  anywhere  f rom 50.7 to  87.7%. In  Engel -  
m a n n ' s  P r i c k l y  Pear,  81% of t he  n e u t r a l  s t e ro l s  c o n s i s t e d  
of s i tos te ro l  {14). B a s e d  on our  resul ts ,  i t  is  a p p a r e n t  t h a t  
the  s terol  con ten t  of pol len can  be m a r k e d l y  different  f rom 
t h a t  of  t he  t i s sue  s ince  24-e thy lcho les te ro l  {p resumab ly  
sitosterol)  accounted  for only  7.3% of the  s terols  in pr ick ly  
p e a r  pol len,  and  on ly  5.6% in t h e  po l len  of cho l l a  (0. 
versicolor). 

I t  wil l  be  of g r e a t  i n t e re s t  to  examine  the  s te ro l  c o n t e n t  
of  t h e  s o l i t a r y  bees  t h a t  f r equen t  specif ic  po l l en  sources,  
g iven  none  of t he  pol len  sources  in t h e  p r e sen t  s t u d y  con- 
t a i n  even t r ace  a m o u n t s  of choles terol .  The  role of p l a n t  
s terols  in d e t e r m i n i n g  how different  species  of Drosophila 
ut i l i ze  d i f fe ren t  spec ies  of cac t i  for  f eed ing  a n d  b r e e d i n g  
is  well  d o c u m e n t e d  {15,16, and  references  therein}. I t  re- 
m a i n s  to  be  d e t e r m i n e d  if  c a c t u s  bees  exh ib i t  a s imi l a r  
d e p e n d e n c e  on specific,  d i e t a r y  s terols .  
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We have studied the activities of A9, A6 and A5 desaturases 
in rat liver and jejunum when the entero-hepatic circula- 
tion was interrupted by either 50 or 75% intestinal resec- 
tion. Desaturase activities in caecal mucosa were also 
determined in control and operated rats. Distal  small 
bowel resection significantly altered the activities of 
desaturase enzymes in liver, jejunum and caecum. Thus, 
the A9 desaturase activity was lower in hepatic micro- 
somes from operated animals, and this decrease was not 
related to the extent by which the intestine was removed. 
However, a significant increase in both A6 and A5 de~ 
saturases was found in these animals compared to sham- 
operated rats, the increase in both desaturases being 
higher after 75% than after 50% intestinal resection. The 
activities of A9 and A5 desaturases were significantly in- 
creased in jejunal mucosa of resected rats. The activity 
of A6 desaturase was increased only in 50% resected- 
animals. An increase in A6 desaturase activity was ob- 
served in caecal mucosa after resection, together with a 
decrease in A9 desaturase and no change in A5 desaturase 
activities. Enzyme activities were highest in the liver 
relative to the activity in jejunal and caecal homogenates. 
In sham rats, the caecal mucosa showed higher A9 and 
A6 but lower A5 desaturase activities than in jejunal 
mucosa. 
Lipids 28, 471-473 (1993). 

It is well known that intestinal resection, by altering the 
entero-hepatic circulation (EHC), decreases the input of 
bile acids into the liver, leading to changes in both hepatic 
(1) and intestinal (2) lipid metabolism. Thus, the hepatic 
and intestinal activities of 3-hydroxy-3-methylglutaryl- 
coenzyme A (HMG-CoA) reductase and acyl-CoA:choles- 
terol acyltransferase (ACAT), the major rat~controlling 
enzymes in cholesterol biosynthesis and conversion of 
cholesterol into cholesteryl esters, respectively, are modi- 
fied after the interruption of the EHC (3-5). The relative 
availability of saturated and unsaturated fatty acids for 
phospholipid synthesis is determined by the diet and the 
activity of elongase and desaturase enzymes (6). Since 
changes in both lipid composition and the fat ty acid pro 
files of hepatic and intestinal phospholipid fractions are 
also observed after the interruption of the EHC (2,5), it 
is quite likely that changes in desaturase activities might 
occur after this operation. 

*To whom correspondence should be addressed. 
Abbreviations: ACAT, acyNcoenzyme A:cholesterol acyltransferase; 
ANOVA, analysis of variance; ATP, adenosine 5'-triphosphate; 
DSBR, distal small bowel resection; DTT, dithiothreitol; EDTA, 
ethylenediaminetetraacetic acid; EGTA, ethylene glycol-bis(~- 
aminoethyl ether}N,N, hr, hr-tetraacetic acid; EHC, enter~hepatic cir- 
culation; HEPES, N-2-hydroxyethylpiperazine~hr-2-ethanesulfonic 
acid; HMG-CoA, hydroxymethylglutaryl-coenzyme A; NADH, 
nicotinamide adenine dinucleotide {reduced form); TLC, thin-layer 
chromatography. 

A9, A6 and A5 desaturase enzymes have been well docu- 
mented in liver microsomes of several mammalian species 
(7) and, recently, they have been found in the mucosa of 
jejunum and ileum (8). However, as far as we are aware, 
desaturase activities in the caecal mucosa have not been 
previously identified. Our study was undertaken in order 
to determine the activities of desaturase enzymes bring- 
ing about the conversion of fatty acids in rat liver and je- 
junum when the EHC was interrupted by either 50 or 75% 
distal small bowel resection (DSBR). In addition, desatu- 
rase activities in caecal mucosa were determined in con- 
trol and operated rats. 

MATERIALS AND METHODS 

Animals. Male Wistar-strain rats, purchased from Iffa- 
Credo (Lyon, France) and weighing 300 g each, were us- 
ed. The animals were given food (Panlab A-04, Barcelona, 
Spain) and water ad libitum and housed in a room main- 
tained at 21 +_ 2~ with lights on from 0800 to 2000, The 
composition of the diet was as follows: lipid& 3.5%; pro- 
tein, 19.0%; starch, 66.0%; non-nutritive cellulose, 5.0%; 
mineral mix, 5.5%; and vitamin mix, 1.0%. The fatty acid 
composition of the diet is shown in Table 1. The rats were 
randomly assigned to one of three groups: sham operated, 
50 and 75% DSBR. Operative details have been previously 
described (9}. Briefly, the rats were anesthetized with an 
intraperitoneal injection of sodium pentobarbitone 
(4.5 mg/100 g body weight) after a 24-h fasting period, 
laparotomy was performed and rats assigned for DSBR 
underwent either 50 or 75% DSBR by excision of the 
distal small intestine beginning 1 cm proximal to the il- 
eocaecal junction. Before DSBR, the blood vessels of the 
resected intestinal segment were tied and sectioned, and 
the blood supply and the innervation of the remaining in- 
testine were carefully maintained. Intestinal continuity 

TABLE 1 

Fatty Acid Composition of the Diet (%, wt/wt) a 

Fatty acids Composition (%, wt/wt) 

16:0 18.0 
16:1n-7 2.3 
18:0 4.0 
18:1n-9 20.7 
18:2n-6 49.4 
18:3n-3 3.4 
20:0 0.1 
20:1n-9 1.6 
22:0 0.3 
Total saturated 22.1 
Total monotmsaturated 24.6 
Total n-6 49.4 
Total n-3 3.4 

aSee Materials and Methods. 
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was re-established by an end-to-end anastomosis. Finally, 
both muscle and cutaneous layers were sutured sepa- 
rately with appropriate thread. Rats from the sham-oper- 
ated group underwent simple mid-small intestinal tran- 
section, without removal of any tissue, followed by re- 
anastomosis. After the surgical operation, the rats were 
housed in a temperature-controlled laboratory with a 
strict 0400-1600/1600-0400 dark/light cycle At 6 wk after 
DSBR, the rats were fasted overnight (with access to water 
only) and killed by stunning and cervical dislocatiorL 

Sample preparation procedure. After the animals were 
killed, the abdomen was opened and livers, jejunum and 
caecum were removed from each rat and placed in ice-cold 
physiological saline All subsequent operations were done 
at 4~ Livers were homogenized in a Potter-Elvehjem 
homogenizer with ice~cold homogenization medium con- 
taining 0.25 M sucrose, 10 mM N-2-hydroxyethylpiper- 
azine-N'-2-ethanesulfonic acid (HEPES) (pH 7.4), 20 mM 
ethylenediaminetetraacetic acid (EDTA), 2 mM ethylene 
glycol-bis(~-aminoethyl ether)N,N,N,N'-tetraacetic acid 
(EGTA) and 5 mM dithiothreitol {]yI'r). Each homogenate 
was centrifuged for 20 min at 15,000 • g. The superna- 
tant was collected and centrifugation (15,000 • g) was 
repeated. The 15,000 • g supernatant was centrifuged at 
105,000 • g for 60 min in a Sorvall (Newton, MA) ultra- 
centrifuge, model OTD 50B. The resulting microsomal 
pellets were immediately frozen in liquid N2 and stored 
at -70~  until assayed. The mucosal surface of jejunum 
and caecum was removed by gently scraping with a 
microscope slide and stored at - 70~  until further use 
Jejunal and caecal mucosal scrapings were homogenized 
in 0.25 M sucrose buffer containing 10 mM HEPES  (pH 
7.4), 20 mM EDTA, 2 mM EGTA and 5 mM IYI~. Por- 
tions of jejunal and caecal homogenates were used for 
desaturase assays. Desaturase activities of both liver 
microsomes and intestinal mucosas were not affected by 
the storage time (results not shown). 

Assay of desaturases. The hepatic microsomee and 
jejunum and caecum mucosas were assayed for A9, A6 and 
A5 desaturase activities as previously described (10), with 
minor modifications. The assay mixture contained, in a 
final volume of 1 mL, 1.25 mM NADH, 1.5 mM reduced 
glutathione" 5 mM ATP, 5 mM MgCl2, 0.3 mM coenzyme 
A and 75 bLM [1-14C]palmitic, 75 ~ [1-14C]linoleic or 
75 ~M [1-~4C]eicosa-8,11,14-trienoic acid in the form of 
the sodium salt-albumin complex (1/~g free fat ty acid/ 
11.5 ~g bovine serum albumin). Incubations were done at 

37~ for 20 rain in a metabolic shaker. Enzyme assays 
were terminated by addition of i mI, of 10% (wt/vol) KOH 
in ethanol, followed by saponification at 100~ for 30 min 
and addition of 1 rnI, of 4 N H2SO4 under nitrogen at- 
mosphere to avoid oxidation of fat ty acids. Lipids were 
extracted twice with 5 mL chloroform/methanol (2:1, 
vol]vol). The organic phases were combined and evapo- 
rated under nitrogen. Fat ty acids were methylated using 
14% boron trifluoride in methanol. Fat ty acid methyl 
esters were separated on commercial silica gel G-60 thin- 
layer chromatography (TLC) plates containing 5% (wt/vol) 
AgNO3. Plates were developed three times at 4~ in 
benzene, and radioactivity was analyzed in a Berthold 
{Nashua, NH) Automatic TLC-Linear Analyzer with the 
aid of a computer program. 

Protein assay. Microsomal and mucosal proteins were 
determined by the method of Lowry et aL (11) with bovine 
serum albumin as the standard. Enzyme activities were 
expressed as pmol of desaturated product formed per min 
per mg of either microsomal (liver) or mucosal {jejunum 
and caecum) protein. 

Statistical analysis. Results are presented as the mean 
+_ standard deviation. An analysis of variance as a first 
step prior to the use of t-test was used to test the signifi- 
cance of the difference between the means for sham- 
operated and resected animals. 

RESULTS AND DISCUSSION 

A significant decrease in the hepatic activity of A9 
desaturase was observed after the interruption of the 
EHC. However, an increase in both A6 and A5 desaturase 
activities was found in these animals compared to sham 
rats (Table 2). A6 Desaturase converts 18:2n-6 into 18:3n-6 
fatty acid. Increased A6 desaturase activity in rat liver 
microsomes of operated rats should increase the conver- 
sion of 18:2n-6 to 18:3n-6. We have previously reported 
that  ),-linolenic acid (18:3n-6) levels were increased in 
hepatic microsomes of resected rats and that the increase 
was higher after 75% than after 50% DSBR (5). Thus, the 
relatively high content of 18:3n-6 in operated rats might 
be related to enhanced A6 desaturase Similarly, the levels 
of 20:3n-6, the substrate for A5 desaturase" increased in 
hepatic microsomes of 75%-resected rats (5). The eleva- 
tion in 20:3n-6 together with a subsequent decrease in 
arachidonic acid observed after massive resection (75%) 
suggests an inhibition of A5 desaturase activity. However, 

TABLE 2 

Effect  of the Interruption of the Entero-Hcpatic Circulation on Ag, A6 and A5 Desaturase 
Activit ies  in Hepatic  Miezosomal Membrane a 

Desaturase 

A9 A6 A5 

Sham-operated 286.6 + 13.51 88.0 +_ 08.5 148.3 + 05.2 
50%-DSBR 160.6 + 04.2 b 227.3 + 06.2 b 195.7 + 08.7 b 
75%-DSBR 192.2 + 20.0 b,c 479.0 _+ 13.1b, e 228.1 + 07.1b, d 
Results of ANOVA {P <) 0.0001 0.0001 0.0001 

aThe data (expressed as pmol/min/mg microsomal protein) are presented as the mean 
_+ SD of five animals. DSBR, distal small bowel resection; ANOVA, analysis of variance. 

bp < 0.001 50 or 75% resected rats vs. sham Animals. 
cp < 0.05, dp < 0.01, ep < 0.001 75% resected rats vs. 50% resected animals. 
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TABLE 3 

Effect of the Interruption of the Enterc~Hepatic Circulation on A9, 46 and A5 Desaturase 
Activities in Homogenates of Jejunal and Caecal Mucosas a 

Desaturase 
49 A6 45 

Jejunum 
Sham-operated 14.8 -+ 0.35 14.0 + 2.30 20.3 --+ 0.91 
50%-DSBR 32.1 -+ 0.75 d 18.3 __. 1.92b 27.3 +- 3.42 c 
75%-DSBR 28.5 + 0.43~ e 16.7 - 1.54 45.2 + 1.95 d,e 
Results of ANOVA (P <) 0.0001 0.0280 0.0001 

Caecuin 
Sham-operated 34.6 -+ 1.12 19.2 __. 0.67 15.6 + 0.53 
50%-DSBR 27.5 + 0.87 d 27.7 + 0.94d 15.1 + 0.57 
75%-DSBR 18.5 + 0.58~ e 41.2 --- 1.83~ e 14.5 + 1.33 
Results of ANOVA (P <) 0.0001 0.0001 0.1896 

aThe data (expressed as pmol]min/mg mucosal protein) are presented as the mean +_ SD 
of five animals. Abbreviations as in Table 2. 

bp < 0.05, cp < 0.01, dp < 0.001 50 or 75% resected rats vs. sham animals. 
ep  < 0.001 75% resected rats vs. 50% resected Rnimals. 

our in vitro results for A5 desaturase activity showed an 
increase in 75%-resected animals (Table 2). No significant 
changes in the levels of both 20:3n-6 and 20:4n-6 had 
previously been observed in 50%-resected rats (5), al- 
though an increase in A5 desaturase was found in hepatic 
microsomes of these animals (Table 2). Therefore, in vivo 
metabolism cannot always be surmised from in vitro 
observations, since there are many factors in vivo tha t  
would not be operative under in vitro conditions. 

Consistent with previous reports (8,12), the present 
s tudy shows that  the intestinal mucosa is capable of 
desaturating pvlmitic acid (16:0), linoleic acid (18:2n-6) and 
eicosatrienoic acid (20:3n-6) and tha t  this desaturation is 
affected by the interruption of the EHC. Thus, the ac- 
tivities of the A9 and A5 desaturase enzymes were signifi- 
cantly increased in jejunal mucosa as a consequence of 
the interruption of the EHC, the increase in A5 desaturase 
activity being related to the extent of the EHC inter- 
rupted. However, the activi ty of A6 desaturase was in- 
creased only after 50% DSBR {Table 3). 

As far as we are aware, desaturase activities of caecal 
mucosa have not been previously determined. Table 3 
shows the activities of A9, A6 and A5 desaturases in caecal 
mucosa of sham-operated and resected rats. The intestinal 
resection produced in caecal mucosa a decrease in A9, an 
increase in A6 and no change in A5 desaturase activities 
{Table 3}. 

In sham rats the caecal mucosa showed higher A9 and 
A6 desaturase activities than jejunal mucosm A5 Desatu- 
rase activity was, however, lower in caecal mucosa 
(Table 3). The observation that  the levels of all three de- 
saturase enzymes were higher in liver than in intestine 
is consistent with previous results (8). However, the dif- 
ferences in enzymatic activities between liver and in- 
testine might be due, in part, to the different preparations 
used, microsomes for liver and mucosal homogenates for 
intestine. 

The results of this s tudy show that  DSBR significantly 
altered the activities of A9, A6 and A5 desaturase enzymes 
in liver, jejunum and caecum but in different ways. Several 

factors could explain the current observations. Thus, it 
is well known that the interruption of the EHC causes 
lipid malabsorption {13). This malabsorption is due to an 
effective loss of absortive surface area together with a 
defect in the EHC of bile salts. Therefore, an effect of in- 
testinal resection on the dietary source of liver fatty acids 
cannot be ruled out. In addition, if the intestinal mucosa 
is capable of desaturating fatty acids, then loss of in- 
testinal tissue by DSBR might also produce changes in 
fatty acid metabolism. 
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Interventions which make serum lipoproteins less suscep- 
tible to oxidation may be antiatherogenic. The antioxi- 
dant properties of garlic which have been demonstrated 
in vi tro led us to investigate the effects of garlic supple- 
ments on lipoprotein oxidation susceptibility in humans. 
Ten healthy volunteers were given 600 mg/d of garlic 
powder (6 tablets of Kwai | for two weeks in a placebo- 
controlled, randomized, double-blind crossover trial. We 
found that although serum lipid and lipoprotein levels 
were not lowered in this short time period, the ex vivo 
susceptibility of apolipoprotein B-containlng lipoproteins 
to oxidation was significantly decreased (--34%). Because 
garlic has been reported to beneficially affect serum lipid 
levels, platelet function, fibrinolysis and blood pressure, 
this additional effect of retarding lipoprotein oxidation 
may contribute to the potential antiatherosclerotic effect 
of garlic. 
Lipids 28, 475-477 {1993L 

There is growing evidence that the oxidation of low den- 
sity lipoproteins (LDL) may play a significant role in the 
development of atherosclerosis (for a review, see Ref. 1). 
Accordingly, interventions which can prevent the oxida- 
tion of LDL may be expected to slow atherogenesis, reduc- 
ing the incidence of coronary heart disease, possibly even 
without lowering serum LDL levels. 

There are currently three nutrients {ascorbic acid, or 
tocopherol, monounsaturated fatty acids, Refs. 2-4), one 
food preservative (butylated hydroxytoluene, Ref. 5) and 
one drug (probucol, Ref. 6) that function as in vivo an- 
tioxidants. The latter two have also been shown to be an- 
tiatherosclerotic in animal models (5,6). Garlic is a food 
which has has been reported to lower cholesterol levels (7), 
and in addition, to have a beneficial effect on a number 
of other physiological disorders contributing to height- 
ened cardiovascular risk, e.g., high blood pressure (8), 
enhanced platelet aggregation (9-11), delayed fibrinolysis 
(9) and vasoconstriction (9). A recent report suggested 
that garlic powder extracts also act as antioxidants in 
vitro (12). Therefore, we conducted a trial in humans to 
determine the effects of short-term garlic supplementa- 
tion on plasma lipid levels and on lipoprotein oxidation 
susceptibility (LOS). 

MATERIALS AND METHODS 

Ten healthy, normolipidemic subjects, five males and five 
females (mean age 32 _+ 10 years) volunteered for the 
study. The subjects were taking no medications known 

*To whom correspondence should be addressed at Lipid Labora- 
tory, 3800 Cambridge St., KU Medical Center, Kansas City, KS 
66160. 
Abbreviations: apoB, apolipoprotein B-100; HDL, high density 
lipoproteins; LDL, low density lipoproteins; LOS, lipoprotein oxida- 
tion susceptibility; MDA, malondialdehyde; RISCC, ratio of ingested 
saturated fat and cholesterol to calories; TBA, thiobarhituric acid; 
TBARS, TBA reactive substances; TCA, trichloroacetic acid; VLDL, 
very low density lipoproteins. 

to affect serum lipids, and none were taking garlic or 
significant quantities of antioxidants (vitamins C or E or 
~carotene) in their background diets. Subjects were asked 
to keep their smoking and exercise patterns constant 
throughout the study. Informed consent was obtained 
from each subject prior to beginning the study, which had 
been approved by the Human Subjects Committee of the 
University of Kansas Medical Center (Kansas City, KS). 

The subjects were instructed to take six 100-mg tablets 
of garlic powder a day for two weeks (Kwai | Lichtwer 
Pharma GmbH, Berlin, Germany) or placebo. The study 
had a randomized, placebo controlled, double-blind cross- 
over design. There was a one-week washout period between 
the two treatment periods. 

Maintaining dietary stability was highly stressed 
throughout the study, and subjects were advised to avoid 
any foods containing significant amounts of garlic Diets 
were monitored by having the subjects complete two 
tb_re~day diet diaries (one during each treatment period) 
which were analyzed by Professional Nutrition Systems, 
Inc (Kansas City, KS). This was done to determine 
whether the changes in plasma lipid levels, if any, were 
due to the garlic or to a change in diet. Results of these 
analyses were expressed as the RISCC rating (ratio of in- 
gested saturated fat and cholesterol to calories) which 
summarizes the major cholesterol raising nutrients in the 
diet as a single numerical score An RISCC rating of 20-24 
is typical of the American diet (13). 

Blood samples were drawn (always after a 12-h over- 
night fast) at the beginning and the end of each test 
period. Lipids and lipoproteins in plasma containing 
ethylenediaminetetracetic acid (1 mg/mL) were analyzed 
for cholesterol and triglycerides using enzymatic methods 
on a Cobas Mira (Roche Diagnostics, Belleville, NJ). The 
plasma high density lipoprotein (HDL) cholesterol levels 
were measured following precipitation of the apoprotein 
B (apoB)~contalning lipoproteins with heparirgmanganese 
chloride LDL cholesterol was estimated by the Friedwald 
equation (14). These methods have been described in detail 
elsewhere (15), and were carried out in our laboratory 
which participates in the Lipid Standardization Program 
of the Centers for Disease Control (16). 

LDL phospholipid and cholesteryl ester fatty acid 
compositio~ Lipids were extracted from LDL isolated 
from plasma by sequential ultracentrifugation between 
densities 1.019 and 1.063 kg/L. Thin-layer chromatog- 
raphy was used to separate the various lipid classes, and 
the cholesteryl ester and phospholipid bands were ob- 
tainecL The lipids were transmethylated with boron triflu- 
oride and analyzed by gas-liquid chromatography in a 
GC9A Gas Chromatograph (Shimadzu Corp., Columbia, 
MD), equipped with a 30-m, 0.32 mm i.cL, SP2330 capillary 
column. These methods were described in detail previ- 
ously (15). 
LOS test. A 500-~L plasma sample was treated with 

50 ~L of a solution containing 0.2 mM dextran sulfate 
(MW 50,000; Genzyme, Cambridge, MA) and 0.5 M 
MgCI2.6H20 to precipitate the apoB-containing lipopro- 
teins [LDL and very low density lipoproteins {VLDL)] 
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according to Bachorik and Albers (17). After centrifuga- 
tion at 3,000 rpm at 20~ for 10 rain, the supernatant was 
removed, and 1 mL of 6% bovine serum albumin and 
another 50 ~L of the dextran sulfate magnesium solution 
was added. The solution was briefly vortexed and recen- 
trifuged as above to wash away any HDL or residual 
serum proteins (except, of cours~ albumin). The superna- 
tant  was removed and the washed precipitate (containing 
LDL and VLDL) was dissolved in 2.5 mL of 4% NaC1. A 
volume of redissolved precipitate containing 100 pg of non- 
HDL cholesterol was combined with sufficient 4% NaC1 
to give a total volume of 500 pL (approximately a 1:5 dilu- 
tion). Fifty ~L of a 0.5 mM CuCI2"2H20 solution was 
added (final copper concentration was 46 ~M), and then 
the samples were incubated at 37~ in a shaking water 
bath for 3 h. Next, thiobarbituric acid reactive substances 
(TBARS) were measured (18) by adding 2 mL of the 
TBARS reagent to each tube  [This reagent contained 26 
mM thiobarbituric acid (TBA) and 0.92 M trichloroacetic 
acid (TCA) in 0.25 N HC1. The TBA was added first, 
heated and stirred. After it was dissolved, the TCA was 
added, and the solution brought to volume with 0.25 N 
HC1. The reagent was stored in a dark bottle at room 
temperature] The mixture was heated at 100~ in a water- 
bath for 15 rain. After removing and cooling the tubes, 
2.5 mL n-butanol was added, the tubes were vortexed, and 
then centrifuged for 15 min at 3,000 rpm at room 
temperature. The pink upper layer was removed and the 
optical density was determined in a spectrophotometer 
at 532 nm. A standard curve was constructed with malon- 
dialdehyde (MDA, 0.5-16 nmol/mL), and the results were 
expressed as nmol of MDA produced per mg of non-HDL 
cholesterol. The coefficient of variation of the method was 
4% intraassay and 9% interassay. The mean LOS value 
for 20 normal subjects was 66 _+ 22 umol MDA/mg non- 
HDL cholesterol. Using this assay, we have shown that 
probucol treatment reduced LOS by 95%, while fish oil 
supplementation {high in polyunsaturated fatty acids) 
raised LOS by 45% (Harris, W.S., unpublished data}. 

Stat is t ical  evaluation. As the subjects served as their 
own control for four observations (pre and post, garlic and 
placebo), the data were analyzed by ANOVA with repeated 
measures followed by the Neuman-Kuelspost-hoc test. A 
P value of <0.05 was required for statistical significance 

RESULTS AND DISCUSSION 

Two weeks of garlic supplementation did not alter plasma 
total, LDL or HDL, cholesterol or triglyceride levels 
{Table 1). This was not a wholly unexpected finding as 

TABLE 1 

Effects of Two Weeks of Kwal | Supplementation on Serum Lipids 
and Lipoproteins in Ten Healthy Volunteers (mg/dL) a 

Placebo Garlic 

Before After Before After 

Total cholesterol 174 • 39 173 +_ 38 176 +_ 37 175 4"- 39 
Triglyceride 75 • 22 78 _.+ 19 79 _ 21 79 • 24 
HDI~cholesterol 54 • 7 55 • 7 56 • 6 56 • 8 
LDL-cholesterol 104 + 36 103 _ 33 106 • 34 104 • 36 

aHDL, high density lipoprotein; LDL, low density lipoprotein. 

previous investigators haql reported only small decreases 
in lipid levels after 4 wks, with maximum effects noted 
at 16 wks (7). Thus, longer periods of supplementation 
would probably be needed to change these parameters. 

On the other hand, garlic supplementation significantly 
reduced the susceptibility of the apoB-containing lipopro- 
teins to copper-induced oxidation (Fig. 1). LOS values 
went from 80 +_ 25 to 53 • 32 nmol MDA/mg non-HDL 
cholesterol, a 34% decrease (P < 0.05). Values after two 
weeks of placebo were unchanged at 72 + 19 vs. 73 • 16 
nmol MDA/mg non-HDL cholesterol. Only about half of 
the subjects actually experienced decreases in LOS, and 
two showed remarkable reductions. The relative non- 
responsiveness of the other half of the subjects suggests 
that  other factors (dos~ duration, endogenous antioxi- 
dants) may modulate the effectiveness of garlic. 

Dietary stability was confirmed in this study by 
analysis of diet diaries during both phases. RISCC ratings 
were identical (23 • 5) in both phases, indicating that the 
subjects were consuming a typical American diet, and 
that there was no change in background diets between 
periods which would be expected to alter plasma lipid 
levels. Because the diets were stabl~ the effects observed 
on LOS were likely to be due to the garlic powder 
supplements. 

A change in LDL fatty acid composition (i.e, a reduced 
amount of polyunsaturated fatty acids} could have been 
responsible for the reduced susceptibility of lipoproteins 
to oxidative stress during the garlic period. However, we 
found no change whatever in LDL phospholipid or 
cholesteryl ester fat ty acid patterns (Table 2). Data on 
LDL vit~mirt E levels are not availabl~ but because garlic 
powder contains no vitamin E, it seems unlikely that 
changes in a-tocopherol status would explain these 
findings. 

Kourounakis and Rekka (12) recently tested the antiox- 
idant properties of garlic powder, Kwai and Alliin (the 
odorless precursor which is converted to odoriferous allicin 
when exposed to allilnas~ an enzyme released when the 
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FIG. 1. Six garlic powder tablets (Kwai | or placebo were given daily 
to ten healthy volunteers for two weeks in a randomized, crossover 
design. Lipoprotein oxidation susceptibility (LOS) was assessed (see 
Materials and Methods) pre and post dosing for both treatments. 
Individual results are presented here; mean LOS was reduced by 34% 
by Kwai treatment and increased by 1% by placebo (P < 0.05). HDL, 
high density lipoprotein; MDA, malondialdehyde. 
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TABLE 2 

Saturated, Monounsaturated and Polyunsaturated Fatty Acid 
Composition of Low Density Lipoproteins Cholesteryl Esters 
and Phospholipids During Placebo and Garlic Phases 
(mol% of total fatty acids} a 

Phosphofipids Cholesteryl esters 

Period Sat Mono Poly Sat Mono Poly 

Placebo 70 • 5 7 • 1 23 • 5 26 •  16__- 3 58 • 8 
Garlic 68 • 5 7 • 2 24 • 5 26 • 11 16 • 6 57 • 8 

aSat, saturated; mono, monounsaturated; poly, polyunsaturated. 

garliC on atherosclerosis-prone animal models  should be 
evaluated. 
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garlic clove is crushed). They reported tha t  both  the garlic 
powder and Kwai were effective ant ioxidants  when tested 
against  ra t  hepatic microsomes stressed by ascorbic 
acid/Fe 2+ and evaluated by TBARS generation. The 
garlic powder and alliin were also tes ted for their  abili ty 
to scavenge hydroxyl radicals. Only the powder was ef- 
fective at  concentrat ions between 0.8 and 3.3 mM. 

The application of these results to the in vivo si tuat ion 
is unclear, at  best, as blood levels of garlic powder consti- 
tuents  (alliin or allicin) in subjects  taking the products  
have eluded quanti tat ion.  Garlic is rich in a var ie ty  
of sulfur-containing compounds  (diallyldisulfide, vinyl- 
dithiines, ajoene), which are all potential antioxidants, but  
finding the puta t ive  in vivo ant ioxidant  may  be difficult. 

In  view of these considerations, it was with some skep- 
t icism tha t  we evaluated the ant ioxidant  effects of Kwai 
in heal thy volunteers, and it was also with some surprise 
tha t  we discovered tha t  some component  of this garlic 
preparat ion appeared to retain i ts  ant ioxidant  effect in 
vivc~ even protect ing isolated lipoproteins from oxidative 
stress. Future  studies will be needed to determine exactly 
which component  is responsible. 

We conclude t ha t  600 mg  of Kwai taken for only two 
weeks significantly decreased the lipoprotein oxidation 
susceptibility without  altering serum cholesterol levels in 
normal  adults. I f  confirmed, such an effect may  be con- 
sidered to be potential ly ant ia therogenic  Trials should be 
under taken to examine this effect in larger groups, for 
longer periods of supplementat ion,  and in pa t ien ts  a t  in- 
creased risk for hear t  disease. In  addition, the effects of 
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Protein Kinase C-Dependent Stimulation of Phospholipase D 
in Phospholipase C-Treated Fibroblasts 
Zoltan Kiss* and Nandor Garamszegi 
The Hormel Institute, University of Minnesota, Austin, Minnesota 55912 

Treatment of [14C]choline- or [14C]ethanolamine-labeled 
NIH 3T3 fibroblasts with Bacillus cereus phosphatidyl- 
choline-specific phospholipase C (PLC) enhanced phospho- 
lipase D (PLD)-mediated hydrolysis of the respective 14C- 
labeled phospholipids. PLD activity was stimulated by 1.5 
U/mL of PLC and by 100 nM of the protein kinase C (PKC) 
activator phorbol 12-myristate l~acetate (PMA) to similar 
extents. Treatment of [14C]palmitic acid-labeled fibrc~ 
blasts with PLC in the presence of ethanol also enhanced 
PLD-mediated formation of phosphatidylethanol; the ef- 
fects of PLC and PMA were nonadditive. PLC had no ef- 
fect on PLD activity in fibroblasts in which PKC was 
down-regulated by prolonged (24 h) treatment with 300 nM 
PMA. These data indicate that treatment of fibrob|asts 
with exogenous PLC results in PKC<iependent activation 
of PLD. 
Lipids 28, 479-481 (1993). 

Recent evidence suggests that phospholipase C [EC 3.1.4.3] 
(PLC)-mediated hydrolysis of phosphatidylcholine (PtdCho) 
may be involved in the regulation of cell growth by platelet- 
derived growth factor (1), ras proteins (2-4), insulin (2), col- 
ony stimulating factor (5), epidermal growth factor (6) and 
hepatocyte growth factor (7). In agreement with the prc~ 
posed role of cellular PLC as a cell growth regulator, ex- 
ogenous addition of Bacillus cereus PtdCho-hydrolyzing 
PLC to fibroblasts was found to elicit a potent mitogenic 
response (1). 

The mechanism by which the action of PLC leads to in- 
creased cell growth is not known. The primary products of 
PtdCho hydrolysis are 1,2-diacylglycerol and choline phos- 
phate While choline phosphate is not known to be part of 
the cellular signalling system, 1,2-diacylglycerol is an ac- 
tivator of protein kinase C (PKC) (8,9). However, in fibro- 
blasts in which PKC-a was down-regulated by prolonged 
treatment with phorbol 12-myristate 13-acetate (PMA), ex- 
ogenous PLC remained mitogenic (1). On this basis, PKC 
is not presently thought to serve as a mediator of the growth 
regulatory effect of PLC (1). 

In most cell types examined so far, activated PKC is a 
major regulator of phospholipase D [EC 3.1.4.4] (PLD) (10- 
12). This enzyme is capable of rapidly generating phospha- 
tidic acid, a potent mitogen in fibroblasts and several other 
cell lines (13-19). Thus, in principle, activation of PLD could 
be a requirement for the growth stimulatory action of PLC. 

Although exogenous PtdCho-hydrolyzing PLC is known 
to stimulate the phosphorylating activity of cellular PKC 

*To whom correspondence should be addressed at The Hormel In- 
stitute, University of Minnesota, 801 16th Avenue NE, Austin, 
MN 55912. 

Abbreviations: PLC, phosholipase C; PLD, phospholipase D; PtdCho, 
phosphatidylcholine; PtdEtn, phosphatidylethanolamine; PtdEtOH, 
phosphatidylethanol; PKC, protein kinase C; PMA, phorbol 12- 
myristate 13-acetate. 

(20), this may not automatically lead to the activation of 
PLD because regulation of this latter enzyme by PKC al> 
pears to involve a nonphosphorylating mechanism (21). Ftm 
thermora regulation of PtdCho synthesis by exogenous 
PLC, which is mediated by 1,2-diacylglycerol, was shown to 
occur by a PKC-independent mechanism (22). Hera we show 
that exposure of NIH 3T3 fibroblasts to PLC leads to en- 
hanced, PKC, dependent hydrolysis of phospholipids by 
PLD. 

MATERIALS AND METHODS 

Materials. PLC from B. cereus, PMA and Dowex-50- 
W(H + form) were purchased from Sigma Chemical Ca 
(St. Louis, MO); [rnethyl-~4C]choline chloride (50 
mCi/mmol), [2-14C]ethanolamine (50 mCi/mmol) and 
[1-14C]palmitic acid (60 mCi/mmol) were from Amersham 
(Arlington Heights, IL); and tissue culture reagents were 
bought from Gibco (Grand Island, NY). Phosphatidyl- 
ethanol (PtdEtOH) was prepared by PLD-catalyzed reac- 
tion from PtdCho and ethanol as described earlier (23). 

Treatment of [14C]choline-prelabeled fibroblasts. NIH 
3T3 fibroblasts were grown to =80-90% confluency in 
12-well culture dishes in the presence of [rnethyl-14C]cho - 
line (0.5 ~Ci]mL) for 48 h. Fibroblasts were washed twice 
and then incubated in fresh medium for another 3-h period 
(needed to lower intracellular levels of free [14C]choline). 
Fibroblasts were then treated with PLC and]or PMA in 
the presence of 20 mM unlabeled choline (final vol, 0.3 mL) 
for 5-20 min as indicated. After treatments with 0.75 or 
1.5 U/mL of PLC or 100 nM PMA for 20 min, 95-98% 
of cells were viable, determined by the Trypan Blue dye 
exclusion assay. Incubations were terminated by adding 
1 mL of ice-cold methanol to the wells. The methanol ex- 
tracts were transferred to tubes containing 2 mL chloro- 
form. The wells were washed twice with 0.5 mL of 
methanol. 

Treatment of [14C]ethanolamine- or [14C]palmitic acid- 
labeled fibroblasts. Fibroblasts were grown in 150 mm- 
diameter plastic dishes for 48 h in the presence of 
[2-~4C]ethanolamine (0.25 ~Ci/mL), or for 24 h in the pre- 
sence of [1-14C]palmitic acid (0.25 gCi/mL). Fibroblasts 
were washed and then incubated in fresh medium for 3 
h (to decrease the cellular level of unincorporated radio- 
labeled precursors; see Refs. 23-25). Fibroblasts were 
harvested by gentle scraping from 2 to 4 dishes. Washed 
fibroblasts (0.9-1.1 • l0 s cells/mL) were incubated (final 
vol 0.25 mL) in an incubator at 37~ in the presence of 
agents as indicated. In the case of [14C]ethanolamine- 
labeled fibroblasts, the incubation medium contained 2 
mM unlabeled ethanolamine to prevent metabolism of 
newly formed [~4C]ethanolamine (24,25). Incubations 
were terminated by the addition of 4 mL of chloro- 
form/methanol (1:1, vol/vol). 

Separation of 14C-labeled hydrolytic products. 
PtdEtOH was separated from other phospholipids on 

Copyright �9 1993 by the American Oil Chemists' Society LIPIDS, Vol. 28, no. 6 (1993) 



480  

z. KISS AND N. GARAMSZEGI 

potassium oxalate (l%)-impregnated silica gel H plates 
(Analtech, Newark, DE) by using the solvent system of 
chloroform/methanol/acetone/acetic acid/water (50:10:15: 
10:2, by vol). The choline and ethanolamine metabolites 
were fractionated on Dowex-50-W(H+)-packed columns 
(Bio-Rad Econo columns, Richmond, CA; 1-mL bed vol- 
ume) as described by Cook and Wakelham (26) with the 
modifications described previously (27). The metabolites 
of [~4C]-ethanolamine and [~4C]choline were further iden- 
tified by thin-layer chromatography (28). Contamination 
of the [~4C]ethanolamine fraction by [~4C]choline was less 
than 1%. 

RESULTS 

Concentration-dependent effects of PLC on the formation 
of choline and choline phosphate. We have shown (28) that 
in NIH 3T3 fibroblasts, labeled with [14C]choline until 
radioisotopic equilibrium was achieved (48 h), PMA-in- 
duced formation of [~4C]choline from the prelabeled cellu- 
lar PtdCho occurs by a PLD-mediated mechanism. In ad- 
dition, we have demonstrated (23) that treatment of 
fibroblasts with PLC results in a significant increase in 
1,2-diacylglycerol. As shown in Figure la, 0.25-1.5 U/mL 
concentrations of B. cereus PLC enhanced the formation 
of [14C]choline from [~4C]PtdCho in a concentration-de- 
pendent manner. At an optimal stimulatory concentration 
of PMA (100 nM), the stimulatory effects of PLC were 
nonadditive with that of PMA, suggesting that these 
agents were acting through the same mechanism (Fig. la). 

NIH 3T3 fibroblasts contain the a-, &, ~- and ~-PKC 
isozymes. Treatment of fibroblasts with 300 nM PMA for 
24 h almost completely down-regulates PKC-a (29}, and 
also decreases the cellular levels of PKC-d and PKC-e by 
75-90% (data not shown). In contrast, prolonged (24 h) 
PMA-treatment had no effect on the cellular level of PKC-~ 

r 

 y:,0 

Oo 
_OE 

, , ~ o  

(a) (b) 

' ', ' ~'0 ' ,s ~ ,o ,s 
PLC[U/mL] 

160 

14o oJ --~ 

,m o-~ 
o.O 

FIG. 1. Concentration-dependent effects  of phospholipase C (PLC) 
on phosphatidylcholine (PtdCho) hydrolysis in NIH 3T3 fibroblasts. 
Fibroblasts were labeled with [14C]choline for 48 h, followed by in- 
cubation of labeled fibroblasts for 20 rain in the absence ( o )  or 
presence of 100 nM phorboi 12-myristate 13-acetate (PMA) (&). In 
one set  of experiments (m), cells were treated with 300 nM P M A  for 
the last 24 h of the labeling period. [14C]Choline (a) and [14C]choline 
~4hosphate (b) were separated by ion~xehange chromatojgraphy. The 

C content of PtdCho was  883000 and 819000 dpm/10 ~ cells in the 
untreated and PMA-pretreated fibroblasts, respectively. Each point 
represents the mean ___ SE of three incubations. Similar results were 
obtained in two other experiments. 

(N. Garamszegi and Z. Kiss, unpublished data). Prolonged 
(24 h) treatment of fibroblasts with PMA (300 riM) sig- 
nificantly enhanced the formation of [14C]choline from 
labeled PtdCha indicating partial activation of PLD (Fig. 
la). After chronic (24 h) treatment with PMA, neither 
newly added PMA (not shown) nor PLC (Fig. la) had any 
further effect on PtdCho hydrolysis. 

Treatment of fibroblasts with PMA for 20 min or 24 h 
caused only little, if any, changes in PLC-catalyzed for- 
mation of choline phosphate (Fig. lb). Thus, the inability 
of PLC to enhance [14C]choline formation in the presence 
of PMA was not due to PMA-induced inactivation of PLC. 

In the presence of ethanol, activated PLD catalyzes the 
formation of the metabolically more stable PtdEtOH. As 
shown in Figure 2, 0.75-1.5 U/mL concentrations of ex- 
ogenous PLC greatly enhanced the formation of PtdEtOH 
in the presence of 200 mM ethanol. In agreement with the 
data in Figure 1, PLC failed to enhance PtdEtOH syn- 
thesis in the presence of PMA (Fig. 2). 

In NIH 3T3 fibroblasts, activated PLD was shown to 
hydrolyze PtdEtn in addition to PtdCho (24,25,28-30). 
Thus, it was of interest to examine possible stimulation 
of PtdEtn hydrolysis by exogenous PLC. For this study, 
suspended [14C]ethanolamine-labeled fibroblasts were 
used, because they were found to contain much lower 
background levels of unincorporated [14C]ethanolamine 
compared to attached fibroblasts (24,27). Both in [~4C]- 
choline-labeled attached fibroblasts (Fig. 3a) and [~4C]- 
ethanolamine-labeled suspended fibroblasts (Fig. 3b), 
0.75-1.5 U/mL concentrations of PLC rapidly, and to a 
similar extent, stimulated PLD-mediated hydrolysis of the 
respective labeled phospholipids. However, the stimula- 
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FIG. 2. Stimulatory effects  of PLC and P M A  on the formation of 
phosphatidylethanol (PtdEtOH) in [14C]p_-Imltate-labeled NIH 3T3 
fibroblasts. Suspended [14C]pAtmltate-labeled N I H  3T3 fibroblasts 
were incubated in the presence of 200 mM ethanol for 10 min. PLC 
was absent (open bar) or present at a concentration of 0.75 U/mL (hat- 
ched bar) or 1.5 U/mL (closed bar). When present, the concentration 
of P M A  was 100 nM. Data are the mean _ SE of four incubations. 
Similar results were obtained in two other experiments. Abbrevia- 
tions as in Figure 1. 
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FIG. 3. Comparison of the time-dependent effects  of PLC on the 
hydrolysis of PtdCho and PtdEtn in NIH 3T3 fibroblasts. Fibroblasts 
were labeled with [14C]choline (a} or [14C]ethanolamine {b} for 48 h. 
Attached [14C]choline-labeled and suspended [14C]ethanolamine- 
labeled fibrohlasts were incubated for 5-20 min in the absence { O) 
or presence of 0.75 UfmL of PLC (&}, or 1.5 U/mL of PLC {11). The 
[14C]content of PtdCho and PtdEtn was 0.966 X 106 and 1.29 X 106 
dpm/10 ~ cells, respectively. Each point represents the mean +__ SE 
of three incubations. Similar results were obtained in three other ex- 
periments. Abbreviations as in Figure 1. 

t o r y  effect of P L C  on P t d E t n  hydrolysis  appeared  to  be 
ra the r  t rans ien t  ( las t ing only  for 10 re_in) c o m p a r e d  to 
PLC- induced  P t d C h o  hydrolysis .  One  possible, and  the  
m o s t  likely, exp lana t ion  for this  difference is t h a t  scrap- 
ing decreased the  sensi t ivi ty of fibroblasts to PLC. In  sup- 
p o r t  of this  possibility, the  s t i m u l a t o ry  effects of PLC on 
P t d C h o  hydrolys is  in [14C]choline-labeled su spended  
f ibroblas ts  also las ted  for only  10-15 min (data no t  
shown). 

In NIH 3T3 fibroblasts, the methylation process is a 
relatively minor pathway. Thus, after labeling of fibro- 
blasts with [14C]ethanolamine for 48 h, only 3% of total 
phospholipid-associated 14C-activity was present in 
PtdCho (data not shown). This, coupled with efficient 
separation of t4C-labeled metabolites, ensured that con- 
tamination of the [14C]ethanolamine fraction by [14C]ch~ 
line was minimal (less than 1%). 

DISCUSSION 

We have shown t h a t  t r e a t m e n t  of N I H  3T3 f ibroblas ts  
wi th  exogenous  P L C  leads to  PKC-dependen t  ac t iva t ion  
of PLD. This  indicates  t h a t  1,2-diacylglycerol, genera ted  
t h r o u g h  the  ac t ion of exogenous  PLC, can s t imula te  no t  
only  the  p h o s p h o r y l a t i n g  ac t iv i ty  of P K C  (20), bu t  it can  
also enhance the  ability of PKC to act ivate  P L D  by  a non- 
phosphory la t ing  mechan i sm (21). Because  act ivated P L D  
genera tes  the  po ten t  mi togen  phospha t id ic  acid (13-19), 
this  phosphol ip id  p roduc t  could be involved, a t  least  in 
principle, in the  media t ion  of mi togenic  effects of PLC. 

While chronic t r e a t m e n t  of cells wi th  P M A  comple te ly  
abol ished the  s t i m u l a t o r y  effect of PL C on P L D  ac t iv i ty  
(this work), such t r ea tment  failed to  prevent the mitogenic 
effect of PLC (1). Therefore, a direct  role of phospha t id ic  

acid in the mediation of mitogenic effect of PLC is un- 
likely. However, in view of the present finding that pro- 
longed treatment of fibroblasts with PMA results in per- 
manent partial activation of PLD, the possibility that in- 
creased formation of phosphatidic acid by PLD is a prere- 
quisite for the mitogenic action of PLC cannot be ex- 
cluded. Further experiments are required to distinguish 
between these possibilities. 
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Protein Identified in Cultured Endothelial Cells from Bovine Aorta 
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alnstitut for Biochemie and blnstitut for Physiologische Chemie und Pathobiochemie, Universit&t MOnster, D-4400 Mfinster, Germany 

Several types of fatty acid-binding proteins are found in 
mammalian ceils. Cultured endothelial cells from bovine 
aorta were shown to contain exclusively the cardiac-type 
fatty acid-binding protein (cFABP) with a mean concen- 
tration of 90 ng cFABPhng extract protein. Only small 
variations were observed from passage to passage. In 
pulst~chase labeling experiments with L-[35S]methionine, 
a half-llfe of 4.0 d was measured for cFABP which is about 
two times longer than the average half-life of the extracted 
proteins. These data imply that  in aortic endothelial cells 
cFABP is not subject to short-term regulation. However, 
addition of clofibric acid to the culture medium led to a 
shortening of the half-life of cFABP, which was compen- 
sated for by an increase in its biosynthesis. The turnover 
of the bulk of extract proteins remained unchanged when 
the cells were challenged with clofibric acid. 
Lipids 28, 483-486 (1993). 

The fatty acid-binding proteins of the hepatic (hFABP), in- 
testinal (iFABP) and cardiac (cFABP) type belong to a group 
of structurally well, but functionally ill-defined 14-15 kDa 
proteins that are variably expressed in mammalian cells. To 
date, hFABP expression appears to be limited to liver and 
intestinal cells, iFABP expression to the epithelial cells that 
line the intestinal tract, whereas cFABP is expressed in a 
broad range of tissues including heart, skeletal muscle, 
kidney, brain, stomach and placenta (1). Immunoblotting 
techniques and protein A-gold labeling revealed a complex 
distribution pattern for cFABP in the heart. The protein 
was detected in the cytosol of heart muscle cells where it 
associates with myofibrils, and in the mitochondrial matrix 
and in the nucleus (2,3). It is also present in heart capillary 
endothelium (3), in cultured endothelial cells of humans and 
rats (4) and in rat aortic tissue where its expression is 
specifically suppressed within 3 wk by experimentally in- 
duced hypertension (5). The cFABP contents of rat heart 
as well as the hFABP contents of rat liver are augmented 
by long-term feeding of high-fat diets (6). In response to 
clofibrate and other lipid-lowering drugs, however, the 
cFABP level in rat heart is not affected (7) which is in con- 
trast to the elevated levels observed for hFABP in liver and 
intestinal cells (1). The data suggest that FABP are not 
rapidly regulated and, indeed, the half-life of hFABP in rat 
fiver was found to be 3.1 d (8), and the half-life of cFABP 
in cultured neonatal cardiomyocytes was 2.5 d (9). 

The occurrence of FABP types in cells of the vascular 
system and the strategic position of the endothelium at the 
interface between blood and tissue argue for a transporter 
function of this protein for fatty acids. With this in mind, 
we investigated the regulation of FABP in cultured en- 

*To whom correspondence should be addressed at Institut ~ Bio- 
chemie, Universit~it Mfinster, Wilhelm-Klemm-Strasse 2, D-4400 
Mfinster, Germany. 

Abbreviations: ELISA, enzyme-linked immunosorbent assay; cFABP, 
hFABP, iFABP, cardiac, hepatic and intestinal fatty acid-binding pro- 
tein, respectively; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis; TCA, trichloroacetic acid. 

dothelial cells from bovine aort~ We report here data on the 
half-fife of FABP of the cardiac type and on the turnover 
of cFABP in endothelial cells that were treated with clofibric 
acick 

MATERIALS AND METHODS 

Materials. L-[35S]Methionine (1100 Ci/mmole) was pur- 
chased from Amersham-Buchler (Braunschweig, Ger- 
many); Eagle's minimum essential medium and Hanks' 
salt solution were from Seromed (Munich, Germany). 
Penicillin and streptomycin were from Boehringer (Man- 
nheim, Germany), protein A-Sepharose and clofibric acid 
(2-(p-chlorophenoxy)-2-methyl-propionic acid) from Sigma 
(Deisenhofen, Germany) and nitrocellulose paper (0.1 ~m) 
from Schleicher and Schuell (Dasseln, Germany). 

Cell cultures, conditions of preincubation and protein 
labeling. Endothelial cells were derived from bovine aorta, 
cultured and passaged in Eagle's minimum essential 
medium supplemented with 10% of fetal calf serum (Con- 
co, Wiesbaden, Germany) in 25-cm 2 Nunc plastic flasks 
as outlined earlier (10). After cultures reached confluency, 
the medium was removed and cells were washed two times 
with 2 mL Hanks' salt solution. Preincubation with 
methionine-free Waymouth's MAB 87/3 medium (Gibco, 
Eggenstein, Germany) and labeling with L-[3~S]methio - 
nine were carried out in a manner analogous to that 
described (11). Per 25-cm 2 flask, 100-150 ~Ci were ap- 
plied in a total volume of 1.9 mL. The pulse was ter- 
minated after 5 h either by harvesting or by feeding the 
cultures with complete tissue culture medium. Clofibric 
acid was solubilized in Eagle's minimum essential 
medium, and preincubation was carried out as described 
in the legends to Tables 1 and 2. 

Immunoprecipitatio~ At the end of the incubation time, 
the cell layer was washed two times with 2 mL Hanks' 
salt solution and extracted with 0.4 mL detergent buffer 
[0.5% (wt/vol) sodium deoxycholate" 0.5% (vol/vol) Triton 
X-100, 1 M NaC1 and proteinase inhibitors in 0.1 M Tris- 
HC1 (pH 7.4)] for 90 min at room temperature and cen- 
trifuged (10 min, 10,000 • g). An aliquot of the resulting 
supernatant was treated with 12.5% (wt/vol) trichloro- 
acetic acid (TCA) overnight at 4~ the precipitate was 
washed twice with 10% (wt/vol) TCA and finally dissolved 
in 0.2 mL of 2.5 M NaOH ("extract proteins"). After 
neutralization, the radioactivity incorporated into extract 
proteins was measured by liquid scintillation counting. 
The remaining supernatant was shaken end over end with 
preimmune IgG-coated protein A-Sepharose (3 mg/25- 
cm 2 flask) at 4~ for 12-24 h. This step was repeated 
five times to remove unspecifically bound proteins. Sepha- 
rose was spun down, and the supernatant was transfer- 
red to a tube containing the same amount of protein A- 
Sepharose coated with affinity purified anti-cFABP-IgG 
or anti-Cathepsin D-IgG, respectively. After shaking for 
20-24 h, the mixture was washed three times with 1 m L  
detergent buffer (see above) and two times with 1 mL of 
10 mM sodium phosphate (pH 7.4) containing 0.15 M 
NaCl. The pellet was solubilized in sodium dodecyl sulfate 
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(SDS) sample buffer as described (11). Sepharose was 
removed by centrifugation and the immunoprecipitate was 
subjected to SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE). 

Other methods. SDS-PAGE was performed in slab gels 
(12.5 cm long and 1.5 mm thick, separating gel 15% and 
stacking gel 5.85% acrylamide) (12), and the gels were then 
prepared for fluorography (13). For quantitative deter- 
minations, appropriate gel areas were cut out, swollen in 
water and treated with dimethyl sulfoxide to remove 
2,5-diphenyloxazole There was no loss in radioactivity 
during these procedures. Before determination of radioac- 
tivity, samples were dissolved in 2.2 M ortho-periodic acid 
for 5-10 min at 80-90~ and after cooling the radioac- 
tivity was counted in 10 mL Instagel (Packard, Frankfurt, 
Germany). Antibodies against various FABP types were 
raised, purified and used in Western blots in a manner 
outlined earlier (2). cFABP was quantitated with the aid 
of a specific enzyme-linked immunosorbent assay (ELISA) 
(2) and protein by the bicinchoninic acid assay (14) with 
ovalbumin as standard. 

Statistical analysis. Data are presented as means _+ SD 
of n determinations. The significance of differences was 
evaluated by Student's t-test. 

A B C 

hFABP EP iFABP EP cFABP EP 

FIG. 1. Determination of fatty acid-binding protein (FABP) type ex- 
pressed in aortic endothelial cells. Western blots after 15% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis of 20 pg extract 
proteins (EP) and of 100 ng FABP, each. Immunostaining was car- 
ded out with anti-hepatic (h)FABP antibodies (A), anti-intestinal 
(i)FABP antibodies (B)0 and anti-cardiac (c)FABP antibodies (C). 

RESULTS 

Characterization and quantitation of FABP. With all types 
of FABP known to occur in bovine tissue as well as respec- 
tive antibodies on hand, SDS-PAGE and Western im- 
munoblotting defined the FABP present in the extract of 
cultured bovine aortic cells as a cardiac-type protein (Fig. 
1). The sensitivity of the sandwich-ELISA employed for 
quantitation was in the range of 0.05 to 1.0 ng cFABP per 
mL and allowed the determination of the minute amounts 
present in the extract. The content was ~90 ng cFABP/mg 
extract protein with variations of up to _.+20% being 
observed from passage to passage. 

Determination of cFABP half-lira Endothelial cells were 
pulse-labeled for 5 h with [35S]methionine and chased for 
up to 12 d. [35S]Methionine could be used as radioactive 
precursor, because bovine cFABP contains three 
methionine residues {15,16). The immunoprecipitation of 
[zhS]cFABP was of sufficient quality (Fig. 2) and was 
quantitative, as less than 5% of the total cFABP were 
found by the ELISA technique in the supernatant after 
immunoprecipitation. The band appearing around 30 kDa 
on gels after SDS-PAGE could only be detected after im- 
munoprecipitation, but not in Western blots and it could 
be quenched by unlabeled cFABP. The radioactivity found 
in this band was about 68% of that  in cFABP. Small 
molecular mass bands indicate the gel front. For the deter- 
mination of cFABP half-life a log cpm vs. time plot was 
constructed which yielded straight lines with correlation 
coefficients from 0.97 to 0.99 (Fig. 3}. From the decay 
curve, a half-life of 4.0 d was calculated for cFABP (15 kDa 
protein) and of 1.8 d for total extract proteins. Inter- 
estingly, the ~30 kDa cross-reactive protein also exhibited 
a half-life of 4.0 d. The sequence of the bovine cDNA for 
cFABP (15) excludes the possibility of the expression of 
a higher molecular mass precursor of cFABP and hence, 
the nature of this cross-reacting protein remains to be 
determined. 

FIG. 2. Determination of cardiac fatty acid-binding protein half-life. 
After a 5-h pulse with 120 ~Ci of [~S]methionine, cultures were chas- 
ed for the times indicated. Autoradiogram after 15% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis of immunoprecipitated 
proteins; M, marker proteins (phosphorylase b, bovine serum alb,,min; 
ovalbumin; carbonic anhydrase; cytochrome c, migrates as 14-15 kDa 
protein). 

Influence of clofibric acid on cFABP metabolism. Clo- 
fibric acid was admixed to the culture medium in the con- 
centrations shown in Tables 1 and 2. After administration 
for 3 to 5 d (order of cFABP half-life), the concentrations 
of cFABP and of extract proteins were determined. Com- 
pared with untreated controls, the values remained cons- 
tant within the margin of error (Table 1). At a concentra- 
tion of 5 mM clofibric acid, toxic effects were observed 
as some of the endothelial cells became detached from the 
dishes and, therefore, only concentrations up to 1 mM were 
used in subsequent experiments. Interestingly, clofibric 
acid did influence the de novo synthesis of cFABP. After 
preincubation of the cells for 2 d with this drug and a 
subsequent 5-h pulse with [35S]methionine, a dose- 
dependent increase of up to 50% of the radioactivity 
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FIG. 3. Decay of radioactivity in cardiac fatty acid-binding protein 
(cFABP) and extract proteins following pulse labeling with 
[35S]methionine in the presence or absence of clofibric acid. From 
experiments as shown in Figure 2, bands with cFABP (15 kDa pro- 
tein} were excised from the gel and subjected to scintillation coun- 
ting. Radioactivity in extract proteins was determined after pt~ipita- 
tion with trichloroacetic acid. e ,  Extract proteins + clofibric acid; 
O, extract proteins -- clofibric acid; M, cFABP + clofibric acid; El, 
cFABP -- clofibric acid. 

TABLE 1 

Effect of Clofibric Acid on the Concentration of cFABP a 

Clofibric acid cFABP Extract proteins 

ng/mg protein ~g/culture flask 
mM {n = t8) (n = 18) 

0.0 90 • 20 268 • 22 
0.2 100 • 20 265 • 40 
1.0 80 • 40 261 • 62 
5.0 70 • 40 221 • 49 

aprior to harvesting, endothelial cell cultures were treated with the 
drug for 3-5 d. Proteins were determined as described under 
Materials and Methods. Values represent means _ SD of n deter- 
minations, cFABP, cardiac fatty acid-binding protein. 

i n c o r p o r a t e d  in to  c F A B P  was  o b s e r v e d  as  c o m p a r e d  to  
u n t r e a t e d  con t ro l s  {Table 2). Th i s  inc rease  was  d e t e c t e d  
in  four  i n d e p e n d e n t  e x p e r i m e n t s  w h e r e a s  t h e  incorpora -  
t i on  of t h e  r a d i o a c t i v i t y  in to  e x t r a c t  p r o t e i n s  was  n o t  
s i gn i f i c an t l y  a f fec ted  b y  c lof ibr ic  acid.  Moreover ,  in  addi -  
t i o n a l  i m m u n o p r e c i p i t a t i o n  e x p e r i m e n t s  w i t h  t r e a t e d  {1 
m M  clof ibr ic  acid) a n d  u n t r e a t e d  cel ls  we d e t e r m i n e d  t h e  
half-l ife of c a t h e p s i n  D, a l y s o s o m a l  p ro t e in  s t r u c t u r a l l y  
a n d  f u n c t i o n a l l y  u n r e l a t e d  to  cFABP,  a n d  cou ld  n o t  f ind  
a n y  d i f ference  {data  n o t  shown). Tak ing  al l  con t ro l s  to- 

TABLE 2 

Effect of Clofibric Acid on the de n o v o  Synthesis of cFABP a 

Radioactivity 
Cloflbric acid Radioactivity in cFABP in extract proteins 

(%) (%) 
mM n = 4  n = 4  

0.0 100 + 10 100 +-- 11 
0.2 129 + 17 b 97 + 17 
1.0 152 • 17 c'd 79 • 26 

aEndothelial cell cultures were pretreated with the drug for 2 d and 
then pulsed with 120 ~Ci [35S]methionine. After 5 h, cells were 
lysed and proteins analyzed as described under Materials and 
Methods. Values represent means • SD of n determinations. 

bcFABP, cardiac fatty acid-binding protein. 
Significantly different (P < 0.025} from untreated cells. 
Ssigniflcantly different {P < 0.0025} from untreated cells. 

ignificantly different {P < 0.05} from cells treated with 0.2 mM 
clofibric acid. 

gether ,  we conc luded  t h a t  c lof ibr ic  ac id  d id  n o t  af fec t  t h e  
[35S]-methionine pool ,  and  c o n s e q u e n t l y  we s t u d i e d  t h e  
c F A B P  t u r n o v e r  in  t he  p resence  of 1 m M  clof ibr ic  ac id  
ana logous ly  as  descr ibed  above, except  t h a t  t h e  chase  was  
s h o r t e n e d  to  8 & F r o m  t h e  d e c a y  cu rves  {Fig. 3), a half- 
l i fe of 2.6 d was  c a l c u l a t e d  for c F A B P  a n d  of 1.8 d for  ex- 
t r a c t  p ro te ins .  The  s h o r t e r  half- l ife c o r r e s p o n d e d  to  t h e  
inc rease  in c F A B P  s y n t h e s i s  s ince  ce l lu la r  c F A B P  levels  
were n o t  a l tered.  On  the  o t h e r  hand ,  c lof ibr ic  ac id  h a d  no  
effect  on t h e  half-l ife of e x t r a c t  p r o t e i n s  or  c a t h e p s i n  D 
(see above). 

DISCUSSION 

Aortic endothelial cells, as shown here, and heart en- 
dothelium {3,4) express FABP of the cardiac type. The 
identifications are based on SDS-PAGE and im- 
munological cross-reactivity, the latter requiring at least 
a 70-80% homology in primary structures of FABP when 
polyclonal antibodies are used {17). The cross-reacting en- 
dothelial protein with ~30 kDa may be related to cFABP; 
however, it was found only after biosynthetic labeling and 
not in Western blots of cell extracts. This suggests either 
a high [3sS]methionine content of the cross-reacting 
species or the formation of a dimer of newly synthesized 
cFABP. Previously the existence of a disulfide4inked 
dimer of cFABP has been shown, whose formation was 
facilitated under denaturing conditions due to the ex- 
posure of the protein's single cysteine residue {18). Such 
dimerization seems to be unlikely because the immuno- 
precipitate was treated with 10 rnM dithiothreitol in SDS 
sample buffer for 6 rain at 95~ but cannot be excluded. 
The concentration of cFABP in aortic endothelial cells 

is 90 + 20 ng/mg extract protein and stays within this 
range from passage to passage {data not shown). It is 
much smaller than that of cFABP in the capillary en- 
dothelium of rat heart muscle as calculated by the pro- 
tein A-gold method (3) as well as the 3.18 + 0.651 ~g/mg 
protein of bovine heart cytosol determined by the cFABP- 
specific ELISA (2). The small amount of cFABP in the 
aortic endothelial cells could be due to the fact that in 
cultured cells the expression is lower than in viva It could 
also reflect the different functions of heart aorta and heart 
muscle The half-life of 4.0 d for cFABP was calculated 
from a representative experiment, variations were from 
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3.6 to 4.6 d possibly due to the biological variabi l i ty  in 
different cell strains. These half-lives are longer than  the 
3.1 d determined for hFABP half-life in ra t  liver (8) and 
the 2.5 d found for cFABP half-life in cultured neonatal  
cardiomyocytes (9). Al though the functional role(s) of 
cFABP in endothelial cells remain(s) to be defned,  the 
data elaborated here imply tha t  cFABP plays a housekeep- 
ing role and is not subject to short-term regulation. I t  may 
thus sustain the intracellular flux of fa t ty  acids under fast  
changes of nutr i t ional  s ta tes  and may  provide a pool of 
f a t ty  acids available for membrane  biosynthesis  and pro- 
duction of metaboli tes  of the arachidonic acid cascade. 

For the studies on the effect of clofibrate, clofibric acid 
was used instead of i ts  ethyl  ester, because of i ts  be t te r  
solubility in the culture medium. The drug  did not  affect 
the concentration of cFABP in endothelial cells. Our da ta  
are consis tent  with the observat ion tha t  hypolipidemic 
drugs  of this type  do not  enhance the cFABP content  in 
ra t  hear t  (7). The concentrat ion of hFABP in liver, on the 
other hand, is increased by clofibrate proport ional  to the 
effect of this drug on peroxisomal  proliferation without  
being necessarily linked to the la t ter  (19,20). The mech- 
anism by which hypolipidemic drugs  influence the con- 
centration of hFABP is still unknown. Our findings reveal 
an increased de novo synthesis  of cFABP in endothelial 
cells following clofibric acid t rea tment ,  while the cFABP 
content remains unchanged. In contrast  to Bass et aL (21), 
who have found tha t  the hFABP concentrat ion was in- 
creased in clofibrate-treated ra ts  wi thout  changes in the 
turnover, cFABP turnover  was accelerated in endothelial  
cells after  clofibric acid t rea tment .  These observat ions  
sugges t  different roles of liver and hear t  FABP types  in 
cellular lipid metabolism. Their specific t issue distribu- 
t ion is another  impor tan t  indication in this respect  (22). 
The fact tha t  in clofibrate-treated ra ts  the hFABP m R N A  
concentration is increased in parallel with the hFABP con- 
centrat ion indicates a pretranslat ional  regulation of 
hFABP (21). The markedly  reduced expression of cFABP 
m R N A  in aor ta  during hypertension, concomitant  with 
a reduction of immunological ly detectable protein, sug- 
gests  t ranscr ipt ional  regulation of cFABP synthesis  (5). 
In  fur ther  studies the isolation of to ta l  cellular RNA and 
Nor thern  blot  analysis may  give an insight  into cFABP 
m R N A  concentrat ion and its response to clofibric acid 
t r ea tmen t  of endothelial cells. 
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It has previously been determined that (13S,9Z,11E)-13- 
hydroperoxy-9,11~ctadecadienoic acid was mainly con- 
vetted into (13S,9Z,11E)-13-hydroxy-9,11~ctadecadienoic 
acid by 5 N KOH with preservation of the stereochemistry 
of the reactant [Simpson, T.D., and Gardner, H.W. (1993) 
Lipids 28, 325-330]. In addition, about 20-25% of the reac- 
tant was converted into several unknown by-products. In 
the present work it was confwmed that the stereochemistry 
was conserved during the hydroperoxy-diene to hydroxy- 
diene transformation, but also, novel by-products were iden- 
tified. It was found that after only 40 min reaction (9Z)- 
13-oxo-trans-11,12~epoxy-9~ctadecenoic acid accumulated 
to as much as 7% of the total. Later, (9ZF13~xo-tran~11,12- 
epoxy-9-octadecenoic acid began to disappear, and several 
other compounds continued to increase in yield. Two of 
these compounds, 2-butyl-3,5-tetradecadienedioic acid and 
2-butyl-4-hydroxy-5-tetradecenedioic acid, were shown to 
originate from (9Z)-13-oxo-trans-11,12-epoxy-9-octadecenoic 
acid, and they accumulated up to 2-3% each after 4 to 6 
h. Some other lesser products included 11-hydroxy-9,12- 
heptadecadienoic acid, ~hydroxy4tridecenedioic acid, 13- 
ox~9,11-octadecadienoic acid and 12,13~poxy-11-hydroxy- 
9-octadecenoic acid. Except for the latter two, most or all 
of the compounds could have originated from Favorskii 
rearrangement of the early product, (9L~13~xo-trans~11,12- 
epoxy-9~ctadecenoic acid, through a cyclopropanone inter- 
mediate. 
Lipids 28, 487-495 (1993). 

It is known that organic hydroperoxides are converted into 
the corresponding hydroxy compounds by alkali (for a re- 
view, see Ref. 1). As a result of saponification of autoxidized 
fatty acid methyl esters, such a conversion of fatty ester 
hydroperoxide to fatty acid hydroxide was first reported in 
1961 (2). A number of other "nucleophiles" also converted 
linoleic acid hydroperoxide into the corresponding hydroxy 
fatty acid (3), but the earlier reports included few details 
on the mechanism or the structure of the product(s). Recent- 
ly, the kinetics of the KOH~:atalyzed transformation of 
(13S,9Z,11E)-13-hydroperoxy-9,1 l~ctadecadienoic acid (13S- 
HPOD) and (13S,9Z,11E,15Z}-13-hydroperoxy-9,11,15-octa- 
decatrienoic acid (13S-HPOT) have been reported, including 

1This research was completed while the corresponding author was on 
sabbatical leave at the Karolinska Institutet, Stockholm, Sweden. 

*To whom correspondence should be addressed at the NCAUR, ARS, 
USDA, 1815 N. University Street, Peoria, IL 61604. 

Abbreviations: GC/MS, gas chromatography/mass spectrometry; 
GLC, gas-liquid chromatography; 13~HOD, (13S,9Z,11E)-13-hydroxy- 
9,11-octadecadienoic acid; 13S-HOT, (13S,9Z,11E,15ZF13-hydroxy- 
9,11,15-octadecatrienoic acid; 13S-HPOD, (13S,9Z,11E)-13-hydro- 
peroxy-9,11-octadecadienoic acid; 13S-HPOT, (13S,9Z,11E,15Z}-13- 
hydroperoxy-9,11,15-octadecatrienoic acid; IR, infrared; LPLC, low- 
pressure liquid chromatography; MC, (-)-menthoxycarbonyl de- 
rivative; NMR, nuclear magnetic resonance; OTMS (or TMSO), tri- 
methylsflyloxy derivative; Rf, migration relative to the solvent front; 
TLC, thin-layer chromatography; TMS, trimethylsilyl cation; UV, 
ultraviolet. 

the observation that the stereoconfiguration of the reactant 
hydroperoxides is preserved in the product hydroxy fatty 
acid (4). 

In this communication we not only confirm that the alkali- 
promoted hydroperoxide-to-hydroxide transformation pro- 
ceeds without change of the stereoconfiguration, but also 
describe the isolation and structure determination of several 
novel oxylipins which are formed from fatty acid hydr~ 
peroxides in the presence of alkalL At least two of the novel 
compounds appear to be derived from an intermediate fatty 
acid, (9Z)-13-oxo-trans-ll,12~epoxy-9-octadecenoic acid. 

MATERIALS AND METHODS 

13~HPOD preparation. [1-14C] - and [U-14C]linoleic acids 
(Amersham, United Kingdom) were diluted with unlabeled 
linoleic acid (Nu-Chek-Prep, Elysian, MN) and purified by 
silicic acid chromatography. Labeled and unlabeled 13S- 
HPOD (chemical and radiochemical purity in excess of 
95%) were prepared from the linoleic acid samples as 
described previously (5). For time-course experiments 
[1-14C]-labeled 13S-HPOD was utilized (specific radioact., 
1.9 kBq/~anol); [U-14C]-labeled 13S-HPOD (specific radio 
activity, 0.2 kBq/i~mol) was used for product isolation. 

Reactant conditions. 14C-labeled 13S-HPOD (2.3 mM) 
was reacted in 5 N KOH (Elektrokemiska Aktiebolaget, 
Bohus, Sweden) at 35 ~ with periodic vigorous agitation. 
Products were recovered by rapid neutralization to pH 4.0 
with 1 M oxalic acid (about 3 vol), and the fatty acids were 
immediately partitioned into CHC13 by addition of 3 vol 
of CHC13/CHsOH (2:1, vol/vol) based on the volume of 
the neutralized reaction mixture. The CHC13 layer was 
washed twice with H20, and the recovered product mix- 
ture was esterified with CH2N2 in diethyl ether/CH3OH 
(9:1, vol/vol). 

Chromatographic methods. The esterified products were 
preparatively separated into fractions by low-pressure li- 
quid chromatography (LPLC). In a typical isolation, 98 
mg of product was applied to a column (1.5 cm i.d.) packed 
with 9 g SilicAR CC4 (Mallinckrodt, Paris, KY) in hex- 
ane Elution was sequentially done with 150 mL each of 
3.5, 7.5 and 15% diethyl ether in hexane followed by 100 
mL of diethyl ether. The eluent was collected in 30-mL 
fractions. The first 210 mL contained methyl (9Z)-13-oxo- 
trans-11,12-epoxy-9-octadecenoate, dimethyl 2-butyl-3,5- 
tetradecadienedioate, and some 13S-HPOD (methyl ester), 
and the fraction collected between 210 and 300 mL con- 
sisted mainly of 13S-HPOD (methyl ester) and small 
amounts of methyl (9Z)-I 3-oxo- trans-11,12-epoxy-9-octa- 
decenoate and (13S,9Z,11E)-13-hydroxy-9,11-octadecadi- 
enoic acid (13S-HOD) as its methyl ester. Material eluting 
between 300 and 390 mL was comprised of 13S-HOD 
(methyl ester). Some 13S-HOD (methyl ester), other fatty 
ester dienols and dimethyl 2-butyl-4-hydroxy-5-tetrade- 
cenedioate were obtained in the final elution between 390 
and 540 mL. 

Thin-layer chromatography (TLC) was done on pre- 
coated plates (Kieselge160, 0.25 mm thickness) obtained 
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from E. Merck (Darmstadt, Germany). Solvent A, com- 
prised of hexane/ethyl acetate (4:1, vol/vol), was used for 
general separation of samples. Solvents B, C and D, hex- 
ane/ethyl acetate (85:15, vol/vol 93:7, vol/vol and 7:3, 
vol/vol, respectively), were utilized for additional purifica- 
tion of methyl (9Z)-13-oxo-trans-11,12-epoxy-9-octade- 
cenoate {Solvent B, R~ = 0.51), dimethyl 2-butyl-3,5-tetra- 
decadienedioate (Solvent (2, R~ = 0.33), and dimethyl 
2-butyl-4-hydroxy-5-tetradecenedioate (Solvent D, R~ = 
0.51). Other TLC separations employed hexane/ethyl ace- 
tate (3:1, vol/vol, Solvent E), hexane/diethyl ether (3:2, 
vol/vol, Solvent F), hexane/acetene (7:1, vol/vol, Solvent 
G). Separated components were localized by spraying with 
aqueous 0.1% 8-anilinc~l-naphthalenesulfonic acid (Na 
salt) from Aldrich Chemical (Milwaukee, WI) and view- 
ing under ultraviolet (UV) light. Radioactivity on TLC 
plates was measured by a Berthold Dtinnschichtscanner 
II (Wfldbad, Germany) interfaced with a Macintosh SE/30 
PC. 

Spectral and instrumental analyses. Gas chromatog- 
raphy/mass spectrometry (GCEMS) was done with a Hew- 
lett~Packard Model 5970B mass selective detector con- 
nected to a Hewlett-Packard Model 5890 gas chromatog- 
raph (Avondale, PA) equipped with a methyl silicone 
capillary column (length, 11 m; film thickness, 0.33/.an). 
Usually, the temperature was increased from 120 to 200~ 
at 10~ and then held isothermally at 200~ For the 
derivative obtained by reaction of dimethyl 2-butyl-4-hy- 
droxy-5-tetradecenedioate with LiA1H 4 followed with 
treatment by menthoxycarbonyl chloride, oxidative ozc, 
nolysis and methyl ester formation, the temperature was 
increased to 240~ and held. 

Gas-liquid chromatography (GLC) of (-)-menthoxycar- 
bonyl (MC) derivatives was done with a Hewlett-Packard 
Model 5890 gas chromatograph equipped with a methyl 
silicone capillary column (length, 25 m; film thickness, 
0.33 ~ra); separation of methyl MC-2-hydroxyheptanoates 
required that the temperature was increased from 190 to 
260~ at 2~ (S- and R-2-hydroxy-isomers eluted at 
10.38 and 10.51 min, respectively). Dimethyl MC-malate 
derived from (13S,9Z,11E,15Z)-I 3-hydroxy-9,11,15-octade- 
catrienoic acid (13S-HOT) was separated by a DB-210 
capillary column (length 15 m; film thickness, 0.25 txm; 
J & W Scientific, Folsom, CA) by temperature program- 
ming from 160 to 210~ at 2~ (S- and R-malate 
isomers eluted at 11.72 and 12.15 min, respectively). In- 
frared (IR) spectra were recorded with a Perkin-Elmer 
Model 257 IR spectrophotometer (Norwalk, CT), and UV 
spectra were obtained on a Hewlett-Packard Model 8450A 
UV/VIS spectrophotometer. Nuclear magnetic resonance 
(NMR) spectra were recorded on a Bruker Model WM-300 
spectrometer (Karlsruhe, Germany} with samples dis- 
solved in C2HC13. Radioactivity was measured with a 
Packard Tricarb Model 4450 liquid scintillation counter 
(Downers Grove, IL). 

Chemical methods. The stereochemistry of hydroxy- 
diene and hydroxytriene fatty esters was determined by 
GLC separation of MC derivatives obtained after ox- 
idative ozonolysis (6) using a recently modified procedure 
for analysis of dienols (7). Hydrogenation of samples 
dissolved in CH3OH was completed under H2 for 1 h 
with 5% Pd on CaCO3. 

Trimethylsilyloxy (OTMS) derivatives were prepared 
with trimethylchlorosilane/hexamet hyldisilazane/pyridine 

(3:2:2, by vol). Methyl esters (0.5 mg) were transesterified 
with 50 ~L of 0.17 M Na ethoxide overnight at 23~ and 
the ethyl esters were recovered by CHC13 extraction after 
acidification. Epoxides (0.5 rag) dissolved in 1.5 mL 
H20/1,2-dimethoxyethane (2:1, vol/vol) were hydrolyzed 
by addition of 50 ~L of 70% HC104 and incubation for 10 
min at 23~ Samples (1 mg or less) were reduced with 
20 mg LiA1H4 in 2 mL diethyl ether overnight at 23~ 
Ketones (1 mg or less) were reduced with 5 mg NaB~H4 
{Merck Sharp and Dohme, Montreal, Canada) in 1 mL 
CH3OH for 30 min at 0~ 

RESULTS 

Formation of the principal product, 13S-HOD. A 2.3 mM 
solution of 14C-labeled 13S-HPOD in 5 N KOH was held 
at 35~ for several hours. Aliquots taken at various time 
points revealed that after acidification to pH 4, the 14C- 
label was quantitatively extracted into CHC13 up to at 
least 2.5 h of reaction. Thereafter, there was a small decline 
of extractable label to 91% after 17 h of incubation. 

As we previously reported (4), the principal product of 
the reaction was 13S-HOD. Although there were several 
minor products, 72-75% of the initial ;4C-label was re- 
covered as 13S-HOD when the reaction was essentially 
complete after 4 h (Figs. 1 and 2). As seen in Figure 1, 
at least one of the minor products was transiently form- 
ed, and two others became more prominent later in the 
reaction. 

We confirmed by spectral methods that the major pro- 
duct was 13S-HOD. The IR spectrum showed absorptions 
at 984 and 948 cm -; consistent with the E,Z-configura- 
tion of a dienol (8). GC/MS of the OTMS-methyl ester 
revealed one major peak corresponding to the E,Z-dienol 
isomer containing a trace of the E,E-dienol- The main peak 
afforded a characteristic spectrum for this compound and 
localized the dienol moiety between C-9 and C-13 as 
follows: [m/z (percentage relative intensity, ion structure)] 
382 (31, M+); 367 (2, [M - CH3]+); 351 (2, [M - CH30]+); 
311 (59, [M-CH3(CH2)4]+; 225 (24, [ M - ( C H z )  v- 
COOCH3]+); 130 (58); 73 [100, trimethylsilyl cation 
(TMS)]. The 13-hydroxyl was localized by hydrogenation 
of 13S-HOD and GC/MS of the corresponding OTMS- 
methyl ester giving the following characteristic ions: 371 
(3, [ M -  CH3]+); 355 (7, [ M -  CH30]+); 339 (20, [ M -  
CH3OH - CHa]+); 315 (100, [M - CH3(CH2)4]+); 286 (18, 
[M - CH3(CH2)4CHO]+); 173 (90, [M - (CH2)I~- 
COOCH3]+); 73 (54, TMS). 

It was previously shown by chiral-phase high-perform- 
ance liquid chromatography that the stereoconfiguration 
of 13S-HPOD was conserved in the KOH reaction pro- 
duct, 13S-HOD (4). As shown in Table 1, we confirmed 
the previous result by an independent method employing 
GLC separation of MC derivatives (6,7). In addition, it was 
confirmed (Table 1) that 5 N KOH treatment of 13S-HPOT 
resulted in preservation of the stereoconfiguration of the 
corresponding product, 13S-HOT. 

13S-HOD isolated from a reaction with KOH was rein- 
cubated with 5 N KOH for 4 h at 35~ and the resulting 
material was examined by TLC as its methyl ester. One 
radio-labeled peak corresponding to 13S-HOD indicated 
that this compound is surprisingly stable to strong alkali 
treatment. Subsequent isolation of the methyl ester from 
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FIG. I. Thin-layer chromatography (TLC) radiograms Of products 
(as methyl esters) sampled at 40, 120 and 240 min from 5 N KOH 
treatment of 13S-HPOD at 35~ TLC plates were developed with 
Solvent A, hexane/ethyl acetate (4:1, vol/vol). BHTD, 2-butyl~l- 
hydroxy-5-tetradecenedioic acid; BTDD, 2-butyl~3,5-tetradecadienedi- 
oie add; 13S-HOD, (13S,9Z,11E)-13-hydroxy.9,11.octadecadienoic acid; 
13S-HPOD, (13s,gz,11E)-13-hydroperoxy-9,11~ctadecadienoic acid; 
OXEP, (9Z)-13-ox~trans-11,12~poxy-9-octadecenoic acid. 

TLC and GC/MS of the OTMS ether confirmed that  13S- 
HOD was unchanged. 

Other significant products. The time course of ap- 
pearance of three of the most significant of the minor pr~ 
ducts, analyzed as their methyl esters, is plotted in Figure 
2. The most transient of these was (9Z)-13-oxo-trans- 
l l,12-epoxy-9-octadecenoic acid which amounted to as 
much as 7% of the total products at its peak accumula- 
tion after 40 min. The two other products, 2-butyl-3,5- 
tetradecadienedioic acid and 2-butyl-4-hydroxy-5-tetra- 

decenedioic acid, slowly accumulated for 4 h after which 
they reached a maximum of 2-3% of the tota l  

(9Z)-13-Oxo-trans-11,12-epoxy-9-octadecenoic acid, a 
novel product of 13S-HPOD, was isolated as its methyl 
ester by sequential LPLC and TLC. After a 40-rain reac- 
tion of 13S-HPOD with 5 N KOH, a 6.6% yield was ob- 
tained (Table 2). Subsequently, the isolated methyl 
(9Z)-13-oxo-trans-11,12-epoxy-9-octadecenoate was sub- 
jected to spectral analyses. GC/MS afforded the mass 
spectrum shown in Figure 3, consistent with its propos- 
ed structur~ An IR spectrum gave the following absorp- 
tions in wave number, intensity and assignment, respec- 
tively: 1743 cm -1, strong, ester CO; 1714 cm -1, medium, 
ketone CO; 880 cm -1, weak, trans-epoxide; 835 cm -z, 
weak, cis~epexidr The ambiguity left in assigning the con- 
figuration of the epoxide based on the IR spectrum was 
clarified by the ZH NMR spectrum which furnished a 
Jn,12 of 2.0 Hz, typical of trans-epoxides. Other 1H NMR 
data are given as follows in chemical shifts, ppm and 
followed in parentheses by the number of protons, 
multiplicity, coupling constants and carbon assignments: 
2.18 (2H, m, C-8); 5.79 (1H, dt, Js.9 = 7.7 Hz, J9.1o = 10.9 
Hz, C-9); 5.03 I1H, ddt, J9.10 = 10.9 I-Iz, J10.11 = 9.0 Hz, 
Js.lo = 1.4 Hz, C-10); ~3.67 (partly obscured, apparent dd, 
C-11); 3.36 (1H, d, Jua  2 = 2.0 Hz, C42); 2.41 (2H, m, C-14); 
3.66 (3H, s, ester methyl). The J9,19 = 10.9 Hz established 
that the 9,10-olefin had a Z configuration. The spin system 
was confirmed by correlative spectroscopy. 

A number of derivatives of methyl (gz)-13-oxo-trans- 
11,12-epoxy-9-octadecenoate were examined by GC/MS. 
The most informative of these were from (i) solvolysis of 
the epoxide, (ii) hydrogenation, and (iii) hydrogenation 
followed by NaB2H4 reduction of the C-13 keton~ First, 
methyl (9Z)-13-ox~trans-11,12-epoxy-9-octadecenoate was 
treated by HC104/H20 to solvolyze the allylic epoxid~ 
Two components were observed upon GC/MS analysis of 
the silylated solvolysis product. The early eluting peak 
accounted for about one-third of the total ion intensity 
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FIG. 2. Time course analysis of products from 5 N KOH treatment of 13S-HPOD at 35~ 
TLC radiochromatograms of methyl esters were developed using Solvent A, and comp~ 
neat peaks were integrated. Panel A: 13S-HPOD M - - . ;  13S-HOD �9 - -  e .  Panel B: OX- 
EP � 9 1 4 9  BTDD , - - I ;  BHTD O--O. Abbreviations as in legend of Figure 1. 
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TABLE 1 

Chiral Analysis of l ~ H y d r o x y  Fat ty  Acids Produced by KOH 
Treatment of 13-Hydroperoxides a 

Experime~ 1 Experiment 2 Experimen~t 3 
13-HOD 13-HOD c 13-HOT u 

Sample S R S R S R 

After KOH 97.8 2.2 98.4 1.6 98.7 1.3 
Starting reactant 96.8 3.2 97.8 2.2 97.5 2.5 
Remaining reactant 99.2 0.8 -- -- 97.5 2.5 

aThe corresponding hydroxy fatty acids were isolated either after KOH treatment, after 
NaBH 4 reduction of starting hydroperoxide, or NaBH 4 reduction of hydroperoxide re  

bmaining after reaction with KOH. 
Samples were obtained as described in a previous study (4) reacting 2.3 mM (13S,9Z, 
11E)-I 3-hydroperoxy-9,11 -octadecadienoic acid (13S-HPOD) with 5 N KOH at 25 ~ C for 
90 min. 13-HOD,/3-hydroxyoctadecadienoic acid. 

Cl3S-HPOD (2.3 mM) was reacted with 5 N KOH at 35~ for 240 min. 
dSamples were obtained as described previously (4) reacting 2.3 mM (13S,9Z,11E,15Zbl3- 

hydroperoxy-9,11,15~ctadecatrienoic acid with 5 N KOH for 50 min. 13-HOT, 13-hydroxy 
octadecatrienoic acid. 

TABLE 2 

Products Isolated from a Reaction of 13S-HPOD and 5 N KOH for Different Times a 

Percent composition 
at reaction time c 

Product b 40 rain 4 h 

13S-HOD 
13S-HPOD 
(9Z)-13-Oxc~trans- l l,12-epoxy-9-octadacenoic acid 
2-Butyl-3,5-tetradecadienedioic acid 
2-Butyl-4-hydroxy-5-tetradecenedioic acid 
2-Butyl-4-hydroxy-5-tetradecenecdlioic acid isomer d 
3-Hydroxy-4-tridecenedioic acid 
C-10 to C-13 short-chain dioic acids d 
13-Methoxy-9,11 -octadecadienoic #cid 
13-Oxo-9,11-octadecadienoic acid ~ a  

11 -Hydroxy-9,12-heptadecadienoic acid d 
9-Hydroxy-10E, 12Z-octadecadienoic acid d 
9-Hydroxy-10E, 12E-octadecadienoic acid d 
13-Hydroxy-9E, 11E-octadecadienoic acid d 
12,13-Ep~oxy- 1 t -hydroxy-9-octadecenoic acid d 
POLAR ~ 
Unknown 

74 79 
n . d .  

6.6 n.d. 
0.6 2.0 
0.8 2.0 
0.1 0.5 

n.d. e 0.4 
n.d.f 1.6 

0.5 0.7 
0.1 0.2 
0.3 1.0 
0.8 1.0 
0.1 trace 

trace trace 
0.5 0.1 
1.7 1.3 
1.5 1.6 

aThe 40-min and 4-h reactions employed 98 mg and 67 mg (13s,gz,11E)-13-hydroperoxy- 
b9,11-octadecadienoic acid (13S-HPOD), respectively. 
POLAR, polar compounds, including trihydroxyoctadecenoic acid, found near the origin 
of thin-layer chromatography (TLC) plates; unknown, nonpolar product found at TLC 
solvent front using Solvent A. (13S,9Z, 11E)-I 3-Hydroxy-9,11 -octadecadienoic acid (13S- 
HOD). 

Cproducts (methyl esters) were quantitated by measuring radioactivity after separation 
by low-pressure liquid chromatography followed by TLC. Composition of mixtures was 
estimated by total ionization chromatograms using gas chromatography/mass spec- 

dtrometry (GC/MS). 
Those fractions estimated by GC/MS total ionization chromatograms. 

en.d., not detected. 
fProduct may have been obscured by close migration of a major component. 

a n d  was  c o n s i s t e n t  w i t h  m e t h y l  13-oxo-11,12-bis(tri- 
m e t h y l s i l y l o x y ) - 9 - o c t a d e c e n o a t e  a s  follows: 455 (2, 
[M - CH30]+); 387 (1.5, [M - CH~(CH2)4CO]+); 285 (77, 
+CHOTMSCH=CH(CH2)7COOCH3) ;  274 (100 T M S  + 
+CHOTMSCO(CH2)4CH3); 259 (7, 2 7 4 -  CH~); 129 (24); 
99 (7, +CO(CH2)4CH3); 73 (72, TMS).  The  l a t e r - e lu t i ng  
p e a k  a c c o u n t i n g  for two- th i rd s  of t h e  t o t a l  ion i n t e n s i t y  
h a d  ions  c o n s i s t e n t  w i t h  m e t h y l  13-oxo-9,12-bis(tri- 

methy l s i ly loxy) -10-oc tadecenoa te  as  follows: 455 (4, [M - 
CH30]+);  387 (95, [ M -  CH3(CH2)4CO]+); 300 (27, T M S  
+ C H 3 ( C H 2 ) 4 C O C H O T M S C H = C H + ) ;  297 (64, 387- 
TMSOH);  259 (8); 99 (10, +CO(CH2)4CH3); 73 (100, TMS).  
A s  expec ted ,  so lvo lys i s  of  t h e  a l ly l ic  e pox ide  gave  pro-  
d u c t s  t h a t  cou ld  be  e x p l a i n e d  b y  f o r m a t i o n  of  t he  C-11 
ca rboca t ion .  De loca l i z a t i on  of t he  c a r b o c a t i o n  c a u s e d  
h y d r o x y l  s u b s t i t u t i o n  a t  b o t h  C-11 a n d  C-9. Nex t ,  hydro-  
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FIG. 3. Mass spectrum of methyl (gZ)-13-oxo-trans-ll,12-epoxy-9-octadecenoate. 

3:4 
320 

genation of methyl (9Z)-13-oxo-trans-ll,12-epoxy-9-octa- 
decenoate followed by OTMS derivatization afforded one 
GC/MS peak with ions indicative of methyl 13-oxo-12- 
trimethylsilyloxyoctadecanoate from hydrogenation of 
both the double bond and the allylic carbon at C-11 as 
follows: 385 (5, [ M -  CH3]+); 301 (100, [ M -  CO(CH2)4- 
CH3]+); 73 (34, TMS). The C-13 ketone was locAllzed by 
NaB2H4 reduction and OTMS derivatization of the 
hydrogenation product furrJshing two separable isomers 
by GC/MS in approximately 3:2 ratio (presumably from 
erythro and threo diols). These two peaks gave essential- 
ly identical mass spectra; the first-eluting and largest of 
the two afforded the following ions: 444 (4, [ M -  
CH30]+); 374 (13); 301 (100, +CHOTMS(CH2)10COOCH3); 
174 (51, CH3(CH2)4C2HOTMS+); 73 (70, TMS). The m/z 
174 ion showed that the ketone was located at C-13. 

The (9Z)-13-oxo-trans-ll,12-epoxy-9-octadecenoic acid 
structure was also proven by synthesis. Reaction of 13S- 
HPOD with vanadium oxyacetylacetonate followed by 
methyl ester formation afforded erythro and threo isomers 
of methyl (9Z)-13-hydroxy-trans-ll,12-epoxy-9-octade- 
cenoate as previously described (9). Reduction of methyl 
(9Z)-13-oxo-trans-11,12-epoxy-9-octadecenoate with 
NaBH4 afforded two isomers that migrated at the same 
l~f with three different solvent systems (Solvents E-G) 
as the methyl esters of erythro and threo isomers syn- 
thesized by vanadium oxyacetylacetonate oxidation of 
13S-HPOD. As estimated by spot intensity, NaBH 4 
reduction of methyl (9Z)-13-oxo-trans-ll,12-epoxy-9-octa- 
decenoate resulted in the formation of erythro/threo 
isomeric ratio of about 3:1. Oxidation by CrO3 of the 
vanadium oxyacetylacetonate synthesized isomers 
resulted in the formation of methyl (9Z)-13-oxo-trans-11, 
12-epoxy-9-octadecenoate that was identical to the KOH- 
produced compound as shown by its GC/MS, TLC, IR 
spectrum and 1H NMR spectrum. 

2-Butyl-3,5-tetradecadienedioic acid, another novel pro- 
duct of 13S-HPOD, was produced by reaction of 13S- 
HPOD for 4 h with 5 N KOH, and this compound was 
isolated as its dimethyl ester in 2.0% yield by LPLC 

followed by TLC (Table 2). Dimethyl 2-butyl-3,5-tetrade- 
cadienedioate was characterized by its GC/MS, UV spec- 
trum and GC/MS of its derivatives. The GC/MS (Fig. 4) 
showed the molecular ion at m/z 338, a strong [ M -  
CH3OH] + ion indicative of methyl ester(s), an m/z ion at 
274 indicative of the loss of two CH3OH molecules and 
two ions at m/z 279 and 278 indicative of a labile carbox- 
ylic ester function, [ M -  59] + and [ M -  60] +. The 
absence of carbonyl  and hydroxyl  groups was 
demonstrated by lack of change in the GC/MS after treat- 
ment with NaBH4 and silylating reagent. That this pro- 
duct was a dimethyl dicarboxylate was shown by 
transesterification with Na ethoxide followed by GC/MS 
of the product. The molecular ion increased as expected 
to m/z 366, and strong ions (>50% relative intensity) were 
observed at m/z 321, 320 and 274 due to loss from M + of 
ethoxide radical, ethanol and two ethanols, respectively. 
LiAIH4 reduction followed by formation of the OTMS 
derivative for GC/MS demonstrated that the dicarbox- 
ylate function was converted into two OTMS-substituted 
alcohols as indicated by the following mass spectrum: 426 
(2, M+); 411 (1, [M -- CH3]+); 369 (1, [M - CH3(CH=)3]+); 
336 (49, [M-TMSOH]+) ;  323 (7); 147 (23); 103 (99, 
+CH2OTMS); 73 (100, TMS). 

A conjugated diene moiety was indicated in the di- 
methyl 2-butyl-3,5-tetradecadienedioate structure by its 
UV spectrum which showed a smooth-featureless spec- 
trum typical of conjugated dienes at ~m~ 235 nm 
(E= 25,800). The diene was also demonstrated by 
hydrogenation of dimethyl 2-butyl-3,5-tetradecadienedi- 
oate which also confirmed the position of the butyl group 
as follows: 311 (5, [ M -  CH30]+); 286 (9, [ M -  (CH2)3- 
CH 3 + H]+); 283 (24, [M -- COOCH3]+); 269 (9); 254 (23); 
222 (8); 154 (18); 130 (100, [M - (CH2)HCOOCH3 + H]+); 
98 (63); 87 (83); 55 (68). The strong McLafferty rearrange- 
ment ions at m/z 286 and 130 placed the butyl group at 
C-2. Further confirmation of the structure, particularly 
of the McLafferty rearrangement ions, was obtained by 
transesterification of the hydrogenation product by Na 
ethoxide which gave the following ions: 370 (0.3, M+); 
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FIG. 4. Mass spectrum of dimethyl 2-butyl-3,5-tetradecadienedioate. 

325 (11, [M - -  C H 3 C H 2 0 ] + ) ;  314 (12, [M - ( C H 2 ) 3 C H  3 + 

H]+); 298 (12); 297 (56, [ M -  COOCH2CH3]+); 283 (14); 
268 (18); 227 (13, +(CH2)nCOOCH2CH3); 144 (100, [M -- 
(CH2)nCOOCH2CH3 + H]+); 101 (70); 98 (59); 55 (65). 

Dimethyl 2-butyl-3,5-tetradecadienedioate was sub- 
jected to ozonolysis, followed by LiA1H4-reduction and 
formation of the OTMS ether. This treatment afforded two 
major peaks by GC/MS. The early eluting peak gave mass 
spectrum consistent with the bis-trimethylsi lyloxy ether 
of 2-butyl-l,3-propanediol as follows: 261 (2, [ M -  
CH3]+); 186 (17, [M--TMSOH]+) ;  171 (39, [ M -  
TMSOH-CH3]+) ;  147 (100, TMSO+=Si(CH3)2); 143 
(36); 133 (21); 129 (69); 103 (13, +CH2OTMS); 73 (90, 
TMS). The later eluting peak was identified as the bis- 
trimethylsilyloxy ether of 1,9-nonanediol from the follow- 
ing mass spectrum: 289 (1, [M-CH3]+) ;  214 (2, 
[M - TMSOH]+); 199 (7, [M - TMSOH - CH3]+); 177 
(10); 149 (36); 147 (89, TMSO+=Si(CH3)2); 103 (33, 
+CH2OTMS); 83 (77); 75 (89); 73 (81, TMS); 69 (100); 55 
(69). These fragmentation data placed the diene moiety 
of 2-butyl-3,5-tetradecadienedioic acid between C-3 and 
C-6. This result was confirmed by formation of a different 
derivative of the ozonolysis products; essentially, dimethyl 
2-butyl-3,5-tetradecadienedioate was reduced by LiAIH 4, 
derivatized by MC chloride, ozonized and then methyl 
esterified for GC/MS (data not shown). 

2-Butyl-4-hydroxy-5-tetradecenedioic acid, a third novel 
product of 13S-HPOD, was obtained by reaction of 13S- 
HPOD with 5 N KOH for 4 h. The compound was isolated 
as its dimethyl ester in 2.0% yield by LPLC followed by 
TLC purification (Table 2). Dimethyl 2-butyl-4-hydroxy- 
5-tetradecenedioate was characterized by GC/MS of its 
OTMS ether and other chemically transformed deriva- 
tives. As shown in Figure 5, the GC/MS of the dimethyl 
2-butyl-4-hydroxy-5-tetradecenedioate OTMS ether af- 
forded characteristic fragmentation ions of straightfor- 
ward interpretation, but  also the McLafferty rearrange- 
ment ion at rn/z 130 [129 + H] + was observed. Rather 
strong ions at m/z 396 [ M -  CH3OH] + and 369 [ M -  
COOCH3] + were also obtained. 

LiA1H 4 reduction of dimethyl 2-butyl-4-hydroxy-5- 
tetradecenedioate followed by GC/MS of the OTMS ether 
furnished the following characteristic ions indicating the 
possibility of three OTMS ether moieties: 516 (03 M+); 
501 {0.2, [M - CH3]+); 426 (1, [M - TMSOH]+); 413 (3, 
[M-CH2OTMS]+) ;  403 (4); 345 (4); 329 (100, 
+CHOTMSCH=CH(CH2)vCH2OTMS); 172 {19}; 157 {13}; 
147 (14); 129 (24}; 103 (10, +CH2OTMS); 73 (55, TMS). 
Further structural information was obtained by hydro- 
genation of dimethyl 2-butyl-4-hydroxy-5-tetradecenedi- 
oate followed by GC/MS of the OTMS ether. As can be 
seen by the following ions, the most prominent were from 
fragmentation vicinal to the C-11 OTMS ether: 415 (10, 
[ M -  CH3]+); 399 (9, [M-CH30]+) ;  301 (25, +CH2- 
CHOTMS(CH2)sCOOCH3); 287 (60, +CHOTMS(CH2)9- 
COOCH3); 277 {12}; 245 (100, [ M -  (CH2)9COOCH~]+); 
185 (44, +(CH2)9COOCH3); 129 (12, CH3(CH2}3CH +- 
(COOCH3)); 127 {15}; 73 (39, TMS). 

Dimethyl 2-butyl-4-hydroxy-5-tetradecenedioate was 
reduced by LiA1H4, converted into an MC derivative, 
subjected to oxidative ozonolysis, and then methyl esters 
were formed. One fragmentation product, the MC d e  
rivative of methyl 9-hydroxynonanoate {retention time of 
11.9 min), was identified by its rn/z of 339 {0.8, 
[M - CH30] +) and 233 {18}, the latter ion, [M - 137] +, 
being a characteristic of MC derivatives. The other frag- 
ment, a bis-MC derivative CH3(CHe)3CH(CH2OMC)CH2" 
CHOMCCOOCH3, separated as diastereomers at 27.8 
and 28.4 rain, and both peaks, as expected, gave a small 
ion at m/z 431 (0.4 and 1, [M - 137] +) as well as an in- 
tense one at m/z 293 (40 and 41, [ M -  1 3 7 -  137]+}. 
These data placed the double bond of 2-butyl-4-hydroxy- 
5-tetradecenedioic acid at 49. 

It was envisioned that 2-butyl-4-hydroxy-5-tetrade- 
cenedioic acid or its dimethyl ester could be converted by 
5 N KOH into 2-butyl-3,5-tetradecadienedioic acid via 
elimination of the 11-hydroxyl group. However, after a 4 
h incubation of dimethyl 2-butyl-4-hydroxy-5-tetrade- 
cenedioate at 35~ in 5 N KOH and separation of the 
methyl esterified products by TLC using Solvent A, it was 
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Mass spectrum of dimethyl 2*butyl-4-hydroxy-5-tetradecenedioate, ll-tri- 

determined tha t  abou t  two-thirds  of d imethyl  
2-butyl-4-hydroxy-5-tetradecenedioate (Rf = 0.25) was 
converted into a less polar product consistent with for- 
mation of a y-lactone (Rf= 0.48). No evidence for 
dimethyl 2-butyl-3,5-tetradecadienedioate was found. 
That methyl 2-butyl-4-hydroxy-5-tetradecenedioate y- 
lactone was the principal compound isolated from the in- 
cubation mixture was shown by GC/MS as follows: 324 
(4, M+); 306 (11, [ M -  H~O]+); 293 (18, [ M -  CH30]+); 
292 (48, [M - CH3OH]+); 278 (17); 265 (11); 264 (13); 208 
(20); 167 (29, [M -- (CH2)7COOCH3]+); 139 (30); 95 (39); 81 
(48); 67 (65); 55 (100). The y-lactone methyl ester was 
hydrogenated and examined by GC/MS giving the follow- 
ing diagnostic ions: 295 (39, [ M -  CH30]+); 294 (25, 
[ M -  CH3OH]+); 280 (9); 270 (21, [ M -  CHz(CH2)3 + 
HI +, McLafferty rearrangement); 266 (10); 251 (13); 238 
(14); 235 (15); 197 (19); 141 (100, [M -- (CH2)gCOOCH~]+); 
98 (52); 95 (71); 69 (77); 55 (97). Methyl ester formation 
of the hydrogenated y-lactone reaction mixture revealed 
that the main component was a hydrogenolysis product 
(from elimination of the ll-hydroxyl) which afforded a 
GC/MS virtually identical to that of hydrogenated di- 
methyl 2-butyl-3,5-tetradecadienedioate, that is, dimethyl 
2-butyl-tetradecanedioate. Finally, isolated methyl 2- 
butyl-4-hydroxy-5-tetradecenedioate y-lactone was recon- 
verted to dimethyl 2-butyl-4-hydroxy-5-tetradecenedioate 
by treatment with 5 N KOH for 3.5 h at 35~ followed 
by reesterification. Conversion to the OTMS ether followed 
by GC/MS afforded virtually the same spectrum as shown 
in Figure 5. Als~ evidence was obtained that a portion 
of 2-butyl-4-hydroxy-5-tetradecenedioic acid (free dioic 
acid) was partially converted into y-lactone after normal 
work-up in the absence of KOH. 

Conversion of  the oxoepoxyoctadecenoic acic~ About 
175 ~g methyl (gz)-13-oxo-trans-ll,12-epoxy-9-octade ~ 
cenoate was treated with 1 mL 5 N KOH at 35~ talcing 
aliquots at 30, 60, 120 and 240 min. Very little, if any, con- 
version of this compound occurred in the samples taken 
at early times. However, at 240 min, methyl (9Z)-13-oxo- 

trans-11,12-epoxy-9-octadecenoate was almost completely 
conver ted  into roughly equivalent  amounts  of 
2-butyl-3,5-tetradecadienedioic acid and 2-butyl-4-hy- 
droxy-5-tetradecenedioic acid as determined by TLC of 
their dimethyl esters after treatment with diazomethane 
The esters isolated from the TLC plates were examined 
by GC/MS (dimethyl 2-butyl-4-hydroxy-5-tetradecenedi- 
oate as the OTMS ether), and these spectra afforded data 
virtually identical to those compounds obtained directly 
from KOH treatment of 13S-HPOD. 

The data shown in Figure 2 implies that in KOH-13S- 
H P O D  reactions,  the  in te rmedia te  (9Z)-13-oxo- 
trans-ll,I2-epoxy-9-octadecenoic acid was converted in- 
to 2-butyl-3,5-tetradecadienedioic acid and 2-butyl-4-hy- 
droxy-5-tetradecenedioic acid with greater ease than by 
the direct incubation of its methyl ester. This may be due 
to the insolubility of the methyl ester in aqueous KOH. 
Methyl esters are often remarkably resistant to saponifica- 
tion, because of the absence of a less polar solvent, like 
ethanol, to effect solvation. 

Minor products. Other minor products were examined 
by GC/MS after TLC isolation from LPLC fractions (Table 
2). These minor products were considerably different in 
both structure and polarity. 

Of the minor products, mixed isomeric dienols other 
than 13S-HOD comprised about 2% of the total after 4 
h reaction (Table 2), and these compounds were seen by 
TLC as a more polar shoulder of the main 13S-HOD peak 
(Fig. 1). As determined by GC/MS ion intensity, about half 
to less than half of this fraction was comprised of methyl 
(10E,12Z)-9-hydroxy-10,12-octadecadienoate (OTMS ether) 
judging from its retention time by GC/MS (11.8 min) and 
its mass spectrum: 382 (38, M+); 311 (25); 225 (100). 
Since the minor isomer obtained by oxidation of linoleic 
acid by soybean lipoxygenase is (10E, 12Z)-9-hydroperoxy- 
10,12-octadecadienoic acid (1-5%), the corresponding 
hydroxy fatty acid probably originated from the hydro- 
peroxide present as a minor component in the 13S-HPOD 
used as a reactant. The next most abundant component 
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(ranging from about 25% to almost half of the dienols) 
proved to be an unusual product giving a retention time 
(9.8 rain) and mass spectral data (as its methyl ester, 
OTMS ether) consistent with hydroxyheptadecadienoic 
acid with the dienol located between C-9 and C-13 as 
follows: 368 (40, M+), 311 (36, [ M -  CH3(CH2)3]+); 211 
(75, [1V[- (CH2)TCOOCH3]+); 130 (33); 73 (100, TMS). 
Hydrogenation gave" not only a significant amount of its 
hydrogenolysis product, methyl heptadecanoate (data not 
shown), but a product shown by GCEMS of its OTMS ether 
to be methyl l l-hydroxyheptadecanoate as follows: 357 
(3, [ M -  CH3]+); 341 (6, [ M -  CH30]+); 325 (19, [ M -  
CH~OH - CH3]+); 287 (100, [M - CH3(CH2)5]+); 258 (13); 
187 (71, [M - (CH2)gCOOCH~]+); 73 (50, TMS). Therefor~ 
the GC/MS data of both the hydrogenated and the un- 
hydrogenated compound together showed that  the pro- 
duct was ll-hydroxy-9,12-heptadecadienoic acid, a non- 
conjugated dienol. These data were consistent with the 
mass spectra of OTMS ethers of a similar nonconjugated 
dienol, methyl 11-hydroxy-9,12-octadecadienoate and its 
product of hydrogenation (10). The remainder of the 
dienols, methyl (E,E)-9- or {E,E)-13-hydroxyoctadecadi- 
enoates, were present in very minor amounts. Their mass 
spectra were similar to the corresponding (E,Z)-dienols 
with retention times of 12.8 and 13.2 min for the 9- and 
13-OTMS ethers, respectively. 

A minor product, isolated by TLC with the fraction con- 
taining dimethyl 2-butyl-4-hydroxy-5-tetradecenedioate, 
was identified as methyl 11-hydroxy-12,13-epoxy-9-octa- 
decenoate by GC/MS of its OTMS ether. This compound, 
a commonly observed decomposition product of 13S- 
HPOD, eluted after 13.5 min, compared to 13.8 rain for 
dimethyl 2-butyl-4-hydroxy-5-tetradecenedioate (OTMS 
ether), and gave a mass spectrum consistent with pub- 
lished data (5). 

A number of minor polar compounds were present 
(Table 2). The weak TLC band immediately below dimethyl 
2-butyl-4-hydroxy-5-tetradecenedioate (Rf = 0.20) ap- 
peared to be its isomer with a similar mass spectrum of 
its OTMS ether and with a slightly longer GC/MS reten- 
tion time (14.4 rain vs. 13.8 rain for dimethyl 2-butyl-4- 
hydroxy-5-tetradecenedioate, OTMS ether). More polar 
than the aforementioned compound was a weak TLC band 
(R~ = 0.15) that  appeared to be dimethyl 3-hydroxy-4- 
tridecenedioate by GC/MS of its OTMS ether (GC/MS 
retention time of 8.8 min) as follows: 358 (1, M+); 343 (13, 
[ M -  CH~]+); 326 (4, [ M -  CH~OH]+); 311 (18, [1V[- 
CH3OH - CH3]+; 298 (7); 285 (55, [M -- CH2COOCH3]+); 
237 (19); 236 (15); 201 (31, [M - (CH2)TCOOCH3]+); 135 
(30); 89 (81}; 73 (100, TMS). LiA1H4 reduction of dimethyl 
3-hydroxy-4-tridecenedioate followed by formation of the 
tris-OTMS ether gave the mass spectrum: 446 (0.3, M+); 
403 (5); 356 (6, [M - TMSOH]+); 329 (100, [M - (CH2)2- 
OTMS]+); 217 (13, TMSO+=CHCH=CHOTMS); 155 
(75); 147 (46, TMSO+=Si(CH3)2); 129 (33); 103 (36, 
+CH2OTMS); 73 (95, TMS). The latter derivative was 
further hydrogenated and examined by GCEMS as the tris- 
OTMS ether affording diagnostic fragment ions as follows: 
433 (5, [M - CH3]+); 331 (31, [M - (CH2)2OTMS]+); 219 
(89, [ M -  (CH2h0OTMS]+); 177 (7); 147 (65, TMSO += 
Si(CH~)2); 103 (99, +CH2OTMS); 73 (100, TMS). The 
most polar of the TLC fractions obtained near the ori- 
gin contained a small quantity of methyl trihydroxy- 
octadecenoate as identified by GC/MS of its tris-OTMS 

ether (data not shown) as well as other unidentified 
compounds. 

Several minor products were isolated from TLC frac- 
tions less polar than 13S-HPOD (Table 2). One of these, 
methyl 13-oxo-9,11-octadecadienoate, was found as a 
minor component of fractions containing methyl (9Z)- 
13-oxo-trans-ll,12-epoxy-9-octadecenoate and dimethyl 
2-butyl-3,5-tetradecadienedioate" apparently migrating 
with intermediate or similar polarity to the former two 
compounds. The amount of ketodiene appeared to be 
variable in these fractions; the GC/MS peak(s) attributed 
to the ketodiene isomers were usually nearly absent but 
could occasionally amount to 25% of the total ion inten- 
sity. The ketodiene was identified by its characteristic m/z 
ions at 308, M +, 277 [M-CH30]  +, 237 [M-CHa-  
(CH2)4] +, and 151 [M - (CH2)TCOOCH3] +. 

The least polar compound migrating near the front in 
TLC (Fig. 1) could not be identified as it would not elute 
by GC/MS. Another minor component eluting between the 
unknown and dimethyl 2-butyl-3,5-tetradecadienedioate 
gave a mass spectrum consistent  with methyl  
13-methoxy-9,11-octadecadienoate" which undoubtedly 
originated as an artifact by etherification during the 
diazomethane treatment and/or the extraction using 
aqueous methanol. 

A TLC fraction migrating immediately below the 
methyl (9Z}-13-oxo-trans-11,12-epoxy-9-octadecenoate frac- 
tion contained several short-chain compounds which had 
GC/MS retention times between 6 and 8 min. These com- 
pounds gave mass spectra consistent with dimethyl 
dienedioates of 10-, 12- and 13-carbon chain lengths (Table 
2). These compounds were not examined further to con- 
firm their putative structures. 

DISCUSSION 

It  has been known for many years that  organic 
hydroperoxides (1), including lipid hydroperoxides (2), are 
converted into the corresponding alcohols by alkali treat- 
ment. Recently, the alkali conversion of 13S-HPOD and 
13S-HPOT has been studied in more detail revealing that 
the conversion resulted in retention of the stereochemistry 
of the reactant hydroperoxide (4). In this study we con- 
firm that the stereoconfiguration is conserved by a com- 
pletely independent method based on GLC separation of 
MC derivatives. We also show by GC/MS and IR spectra 
that the main product is identical to NaBH4-reduced 
13S-HPOD, that is, 13S-HOD. By the use of ~4C-tracer, 
it was found that  the overall conversion of 13S-HPOD to 
13S-HOD is close to 75%. 

The origin of the remaining 25% of products was in- 
vestigated. (9Z)-13-Oxo-trans-ll,12-epoxy-9-octadecenoic 
acid was the most abundant of these by-products, but it 
was formed to a maximum of about 7% after a 40-min 
reaction. I t  was demonstrated tha t  (9Z)-13-oxo- 
trans-11,12-epoxy-9-octadecenoic acid could be further 
converted into 2-butyl-3,5-tetradecadienedioic acid and 
2-butyl-4-hydroxy-5-tetradecenedioic acid accounting for 
the transient appearance of the former. This latter 
transformation is fully consistent with the known Favor- 
skii rearrangement (11,12), which proceeds through a 
cyclopropanone intermediate. In the base-catalyzed rear- 
rangement of 2,3~poxycyclohexanones, such as piperitone 
oxide and isophorone oxide, transformations occurred that 
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were analogous to those giving rise to 2-butyl-3,5-tetra- 
decadienedloic acid, 2-butyl-4-hydroxy-5-tetradecenedioic 
acid, and the y-lactone of the lat ter  (12). In the previous 
s tudy  it  was postulated tha t  the y-lactone eliminated to 
form the product  analogous to 2-butyl-3,5-tetradecadi- 
enedloic acid (12}; however, in the present work this con- 
version was not  observed. The data  are consistent with 
the formation of 2-butyl-3,5-tetradecadienedioic acid 
directly from the cyclopropanone intermedlat~ Thus, the 
formation of products  can be largely explained as shown 
in Figure 6. 

The y-lactone of 2-butyl-4-hydroxy-5-tetradecenedioic 
acid (methyl ester) was only observed after dimethyl 
2-butyl-4-hydroxy-5-tetradecenedioate was incubated with 
KOH; however, a small amount  of the y-lactone was 
detected after work-up of the free dioic acid. A minor 
amount  of the 7-1actone could have escaped observation 
after  incubation of 13S-HPOD with KOH, but  it would 
not  be expected to be formed in KOH solution. I t  is possi- 
ble the formation of ),-lactone could have been favored by 
transesterification of the dimethyl ester in KOH. 

Several of the other minor products could also originate 
from Favorskii rearrangement  of (9Z)-13-oxo-trans-11,12- 
epoxy-9-octadecenoic acid. For example, 11-hydroxy-9,12- 
heptadecadlenoic acid could arise from the cyclopropanone 
intermediate by elimination of the carbonyl group as CO2 
after  oxidation. Previously, the decarbonylat ion of cyclo- 
propanones into olefins has been observed to occur in the 
presence of basic H202 (13}. Also, the lack of a 2-butyl 
group and one additional carbon is the only structural  
feature tha t  distinguishes 3-hydroxy-4-tridecenedioic acid 
from 2-butyl-4-hydroxy-5-tetradecenedloic acid implying 
the elimination of the butyl  group plus a carbonyl from 
the intermediat~ Several other short-chain dioic acids 
could arise from the Favorskii rearrangement,  bu t  their 
mechanism of formation is less obvious. 

The stabil i ty of 13S-HOD to exposure to 5 N KOH for 
ra ther  long periods is remarkable, bu t  even more surpris- 
ing was the survival of the nonconjugated, double allylic 
hydroxy fa t ty  acid, 11-hydroxy-9,12-heptadecadienoic 
acid, in alkali. Similar f a t ty  acids axe notably unstable to 
acid treatment,  but  are stable in the absence of acids (10}. 

The mechanism by which KOH replaces hydroperoxide 
with hydroxyl without  affecting the stereochemistry 
should be considered. I t  seems unlikely tha t  the mech- 
anism would involve homolytic cleavage of the hydro- 
peroxide oxygens as the alkoxyl radical derived from 13S- 
HPOD is known to largely rearrange into the 12,13- 
epoxyallylic radical which then combines with O~_ at  C-9 
and C-11 (14). 12,13-Epoxy-11-hydroxy-octadecenoic acid 
was found, but  it was quantitatively insignificant. As sug- 
gested previously 13), one possibility is the nucleophilic 
displacement from the distal OH of the hydroperoxide by 
hydroxide anion affording 13S-HOD anion and H202; 
however, in this very alkaline medium one would surmise 
tha t  the hydroperoxide group would exist principally as 
an anion which would repulse approach of the hydroxide 
anion. Perhaps this could explain why the KOH reaction 
is relatively slow when compared to a more rapid conver- 
sion of 13S-HPOD to the corresponding dienol by thiolate 

HO0 

7 R 

13S-HPOD '~OH- 

/ 

~ R 

HO_ 
j R 

13S-HOD 

/ 

FIG. 6. Proposed pathway to 13S-HOD, as well as other products 
via Favorski i  rearrangement; R -- --(CHz}7COOH. The 
cyclopropanone fatty acid within brackets is proposed as an in- 
termediate, but it was not directly observed. Abbreviations as in 
legend of Figure 1. 

anion under mildly alkaline conditions (15). Previous work 
(4) showed total  loss of peroxide oxygen when the conver- 
sion was complete after  3 h, bu t  H202 may have a tran- 
sient existence during the first 60-100 min of hydroperox- 
ide decomposition by KOH. This H20 2 may be the active 
oxygen species responsible for formation of the epoxide 
group of (9Z)-I 3-oxo-trans-11,12-epoxy-9-octadecenoic acid. 
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Peroxidation of egg yolk phosphatidylcholine (egg PC) 
liposomes was induced by addition of ascorbic acid (AsA) 
and Fe(II) in the presence of a trace of autoxidized egg 
PC (PC-OOH), but not in the absence of PC-OOH. 
PC-OOH was degraded upon addition of AsA and Fe(II) 
but not of either one alone. The results suggest that  
PC-OOH is necessary to initiate lipid peroxidation by 
AsA/Fe(II). AsA oxidation in the bulk water phase was 
also associated with an increase in lipid peroxidation by 
AsA/Fe(II) in the presence of PC-OOH, but not in the 
absence of PC-OOH. Furthermore, the spin probe 12-NS 
[12~N~)xyl-4,4'~iimethyloxazolidin-2-yl)stearic acid], which 
labels the hydrophobic region of dimyristoyl phospha- 
tidylcholine (DMPC) liposomal membranes, was degraded 
upon addition of AsA and Fe(II) in the presence of 
PC-OOH, but not in the absence of PC-OOH. These re- 
suits indicate that  the "induction message" that  is asso- 
ciated with decreases of PC-OOH and AsA in the initia- 
tion step of lipid peroxidation must be transferred from 
the membrane surface to the inner hydrophobic mem- 
brane region. AsA in the bulk phase was oxidized faster 
and more extensively upon its addition together with 
Fe(II) to egg PC liposomes than to DMPC liposomes, 
though the initial content of PC-OOH in the former was 
5-10 times lower than in the latter. This suggests that, 
in egg PC liposomes, the OOH-groups of new PC-OOH 
generated in the inner membrane regions must become 
accessible from the surface, enabling reaction with 
AsA/Fe(II) which in turn would result in an extensive 
decrease in AsA. By contrast, in DMPC liposomes, that  
do not generate PC-OOH, AsA is only oxidized slightly 
in connection with the degradation of the PC-OOH ini- 
tially present. The effect of surface charges on the mem- 
brane surface was also studied to obtain further informa- 
tion on the initiation step of lipid peroxidation. The rate 
of lipid peroxidation by AsAIFe(II) or Fe(III) decreased 
in the order, egg PC liposomes ~> negatively charged egg 
PC liposomes containing dicetylphosphate > positively 
charged egg PC liposomes containing stearylamiue. The 
rate of associated AsA oxidation was in the order, egg 
PC iiposomes ,> egg PC/stearylamine liposomes > egg 
PC/dicetylphosphate liposomes. However, in DMPC lipo- 
somes that  do not generate PC-OOH, the rates of AsA 
oxidation associated with the reductive cleavage of 
PC-OOH by AsA/Fe(II) and coupled with the reduction 
of Fe(III) to Fe(II) were in the order, DMPC liposomes 
= DMPClstearylomlne liposomes ,> DMPC/dicetylphos- 
phate liposomes. These differences in the rates of lipid 
peroxidation, depending on differences in membrane 

*To whom correspondence should be addressed. 
Abbreviations: AsA, ascorbic acid; DMPC, dimyristoyl phospha- 
tidylcholine; ESR, electron spin resonance; egg PC, egg yolk phos- 
phatidylcholine; HEPES, 2-hydroxyethylpiperazine-hr-2~thanesul - 
fonic acid; HPLC, high-performance liquid chromatography; 12-NS, 
121N-oxyl-4,4'-dimethyloxazolidin-2-yl}stearic acid; MDA, malon- 
dialdehyde; PC-OOH, hydroperoxide of egg PC; TBA, thiobarbituric 
acid. 

charge, are discussed in relation to two properties of AsA: 
(i) its antioxidant property through trapping of lipid 
radicals and (ii) its prooxidant properties (a) by being an 
effective iron chelator thus altering the reactivity of iron 
with oxygen and peroxides and (b) by being an iron reduc- 
tant  and providing a source of Fe(II). 
Lipids 28, 497-503 (1993). 

Lipid peroxidation has received much attention both as 
it relates to pathological events in biological systems and 
to food deterioration {1-5). Peroxidation usually proceeds 
by the following free-radical chain reactions: 

LH -* L. (initiation reactions) 

L. + O= -~ LOO. (propagation reaction) 

LOO. + LH -~ LOOH + L- (propagation reaction) 

where LOO. is the lipid peroxy radical and LOOH is the 
lipid hydroperoxid~ Iron is supposed to be the catalyst 
of the initiation reactiovL Iron and ascorbic acid (AsA) are 
well known to initiate lipid peroxidation, and indeed they 
are often used for this purpose in model experiments (6-9). 
However, it is unknown how these water-soluble sub- 
stances can initiate the reactions occurring in the inner 
hydrophobic membrane corn Furthermor~ AsA action al> 
pears to be a complex process as AsA can act on lipid ox- 
idation both as prooxidant and antioxidant. Its antioxi- 
dant effect is supposed to scavenge lipid free radicals 
formed during lipid peroxidation. It is also not clear how 
water-soluble AsA can reduce radicals generated in the 
inner hydrophobic membrane cor~ 

Recently, Thomas et aL (10) reported that  the removal 
of LOOH from membranes by treatment with phospho- 
lipid hydroperoxide glutathione peroxidase effectively in- 
hibited lipid peroxidation by xanthine-xanthine oxidase 
plus Fe(III) or AsA plus Fe(III). We (11) also observed 
that  a trace of preformed LOOH played an important role 
in iron-induced lipid peroxidation and proposed a site- 
specific initiation mechanism in which the binding of iron 
to the membrane surface is a prerequisite for its reaction 
with the hydroperoxy group of LOOH. The alkoxyl radical 
(LO-) formed by a Fenton-like reaction [LOOH + Fe(II) -~ 
LO. + Fe(III) + OH-] at the surface may penetrate into 
the hydrophobic region and trigger the initiation reaction: 

LOOH + Fe(II) ~ LO. + Fe(III) + OH- 

LO- + LH -* LOH + L- (initiation reaction) 

In this paper, we report studies on the requirement of 
LOOH for initiation of lipid peroxidation induced by AsA 
and Fe(II) and discuss the dynamics of peroxidation of 
phospholipids in bilayer membranes. 

Copyright �9 1993 by the American Oil Chemists' Society LIPIDS, Vol. 28, no. 6 (1993) 
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MATERIALS AND METHODS 

Materials. Egg yolk phosphatidylcholine (egg PC) was ob- 
tained from Nippon Oil and Fats Co. (Tokyo, Japan). The 
preparation was contaminated with 3.8 ~mol of hydro- 
peroxide of egg PC (PC-OOH)/mmol egg PC, as deter- 
mined iodometrically by the method of Buege and Aust 
(12). Dimyristoyl phosphatidylcholine (DMPC), N-2- 
hydroxyethylpiperazine-N'-ethanesulfonic acid (HEPES), 
dicetylphosphate, superoxide dismutase (from bovine 
erythrocytes) and catalase (from bovine liver) were pur- 
chased from Sigma Chemical Co. (St. Louis, MO). 12-(N- 
Oxyl-4,4'-dimethyloxazolidin-2-yl)stearic acid (12-NS) was 
from Aldrich Chemical Ca (Milwaukee, WI). a,a'-Dipyridyl 
and triphenylphosphine were obtained from Wako Pure 
Chemical Industries (Tokya Japan). Ascorbyl-6-palmitate, 
L-AsA, FeSO4 and FeNH4(SO4)2 were purchased from 
Nacalai Tesque (Kyoto, Japan). All other reagents were 
of analytical grade. 

Preparation ofhydroperoxides. PC-OOHs were prepared 
as described previously (13). Briefly, a sample of 100 mg 
of PC dissolved in 5 mL of methanol containing 0.1 mM 
methylene blue was shaken continuously under illumina- 
tion from a 30-W tungsten projection lamp at room tem- 
perature for 12 h. The PC-OOH obtained was purified by 
high-performance liquid chromatography (HPLC) on a 
reverse-phase glass column (240 X 10 mm) prepacked with 
Lichloprep RP-8 (Merck, Darmstadt, Germany; silica gel 
powder binding octane, 40-63 mm size) using chloroform] 
methanol/water (1:10:0.5, by vol) as eluant. The PC-OOH 
obtained was a mixture of conjugated and non-conjugated 
isomers. The purity of the PC-OOH, as determined iodo- 
metrically (12), was 98.2 mol%. 

Preparation of liposomes. Liposomes were prepared as 
described previously (7) with a minor modification. Stock 
solutions of egg PC and DMPC in chloroform with or 
without stearylamine or dicetylphosphate were evapo- 
rated under nitrogen. The thin lipid film was dispersed 
in 10 mM HEPES buffer, pH 7.0, and then subjected to 
ultrasonic irradiation in a Bransonic-12 sonic bath 
(Yamat~ Tokyo, Japan) at 40~ When necessary, egg PC 
was freed of contaminating PC-OOH by treatment with 
triphenylphosphine in chloroform (11) just before prepara- 
tion of liposomes. Residual triphenylphosphine was not 
removed because PC-OOH was produced again during the 
processes of its removal and during liposome preparation. 
For preparation of 12-NS-labeled DMPC liposomes, a solu- 
tion of 3.6 ~mol of DMPC, 0.1 ~mol of 12-NS and 0 
or 0.4 omol of PC-OOH in chloroform was evaporated 
under nitrogen, and the resulting film was dispersed 
in 1.0 mL of 10 mM HEPES buffer (pH 7.0) and soni- 
cated (14). 

Lipid peroxidation assay. Lipid peroxidation was mea- 
sured by monitoring oxygen consumption with a Clark- 
type oxygen electrode as described previously (15). Ox- 
ygen consumption was calculated assuming an oxygen 
concentration of 217 nmol/mL in the initial incubation 
mixture at 37~ Lipid peroxides formed during incuba- 
tion were also measured by the thiobarbituric acid (TBA) 
method as described previously (7) and expressed as TBA- 
reactive substances as equivalents in nmol of malon- 
dialdehyde/graol egg PC. The incubation conditions and 
the concentrations of constituents in reaction mixtures 
are given in the legends of the figures and tables. 

Measurement of oxidation of ascorbic acid. Oxidation 
of AsA was measured at 37 ~ by monitoring the decrease 
in absorbance at 265 nm as described by Buettner (16). 
The molar absorption of AsA at pH 6.1 is reported to be 
14,500 M -~- cm -1 at 265 nm (16). The colorimetric 
method of Murata et al. (17) with slight modification was 
used to determine the concentration of AsA. 

Electron spin resonance (ESR) measurement. 12-NS, an 
N-oxyl-4,4'-dimethyloxazolidine derivative of stearic acid, 
was used as a spin probe to label the hydrophobic region 
of liposomal membranes as described above The reaction 
was started by addition of 5 ~L of 20 mM AsA and then 
5 ~L of 2 mM FeSO4 to 1 mL of 12-NS-labeled liposomes. 
After incubation at 25~ the reaction mixture was 
transferred to a flat rectangular ESR cell. The ESR spec- 
tra of 12-NS were recorded under the following conditions 
(11): microwave power, 8 mW; magnetic field, 3374 G; scan- 
ning range, 25 G; modulation width, 1.0 G. 

RESULTS 

As shown in Figure 1, addition of AsA plus Fe(II) 
[AsA/Fe(II)] to liposomes prepared from egg PC con- 
taminated with a trace of PC-OOH (0.38 mol%, measured 
before preparation of liposomes) induced lipid peroxida- 
tion (line 1). Lipid peroxidation induced by AsA/Fe(II) was 
slightly suppressed in liposomes prepared from egg PC 
pretreated with 5 ~M triphenylphosphine (18) to reduce 
PC-OOH to the corresponding alcohol (PC-OH) (line 2), 
and was completely suppressed in liposomes prepared 
from egg PC pretreated with 8 gM triphenylphosphine 
(line 3). This suppression was reversed by addition of 3 kaM 
PC-OOH to egg PC pretreated with 8 glVl triphenylphos- 
phine (line 4). Addition of ferrous ions alone did not pro- 
mote lipid peroxidation (line 5), though a high concentra- 
tion of ferrous ions induced slight peroxidation (line 6). 
TBA-reactive substances were also measured to confirm 
the formation of lipid peroxides (see legend to Fig. 1). The 
amounts of TBAoreactive substances formed and oxygen 
consumed (lines 1-5) were well correlated. Fenton reagent 
[Fe(II) and H202] did not induce peroxidation of egg PC. 
The addition of a-tocopherol, ascorbyl palmitate, a lipid- 
soluble analog of AsA, or a high concentration (>1 mM) 
of AsA completely inhibited oxygen consumption asso- 
ciated with lipid peroxidation by AsA/Fe(II), but superox- 
ide dismutase, catalase or OH-radical scavengers such as 
thiourea and mannitol were not inhibitory (data not 
shown), as reported by Bachowski et al. (19). 

We measured AsA oxidation associated with lipid 
peroxidation induced by AsA/Fe(II) in the presence and 
absence of PC-OOH. As shown in Figure 2 (line 1), AsA 
was rapidly oxidized upon its addition together with Fe(II) 
to egg PC liposomes not treated with triphenylphosphine, 
as measured by a decrease in absorbance at 265 nm (16). 
The ultraviolet-absorbance of AsA could not be measured 
in triphenylphosphine-treated egg PC liposomes, because 
triphenylphosphine has a strong absorbance at 265 nm. 
So oxidation of AsA in egg PC liposomes treated with 
triphenylphosphine to remove PC-OOH was measured col- 
orimetrically with a,a-dipyridyl (17). Table 1 shows that 
AsA was not oxidized in egg PC liposomes from which 
PC-OOH had been removed by treatment with triphenyl- 
phosphine, but  was oxidized extensively in egg PC lipo- 
somes not treated with triphenylphosphine We compared 
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FIG. 1. Hydroperoxide of egg PC (PC-OOH)-dependent peroxidation 
in egg yolk phespbatidylcholine (egg PC) liposomes induced by asco~ 
bie acid (AsA) and Fe(II), and its inhibition by antioxidants. Reac~ 
tion 1--egg PC (not treated with triphenylphesphine, contaminated 
with 5-8 p_M PCX)OHhmM egg PC), AsA and Fe(II); Reaction 2--egg 
PC (treated with 5 p_M triphenylphosphine), AsA and Fe(II); Reac~ 
tion 3--egg PC (treated with 8 ~M triphenylphosphine), AsA and 
Fe(II); Reaction 4--egg PC (treated with 8 ~M triphcuylphosphine), 
PC-OOH (3/~M), AsA and Fe(II); Reaction 5--egg PC (not treated 
with triphenylphosphine) and Fe(II); Reaction 6--egg PC (not treated 
with triphenylphosphine) (continuous line) or dimyristoyl phospha- 
tidylcholine {DMPC) {dotted line)and Fe(II) (110 ~M) and Reaction 
7--egg PC (not treated with triphenylphosphine), AsA, Fe(II) and 
a-tocopherol (6 pM) or ascorbyl pAImitate (20 ~M). The increases of 
thiobarhituric acid-reactive substances after incubation for 10 min 
were: Reaction 1--133.9, Reaction 2--128.4, Reaction 3--0.1, Reaction 
4--120.0 and Reaction 5--6.6 nmol maiondialdehyde/mL reaction mix- 
ture. The concentrations of reactants were 1 mM egg PC or DMPC, 
100 ~M AsA, 10 ~M FeSO 4 and 10 mM 2-hydroxyethylpiperazine~ 
N'-2-ethanesulfonic acid buffer (pH 7.0). Reactions were started by 
addition of FeSO 4 to the reaction mixtures at 37~ 

the oxidation rates of AsA in egg PC liposomes that 
generate lipid peroxides and in DMPC liposomes that do 
not. AsA was oxidized more rapidly upon addition of 
AsA/Fe(II) to egg PC liposomes contaminated with less 
than 10 ~M PC-OOH than upon addition of AsA/Fe(II) 
to DMPC liposomes containing 50 ~M PC-OOH. More- 
over, oxidation of AsA was higher in DMPC liposomes 
with PC-OOH than in those without PC-OOH {Fig. 2 and 
Table 1). 

Table 2 shows the effects of Fe(II), AsA, and of both 
on the degradation of PC-OOH in DMPC liposomes. 
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FIG. 2. Oxidation of ascorbic acid (AsA) in the presence of Fe(II) 
in egg yolk phosphatidylcholine (egg PC) and dimyristoyl phospha- 
tidylcholine (DMPC) liposomes with and without hydroperoxide of 
egg PC (PC-OOH). Reaction 1--egg PC liposomes not treated with 
triphenylphosphine, Reaction 2--DMPC liposomes containing 
PC~)OH, Reaction 3--DMPC iiposomes, Reaction 4--1iposome~fres 
system. Reaction mixtures contained I mM egg PC (contaminated 
with 5-8 ~M PC-OOH) or DMPC with or without 50 ~M PC-OOH, 
100 ~M AsA, 10 ~ FeSO 4 and 10 mM 2-hydroxyethylpiperazine~ 
N'-2-ethanesulfonic acid buffer (pH 7.0). Incubation conditions were 
as for Figure 1. 

TABLE 1 

Oxidation of AsA by Fe(II) in IAposomes with Different Charges 
with and without PC-OOH 

Decrease of AsA 
Liposome system a (~M/5 rain) 

DMPC (without PC-OOH) 
DMPC (with 10 FM PC-OOH) 
DMPC (with 50 ~M PC-OOH) 
Egg PC 
Egg PC (with 0.2 mM dicetylphosphate) 
Egg PC (with 0.2 mM stearylamiue) 
Egg PC (pretreated with 10 FM 

triphenylphosphine) 

6.6 
14.4 
25.0 
50.1 

7.5 
10.6 

4.5 

aSystem contained I raM dimyristoyl phosphatidylcholine (DMPC) 
or 1 mM egg yolk phosphatidylcholine (egg PC) with or without 
indicated additions or pretreatments, and 100 pM ascorbic acid 
(AsA), 10 ~M FeSO4 and 10 mM 2-hydroxyethylpiperazine- 
Ar-2~ethanesulfonic acid buffer (pH 7.0). Reactions were carried out 
for 5 rain at 37~ Egg PC not treated with triphenylphosphine 
was contaminated with 0.38 tool% of hydroperoxide of egg PC 
{PC-OOH). 

TABLE 2 

Degradation of PCX)OH in DMPC Liposomes by AsAJFe(II) 

Incubation Degradation of PC-OOH b 
system a (%) 

AsA 4.9 
Fe(II) 5.3 
AsA/Fe(II) 60.5 

a The concentration of hydroperoxide of egg yolk phosphatidylcholine 
(PC-OOH) was 100 ~M. The concentrations of other reactants were 
as for Figure 2. Incubations were carried out at 37~ for 5 min. 
AsA, ascorbic acid. 

bDegradation of PC-OOH was determined by high-performance 
liquid chromatography. DMPC, dimyristoyl phosphatidylcholine. 
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PC-OOH was degraded only in the presence of both AsA 
and Fe(II). 

Next, we investigated how the prooxidant effect of 
water-soluble AsA/Fe(II) is transmitted to the hydro- 
phobic initiation site of lipid peroxidation within the mem- 
brane. Labeled nitroxide radicals in liposomal (14) or 
micellar (11) lipid aggregates have been reported to be lost 
by reacting with radicals formed during membrane lipid 
peroxidation. The spectrum of 5-NS exhibits wide, highly 
anisotropic bands, whereas that of 12-NS shows a set of 
three symmetrical peaks (Fig. 3) indicating a higher fluid- 
ity of its environment deep within the membrane in which 
12-NS is located. Table 3 shows the consumption of 12-NS~ 
possibly due to reaction with radicals generated deep 
within the membrane The ESR signals of 12-NS were 
decreased by AsA/Fe(II) in DMPC liposomes with 
PC-OOH, but not appreciably in those without PC-OOH. 
The addition of AsA or Fe(II) individually did not cause 
any decrease in the intensity of the ESR spectrum of 
12-NS in DMPC liposomes containing PC-OOH (Table 3). 

As shown above, PC-OOH was necessary to initiate lipid 
peroxidation by AsA/Fe(II). The hydroperoxy (OOH) 
group has been reported (20,21) to have a large dipole mo- 
ment and thus to be likely to be close to the membrane 
surface where it can react with water-soluble AsA/Fe(II). 
Hence, we next investigated the effects of different sur- 
face charges of liposomes on lipid peroxidation by 
AsA/Fe(II) and the associated oxidation of AsA, degrada- 
tion of PC-OOH and reduction of Fe(III) to Fe(II) by AsA. 

Figure 4(A) shows that lipid pemxidation by AsA/Fe(II) 
was induced markedly in uncharged egg PC liposomes, 
weakly in negatively charged liposomes containing di- 
cetylphosphate, and not appreciably in positively charged 
liposomes containing stearylaminr Addition of AsA plus 
Fe(III) also initiated lipid peroxidation, but  AsA/Fe(III) 
had a lower initiation ability than AsA/Fe(II). The data 
in Figure 4B and Table 1 illustrate the oxidation of AsA 
associated with lipid peroxidation by AsA/Fe(II) in dif- 
ferently charged liposomes. AsA was oxidized rapidly in 
uncharged egg PC iiposomes, but not oxidized appreciably 

0 

2 min 10 G 

FIG. 3. Decrease of electron spin resonance signal of 12-(N- 
oxyl-4,4'dimethyloxazolidin-2-yl)stearic acid (12-NS) by ascerbic acid 
(AsA)/Fe(II) in dimyristoyl phosphatidylcholine (DMPC) liposomes 
with hydroperoxide of egg yolk phosphatidylcholine (PC~)OH). The 
figure shows the 12-NS spectra before and 2 min after addition of 
AsA and Fe(II) to DMPC liposomes containing PC-OOH (see also 
Table 3). 

TABLE 3 

Decrease of Electron Spin Resonance Signal of 12-NS by AsA/Fe(II) 
in DMPC Liposomes with or without PC-OOH (see Fig. 3) a 

Decrease of 12-NS 
signal (%) 

PC~OOH + AsA/Fe(II) 28.4 
PC-OOH + Fe(II) 3.8 
PC~OOH + AsA 3.2 
AsA/Fe(II) 6.6 
Fe(II) 2.5 
AsA 1.8 

aThe concentrations of reactants were 0.1 mM 12-(N-oxyl-4,4'- 
dimethyloxazolidin-2-yl)stearic acid (12-NS), 0.4 mM hydroperox- 
ide of egg yolk phosphatidylcholine (PC-OOH), 3.6 mM dimyristoyl 
phosphatidylcholine (DMPC), 100/~M ascorbic acid (AsA) and 10 
~M FeS04 in 10 mM 2-hydroxyethylpiperazine-N'-2-ethanesulfonic 
acid buffer (pH 7.0). Incubations were carried out for 2 mln at 37~ 
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FIG. 4. (A) Lipid peroxidation by ascorbic acid (AsA) with Fe(ll) or 
Fe(III) and (B) associated oxidation of AsA in uncharged egg yolk 
phosphatidylcholine (egg PC} llposomes, and llposomes negatively 
charged with dicetylphosphate, or positively charged with stearyl- 
amine. Reaction 1--egg PC liposomes, Reaction 2--egg PC/dicetyl- 
phosphate liposomes, Reaction 3--egg PC/stearylamine liposomes. 
The reaction mixtures contained I mM egg PC, 0.2 mM dicetyl- 
phosphate or stearylamine, I00 ~d  AsA, I0 ~ FeSO 4 (solid lines) 
or FeNH4(SO4) 2 (dotted lines) and I0 mM 2-hydroxyethylpiperazine- 
N'-2-ethanesnlfonic acid buffer (pH 7.0). Other experimental condl- 
tio~s were as for Figure I. 
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FIG. 5. Oxidation of ascorbic acid (AsA) (A) associated with reduc- 
tive cleavage of hydroperoxide of egg PC (PC-OOH) by AsA/Fe(II) 
and (]3) coupled with reduction of Fe(III) to Fe(II) in dimyristoyl 
phosphatidylcholine (DMPC) liposomes with and without dicetyl- 
phosphate or stearylamine. Reaction 1--DMPC liposomes, Reac ~ 
tion 2--DMPC/dicetylphosphate liposomes, Reaction 3--DMPC/ 
stearylamine liposomes, Reaction 4--1iposomefree system. The con- 
centrations of PC-OOH were 50 and 0 ~M in Experiments (A) and 
(B), respectively. The concentrations of other components were 1 mM 
DMPC, 0.2 mM dicetylphosphate or stearylamine, 100 ~M AsA, 10 
mM 2-hydroxyethylpiperazine-N'-2~thanssulfonic acid buffer (pH 7.0) 
and 10 pM FeSO 4 (Experiment A) or 25 ~ FeNH4(SO4) 2 (Experi- 
ment B). Incubation conditions were as for Figure 1. 

in egg PC liposomes charged by stearylamine or dicetyl- 
phosphate. 

Next we investigated the effect of membrane charge on 
the ability of AsA/Fe(II) to initiate lipid peroxidation by 
measuring the rate of AsA oxidation associated with 
PC-OOH cleavage. For study of the initiation step of lipid 
peroxidation only, we used DMPC liposomes to avoid com- 
plications from PC-OOH generation during incubation. 
We found that the oxidation rate of AsA in the reaction 
of AsA with PC-OOH in the presence of Fe(II) in DMPC 
liposomes was almost the same as in DMPC/stearylamine 
liposomes, but  faster than in DMPC/dicetylphosphate 
liposomes (Fig. 5A). We also examined the effect of mem- 
brane charges on the reduction of Fe(III) to Fe(II) by AsA. 
The relative rates of AsA oxidation in the liposomes were 
also in the order, DMPC liposomes = DMPC/stearylamine 
liposomes ~ DMPC/dicetylphosphate liposomes (Fig. 5B). 

D I S C U S S I O N  

We found that AsA/Fe(II) induced lipid peroxidation in 
liposomes prepared from fresh egg PC that was con- 
taminated with a trace of PC-OOH. However, addition of 
AsA/Fe(I I) did not induce lipid peroxidation in liposomes 
prepared from egg PC after removal of contaminated PC- 
OOH by pretreatment with triphenylphosphin~ Moreover, 
AsA was oxidized only slightly by Fe(II) in the system 
with liposomes prepared from DMPC or egg PC treated 
with triphenylphosphinr but was appreciably oxidized in 
the system with DMPC liposomes containing PC-OOH 
and was markedly oxidized in the system with liposomes 
of egg PC not treated with triphenylphosphine (Table 1 
and Fig. 2). These results suggest that PC-OOH is neces- 
sary to initiate lipid peroxidation by AsA/Fe(II). 
In systems without PC-OOH, AsA was autoxidized 

slightly but significantly (1.4 ~Yl/min) (Fig. 2, lines 3 and 
4) associated with a slight oxygen consumption (0.5 
bdVI/min). Iron-catalyzed autoxidation of AsA in a system 
of this type is reported to give rise to O F and -OH 
{22,23). However, addition of AsA plus Fe(II) did not ini- 
tiate lipid peroxidation in the absence of PC-OOH (Fig. 1, 
line 3), indicating that ,OH and O1 generated during 
autoxidation of AsA/Fe(II) are not involved in the process 
of lipid peroxidation. This was supported by the findings 
that superoxide dismutase, catalase and -OH scavengers 
did not inhibit lipid peroxidation by AsA/Fe(II). 

Addition of AsA/Fe(II) to DMPC liposomes containing 
PC~OOH resulted in a decrease in the intensity of the spec- 
trum of 12-NS, a spin probe monitoring the inner hydro- 
phobic membrane region. However, the intensity of the 
12-NS spectrum decreased only slightly upon omission 
of AsA, Fe(II) or PC-OOH from this system (Table 3 and 
Fig. 3). These results indicate that the alkoxy radical 
(PC-O.) generated from PC-OOH near the membrane sur- 
face by a Fenton-like reaction triggers the hydrophobic 
initiation reaction of lipid peroxidation. Lipid peroxida- 
tion was induced by AsA/Fe(II) much faster in uncharged 
egg PC liposomes than in negatively charged egg PC/di- 
cetylphosphate liposomes {Fig. 4), indicating that the 
cleavage of PC-OOH by a Fenton-like reaction is catalyzed 
by the weakly charged Fe(II)-AsA complex, not by posi- 
tively charged free Fe(II). 

From these results, we propose a possible site-specific 
mechanism of lipid peroxidation in liposomes induced by 
the addition of AsA and Fe(II) {Fig. 6, where PC is a 
phosphatidylcholine with unsaturated fatty acid, and PC. 
is phosphatidylcholine with a fatty acid radical). The 
OOH-group of PC-OOH may be cleaved near the mem- 
brane surface by the Fe(II)-AsA complex {Reaction 1), and 
the resulting PC-O- may penetrate into the hydrophobic 
region of the membranes {2 in Fig. 6) and react with the 
unsaturated moieties of fatty acids of egg PC (Reaction 
3) resulting in a chain reaction {Reaction 4). We found that 
the oxidation rate was much greater upon addition of 
AsA/Fe(II) to egg PC liposomes containing less than 
10 wM PC-OOH (not treated with triphenylphosphine) 
than upon addition to DMPC liposomes containing 50 fs 
PC-OOH (Fig. 2 and Table 1). These results indicate that 
a lipid hydroperoxide is generated by the radical chain 
reaction in the inner hydrophobic regions of egg PC mem- 
branes (Reactions 3 and 4), and the polar OOH-group of 
new PC-OOH then moves towards the surface (5 in Fig. 6) 
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AsA. AsA Bulk 
water 
phase 

........... AsA-Fe(II) AsA-Fe(III) ............... 
Membrane 
interface AsA AsA- 

. . . . . . . . . . . . . . .  pc-ooH---PC-O. \ ) - -  Pc-oH - -  ]]'| I] | 

PC PC-OOH ~(~) Membrane 
~ PC-OH PC-O ~ ~ ydrsOphObic 

P C - O O ~  O ~  ~ P C  

FIG. 6. Proposed mechanism of lipid peroxidation induced by ascor- 
bic acid (AsA)/Fe(II) in liposomal membranes. PC-OOH, hydroperox- 
ide of egg yolk phosphatidylchoHne; AsA', ascorbyl radical. 

surface of egg PC/stearylamine liposomes and in the bulk 
water phase in uncharged egg PC or negatively charged 
egg PC/dicetylphosphate liposomes, it should effectively 
scavenge PC-O. (Reaction 6) at the membrane surface 
before the latter penetrates into the membrane resulting 
m a decrease in Reactions 3 and 4. Reaction 4 may also 
be reduced by scavenging of PC-OO- by AsA, because we 
recently observed that PC-OO. "floated up" from the 
hydrophobic region and was scavenged effectively by AsA 
at the surface of positively charged stearylamine lipo- 
somes but not of negatively charged dicetylphosphate 
liposomes. This idea is supported by the finding that  
ascorbyl palmitat~ a lipid-soluble analog of AsA, strongly 
inhibited AsA/Fe(ID-induced lipid peroxidation in egg PC 
liposomes (Fig. 1), as its antioxidant polar group is located 
in the uncharged membrane surface (26). 

Lipid peroxide and iron may play important roles in the 
initiation of lipid peroxidation in v iva  Recently, new types 
of antioxidants, such as a LOOH breakdown seleno com- 
pound (27) and an iron-inactivating chelator (28), were 
reported to prevent the pathological states induced by 
LOOH-linked and iron-dependent lipid peroxidation and 
free radical generation. The development of antioxidants 
other than radical scavenging types and studies on their 
effects seem important. 

and reacts with the Fe(II)-AsA complex (Reaction 1). The 
resulting Fe(III) complex is then reduced by AsA to 
regenerate the Fe(II) complex (Reaction 7) resulting in fur- 
ther degradation of AsA. 

Lipid peroxidation by AsA/Fe(II) was much slower in 
negatively charged liposomes containing dicetylphos- 
phate than in uncharged liposomes (Fig. 4A, solid line 2). 
Moreover, we recently observed slow lipid peroxidation 
by AsA/Fe(II) in negatively charged egg PC liposomes 
containing phosphatidylserine (24). Slow oxidation of 
AsA associated with reductive cleavage of PC-OOH by 
AsA/Fe(II) (Figs. 4B and 5A, line 2) and with reduction 
of Fe(III) to Fe(II} (Fig. 5B, line 2) were also observed in 
dicetylphosphate-containing liposomes. A probable ex- 
planation for these findings is that  positively charged 
Fe(II) or Fe(III) may interact with negatively charged 
dicetylphosphate and so react less with negatively 
charged AsA, thus reducing the formation of an AsA/Fe 
complex and initiation of lipid peroxidation. 

By contrast, in positively charged liposomes contain- 
ing stearylamin~ the oxidation rates of AsA associated 
with reductive cleavage of PC-OOH by AsA/Fe(II) and 
coupled with reduction of Fe(III) to Fe(II) were high and 
almost the same as those in uncharged DMPC liposomes 
(Figs. 5A and B, line 3), but the rates of 02 consumption 
associated with lipid peroxidation by AsA/Fe(II) and 
associated oxidation of AsA were much lower than those 
in uncharged egg PC liposomes (Figs. 4A and B, line 3). 
These results indicate that, in positively charged stearyl- 
amine liposomes, Reactions 1 and 2 both progress 
smoothly, but that the propagation step (Reaction 4) in 
lipid peroxidation does not progress, resulting in decreased 
formation of PC-OOH and consequently reduced oxida- 
tion of AsA (Reaction 1). Since negatively charged AsA 
was reported (25) to be present at the positively charged 
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The time course of hydrolysis of a mixed phospholipid 
substrate containing bovine liver 1,2-diacyl-sn-glycer~3- 
phosphocholine {PC) and 1,2-diacyl-sn-glycero-3-phospho- 
ethanolamine (PE) catalyzed by Crotalus adamanteus 
phospholipase A 2 was measured before and after perox- 
idation of the lipid substrate. The rate of hydrolysis was 
increased after peroxidation by an iron/adenosine diphos- 
phate (ADP) system; the presence of iron/ADP in the 
assay had a minimal inhibitory effect. The rate of lipid 
hydrolysis was also increased after the substrate was 
peroxidi~ed by heat and 02. Similarly, peroxidation in- 
creased the rate of hydrolysis of soy PC liposomes that 
did not contain PE. In order to minimize interracial fac- 
tors that may result in an increase in rate, the lipids were 
solubilized in Triton X-100. In mixtures of Triton with soy 
PC in the absence of PE, peroxidation dramatically in- 
creased the rate of lipid hydrolysis. In addition, the rate 
of hydrolysis of the unoxidizable lipid 1-palmitoyl-2- 
[1-14C]oleoyl PC incorporated into PCIPE liposomes was 
unaffected by peroxidation of the host lipid. These data 
are consistent with the notions that the increase in rate 
of hydrolysis of peroxidized PC substrates catalyzed by 
phospholipase A2 is due largely to a preference for perox- 
idized phospholipid molecules as substrates and that 
peroxidation of host lipid does not significantly increase 
the rate of hydrolysis of nonoxidized lipids. 
Lipids 28, 505-509 11993). 

The activity of phospholipase A s is increased in a num- 
ber of tissues subjected to free-radical damage as a con- 
sequence of oxidative stress. Phospholipase inhibitors, 
such as chlorpromazine {1,2}, inhibit the loss of phospho- 
lipid which is associated with peroxidative damage in 
cells. Extensive hydrolysis of cell membrane or lipopro- 
tein phospholipids in the absence of adequate means for 
repair may lead to serious adverse consequences. For ex- 
ample, peroxidation of low density lipoproteins {LDL) and 
the associated hydrolysis of LDL phospholipids may play 
a role in the development of atherosclerosis (3). In addi- 
tion, the structural reorganization of cell membranes con- 
sequent to lipid peroxidation and phospholipid hydrolysis 
may lead to edema (4}, cell death and myocardial injury. 
Products of phospholipid hydrolysis, such as lysophosph~ 
lipids (5), may also disrupt normal regulatory mechanisms 
that depend upon maintenance of the integrity of cell 
membrane structure. Adverse consequences of fatty acid 
and lysophospholipid accumulation have been demon- 
strated in brain and cardiac tissue in which the detergent 
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tive substances. 

effects of these molecules alter membrane function (5). In 
addition, release of arachidonic acid may produce eicosa- 
noids that alter cardiovascular function, and phospholipid 
degradation has been observed in ischemia-reperfusion in- 
jury (6}. However, control of lysolipid concentrations in 
membranes may be regulated by deacylation and reacyla- 
tion of lipids. Accumulation of low concentrations of 
lysolipids has been shown to lead to increases in mem- 
brane permeability (7), activation of membrane~botmd en- 
zymes (8} and the activation of macrophages (9}. 

Preferential hydrolysis of peroxidized lipids has been 
observed in isolated brain capillaries {10), hepatic lyso- 
somes Ill), mitochondria t12) and microsomes (13) and in 
purified lipid mixtures (14,151. The rate of hydrolysis of 
these peroxidized lipids by phospholipase As is some 2-3 
times the rate of that of the unoxidized lipids in lipid mix- 
tures that have been systematically examined (14). A 
repair mechanism based on this preference for peroxidized 
lipids has been proposed by van Kuijk et al. (16). The 
hydrolysis of peroxidized lipids results in excision of the 
peroxidized fatty acyl chains which are reduced, repaired 
and reesterified. This proposal is supported by several 
reports that demonstrate that phospholipase A2 activity 
is required to release peroxidized fatty acids for sub- 
sequent detoxification by glutathione peroxidase {7,8, 
17,18). 

It is also conceivable that peroxidized lipids may pro- 
mote the hydrolysis of neighboring unoxidized lipids, 
locally altering the membrane structure and possibly 
leading to cellular degeneration. Such a mechanism would 
suppose that peroxidation results in physical alterations 
in the substrate structure that lead to an increased rate 
of hydrolysis of the unoxidized lipids. A possible struc- 
tural relationship between peroxidized lipids and increased 
activity of phospholipase A2 was suggested by experi- 
ments of Sevanian et al. t19) who correlated an increase 
in microviscosity of diphenylhexatriene in liposomes fol- 
lowing peroxidation with an increase in enzyme activity. 
In addition, an increase in the susceptibility of the lipids 
to fusion was observed following peroxidation suggesting 
a decrease in the stability of the liposomes. 

In order to explore mechanisms that might explain the 
increase in rate of hydrolysis of peroxidized phospholipids 
by phospholipase A s, the effect of lipid peroxidation on 
the rate of lipolysis in detergent-dispersed lipid and of a 
nonoxidizable radiolabeled substrate incorporated into 
liposomes comprising a host peroxidizable lipid were 
measured. The addition of detergent is expected to mini- 
mize differences in the surface structure of the substrates 
that may be due to lipid peroxidation. The host lipid ex- 
periments were designed to test whether the rate of hy- 
drolysis of an unoxidized lipid increases when the host 
lipid is peroxidized. 

MATERIALS AND METHODS 

Lipid vesicles. TO prepare lipid vesicles, bovine liver 1,2- 
diacyl-sn-glycero-3-phosphocholine (PC; Type II-B, Sigma 
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Chemical Company, St. Louis, MO) or soy phosphatidyl- 
choline (Type III-S; Sigma) and bovine liver 1,2-diacyl-sn- 
glycero-3-phosphoethanolamine (PE; Type VII; Sigma) 
were mixed in chloroform at a 4:1 molar ratio. In some 
experiments, 5 mole% 1-palmitoyl-2-oleoyl PC (Avanti 
Polar Lipids, Birmingham, AL) or a trace quantity (0.1 
t,Ci/mL of liposomes) of 1-palmitoyl-2-[1-14C]oleoyl PC 
(58.0 mCi]mmol; New England Nuclear, Boston, MA) was 
included. The organic solvent was first dried with N 2, 
then under vacuum. The lipids were dispersed in 0.1 M 
KC1, 10 mM Tris-HC1, pH 7.6 at a concentration of 
2.5 mM by incubating at 37 ~ with occasional vortexing 
for 1 h. The resulting liposomes were sonicated to clarity 
[15 min at setting 4 with a Branson (Branson Ultrasonic, 
Danbury, CT) 350 Sonifier operating on a 50% duty cycle] 
on ice under an argon atmosphere~ These clear vesicles 
were stored at room temperature overnight to anneal (20). 
To prepare Triton/phospholipid mixtures (21), liposomes 
were prepared as described above without sonication at 
a concentration of 2.5 mM in 0.1 M KC1, 10 mM Tris-HC1, 
pH 7.6 containing 10 mM Triton X-100 (Ultragrad~ LKB, 
Stockholm, Sweden). In some experiments additional 
Triton X-100 was added. The lipids were then suspended 
in the detergent-containing buffer by vortexing for 10 mirL 

The vesicles were peroxidized by one of three methods: 
(i) Peroxidation by iron~adenosine diphosphate (ADP). 
Vesicles (2.5 mM) were mixed with a fresh solution of 
1.2 mM ADP and 0.2 mM FeSO4 in water to attain a 
final concentration of either 20 gM FeSO 4 and 120 gM 
ADP or 10 ham FeSO 4 and 60 ~Vl ADP. The vesicles were 
then incubated at 37~ for 30 min under air. (ii) Perox- 
idation by iron (II)/iron (III). A solution of 10 mM FeC13 
and 11 mM ethylenediaminetetraacetic acid prepared in 
N2-purged water was added to the vesicles to attain a 
concentration of 0.1 mM FeC13. Then a fresh solution of 
FeSO4 (1 mg/mL water) was added to attain a concentra- 
tion of 0.1 mM. (~) Peroxidation by heat and oxygerL Prior 
to swelling the lipids in buffer, the tubes were flushed with 
oxygen, capped and heated at 60~ for up to 4 h. These 
peroxidized samples were stored at -20~ for up to 24 l~ 
Then, buffer was added to the lipids and vesicles were 
prepared as described above Prior to phospholipase mea- 
surements, aliquots were taken for measurement of thi~ 
barbituric acid reactive substances (TBARS). 

The rate of hydrolysis of lipids catalyzed by phos- 
pholipase was measured directly following peroxidation 
by the pH-stat technique or by measurements of re- 
leased [14C]oleic acid as described in detail by McLean 
et aL (21}. The vesicles were diluted after peroxidation to 
0.5 mM in 5 mL of 0.5 mM bicine, 0.1 M KC1, 10 mM 
CaC12, pH 8.0. The assay temperature was 37~ Hy- 
drolysis was initiated by addition of 3 gL of a 0.3 mg/mL 
solution of Crotalus admanteus phospholipase A2 
(Sigma) in standard buffer without calcium. 

TBARS were measured by addition of 0.5 mL of sam- 
ple to 0.1 mL of butylated hydroxytoluene (2%), followed 
by 1.5 mL each of 20% trichloroacetic acid and 0.67% 
thiobarbituric acid/0.05 N NaOH. Reaction proceeded for 
30 min at 100~ The tubes were then cooled, centrifuged 
for 15 min at 3000 rpm and transferred to plastic semi- 
micro cuvettes. The difference in absorbance at 532 nm 
and 580 nm (to correct for light scattering) was measured 
in a Beckman DUo7 spectrophotometer (Fullerton, CA). 
The TBARS were calculated in units of malondialdehyde 

equivalents using a molar extinction coefficient of 
1.56 • l0 s M -1 cm-L 

RESULTS 

Mixtures of PC and PE were chosen for evaluation of the 
effects of peroxidation on the rate of hydrolysis of phos- 
pholipids because of their abundance in biological mem- 
branes and the availability of previous data on similar 
mixtures (16). Unoxidized mixtures of bovine liver phos- 
phatidylcholine (PC) and phosphatidylethanolamine (PE) 
are hydrolyzed at a relatively slow rate by Crotalus 
adarnanteus phospholipase A 2 at 37~ (Fig. 1). The rate 
is increased dramatically after peroxidation with iron and 
ADP. Because iron and ADP were not removed prior to 
assay, it is possible that the iron/ADP mixture directly 
affects the enzyme Addition of iron and ADP to the assay 
mixture at the concentration at which it is present in 
the peroxidized samples inhibits the rate of hydrolysis 
slightly, so that the increased rate of hydrolysis observed 
in Figure 1 is not the result of a direct interaction of the 
iron and ADP with the enzyme. In a second set of ex- 
periments,  dry llpids were peroxidized by heat and oxygen, 
to eliminate the presence of peroxidizing agents during 
the assay. This resulted in a slightly lower TBARS than 
with iron peroxidation, but peroxidation of the lipids by 
heat and oxygen increases the rate of lipid hydrolysis 
(Fig. 2), and the rate of hydrolysis increases progressively 
with time of incubation under oxygen at elevated temper- 
atur~ The rate of hydrolysis of mixed PC/PE liposomes 
also depends upon the extent of lipid peroxidation and 
peaks after a time that depends on the particular sub- 
strate and experimental conditions under which it is ex- 
amined  (data not shown). With 10 ~M FeSO4 and 60 tdVl 
ADP at 37~ the maximal rate occurs when the TBARS 
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FIG. I. Effect of peroxidatian by iron adenosine diphosphate (ADP) 
on hydrolysis of 1,2-diacyl-sn-glyeero-3-phosphocholine and 
phosphoethanolamine (PC/PE) (4:1) vesicles by phospholipase A 2. 
The rates of hydrolysis were measured by pH~tat (O) before incuba- 
tion [thiobarbituric acid reactive substances (TBARS) of <0.2 nmol 
malondialdehyde (MDA)/~mole lipid]; (e)  after incubation with 20 
FM FeSO 4 and 120 ~M ADP for 30 min at 37~ (TBARS of 7.9 + 
0.8 nmoi MDA/~nole lipid); and (D) in the presence of 2 ~M FcSO4 
and 12 ~M ADP. Data are averages + SEM of 3-4 experiments. 
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detergent which minimizes possible effects of substrate 
structure and physical form on the rates of hydrolysis. 
However, the presence of two types of phospholipids in 
the PC/PE mixture complicates interpretation of the data 
due to potential effects of the interface between the two 
lipids and the complications inherent in assessing ex- 
periments with more complex lipid mixtures. Thus, PC 
in the absence of PE was further investigated. Al though 
more variability was observed in experiments with pure 
PC liposomes, the rate of hydrolysis of peroxidized PC 
liposomes exceeded that  of the unoxidized liposomes 
{Fig. 4A} in a manner similar to tha t  observed with the 
PC/PE mixtures. To minimize interfacial effects, samples 
were mixed with Triton X-100 at a molar ratio of 4:1 {Triton 
X-100 to lipid} and assayed. This addition of Triton to the 
peroxidized phospholipids resulted in a far more rapid rate 
of hydrolysis than with unoxidized PC mixtures. In the 

FIG. 2. Effect of incubation at elevated temperature under oxygen 
on the rate of hydrolysis of PC/PE vesicles by phospholipase A 2. 
Dry mixtures of PC/PE were incubated at 60~ for (O) 0 h (TBARS 
of <0.2 nmol MDA/i~mole lipid}, (�9 1 h (TBARS of 1.1 nmol 
MDA/~ole lipid) and (I)  4 h (TBARS of 2.1 nmol MDA//~mole lipid) 
prior to formation of vesicles and measurements of rates of 
hydrolysis. Abbreviations as in Figure 1. 

reach =8 nmol/~mole lipid (Fig. 3). Further  peroxidation 
of liposomal lipids as measured by TBARS formation 
results in slower rates of hydrolysis. Thus, the rate 
measured may depend critically on the extent of perox- 
idation. I t  is not  possible to directly equate the TBARS 
results with the number  of peroxidized lipid molecules. 

One explanation for the increased rate of hydrolysis of 
peroxidized lipids in PC/PE mixtures is tha t  the presence 
of the peroxidized lipids alters the structure of the vesi- 
cle in a manner  tha t  promotes interaction of the enzyme 
with substrate~ One approach to test  this hypothesis is 
to compare the rates of hydrolysis in the presence of a 
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FIG. 3. Dependence of reaction rate on the extent of peroxidation 
as measured by TBARS. PC/PE (4:1) vesicles were peroxidized for 
various periods of time at 37~ with 10/~M FeSO 4 and 60 }~M ADP. 
The rates were calculated from the initial linear portion of the kinetic 
course. Abbreviations as in Figure 1. 
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FIG. 4. Effect of peroxidation on hydrolysis of soy PC vesicles with 
and without l~itou by phospholipase A 2. (A) Rates of hydrolysis of 
soy PC vesicles measured by pH~stat (0) before incubation frBARS 
of 1.0 __+ 0.1 nmol MDA/mol lipid) and (e) after incubation with 
100 ;~M Fe(II) and 100 ;~M Fe(III)/ethylenediamiuetetraacetic acid 
for 30 min at 37~ (TBARS of 1.8 ___ 0.2 nmol MDA//Jmole Hpid). 
Each curve is the average of two experiments. (B) Effect of perox- 
idatiou o n  rate of hydrolysis of soy PC in Triton X-100 micelies. In- 
cubated (�9 and unincubated (O) lipids from A were mixed with 
Triton X-100 (4:1 l~iton/phospholipid mole/mole) and rates of 
hydrolysis were measured following addition of 3 ~L (0.18/~g/mL) 
of enzyme. Abbreviations as in Figure 1. 
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FIG. 5. Effect of peroxidation of hoot lipid on the rate of hydrolysis 
of 1-palmitoyl-2-[1-14C]oleoyl PC by phospholipase A 2. PC/PE 
vesicles containing a trace amount of 1-paimitoyl-2-[1-14C]oleoyi PC 
were peroxidized with iron/ADP as described in the legend to Figure 1. 
The rate of hydrolysis was measured by counting the released 
[14C]oleic acid. (O) Unincubated vesicles (TBARS of 1.4 nmol 
MDA/~mol lipid), ( e )  incubated vesicles (TBARS of 8.7 nmol 
MDA/~mol lipid). Abbreviations as in Figure 1. 

latter, no hydrolysis was measurable over a period of :>60 
min with a 4:1 ratio of Triton/PC {Fig. 4B). Higher ratios 
of Triton/PC were required to elicit measurable rates of 
hydrolysis in the unoxidized lipids, but peroxidized 
lipid/Triton mixtures were always more rapidly hydrolyzed 
{data not shown}. 

To test more directly whether peroxidation of the host 
lipid has any effect on the rate of hydrolysis of unoxidized 
lipids, the rate of hydrolysis of palmitoyl-[14C]oleoyl PC 
in soy PC/soy PE vesicles before and after percxidation 
was examined. Because palmitoyl-oleoyl PC is not readi- 
ly peroxidized, it served as a marker for host lipid effects. 
The experiment described under Figure 1 was repeated 
with 1-palmitoyl-2-[1-14C]oleoyl PC present in the lipo- 
somes, and the released fatty acids were assayed to deter- 
mine the rate of hydrolysis of the radioactive palmitoyl- 
oleoyl PC tracer. In these experiments, peroxidation of the 
host lipid had no effect on the rate of hydrolysis of the 
palmitoyl-oleoyl PC {Fig. 5). 

DISCUSSION 

The present set of experiments demonstrates that  perox- 
idation of mixed PC/PE vesicles by either iron/ADP or ox- 
ygen/heat results in a marked increase in the rate of 
phospholipase A2-catalyzed hydrolysis that is not the 
result of a direct effect of peroxidizers on the enzyme This 
supports the notion that phospholipase A2 prefers perox- 
idized substrates {18,22}. The dramatic increase in the 
overall rate of hydrolysis of PC/PE mixtures with perox- 
idation may be due to either a preference for phospholipid 
molecules with peroxidized acyl chains or a preference for 
structurally altered liposomes containing peroxidized 
lipids. It is difficult to distinguish between these two 
mechanisms in PC/PE mixtures because of potential dif- 
ferences in the rate of hydrolysis of the two components. 
The inability to make mechanistic conclusions with the 

mixed PC/PE mixture led us to study simple PC vesicles 
in more detail. To minimize interfacial interactions that 
may complicate interpretation of the effects of peroxida- 
tion of lipids on phospholipase activity, a detergent was 
included in some experiments. These experiments could 
not be interpreted at a molecular level with the PC/PE 
mixtures as addition of detergent may alter the substrate 
head-group preference of the enzyme (23,24). 

In the simpler system containing PC in the absence of 
PE, the increase in rate of hydrolysis of lipids after perox- 
idation was relatively small. Addition of detergent in- 
creased the rate of hydrolysis of the lipids that had been 
incubated under peroxidizing conditions and reduced the 
rate of hydrolysis of unoxidized lipids. These data suggest 
that the peroxidized lipids are better substrates for the 
enzyme. An alternative explanation is that Triton en- 
hances structural differences between the oxidized a n d  
peroxidized substrates. However, peroxidized lipids were 
still hydrolyzed more rapidly when the ratio of Triton to 
PC was increased. Consistent with this apparent substrate 
preference is the observation that the rate of hydrolysis 
of the nonoxidizable lipid, palmitoyl-[14C]oleoyl PC, incor- 
porated into a peroxidizable liposome was not influenced 
by peroxidation of host lipid. 

These data suggest that in pure PC vesicles the primary 
effect of lipid peroxidation is to provide a phospholipid 
substrate with acyl chains that are preferentially hydro- 
lyzed by the phospholipase It does not appear that perox- 
idation of host lipid results in dramatic increases in the 
rate of hydrolysis of nonoxidized phospholipids. In terms 
of the proposed protective role of phospholipase A2 in the 
repair of peroxidative membrane damage {16), the model 
provided by adding a trace of palmitoyl-oleoyl PC to perox- 
idizable lipids indicates that even in the case of transfer 
of nonoxidized lipids into regions of the membrane that  
have been damaged by peroxidation, the nonoxidized 
lipids may not be more rapidly hydrolyzed. However, the 
likelihood for peroxidation of lipid which diffuses into a 
region of peroxidized lipid is increased by its potential in- 
teraction with free radicals formed by peroxidative mech- 
anisms at the site of injury. Such lipids would then be 
rapidly hydrolyzed in an attempt to minimize membrane 
damage~ 

No repair mechanism is available, to our knowledge~ for 
the phospholipid hydrolysis associated with lipoproteins 
{25}. We suggest that in cases of free-radical damage to 
lipoproteins or cells, in which the repair mechanism is 
unable to keep up with lipid hydrolysis, unchecked damage 
may occur that  would lead to severe disruption of mem- 
brane or lipoprotein integrity and function. Part of this 
damage in LDL may be the result of transfer of liberated 
fat ty acids from either the phospholipids or cholesteryl 
esters to amino groups on the surface of the lipoprotein 
(3}. Recent experiments indicated that probucol prevents 
modification of the lipoprotein surface under conditions 
in which lipid peroxidation is observed, possibly by 
limiting transfer of fatty acids to the surface of the par- 
ticle {26}. These principles, when applied to the design of 
an antioxidant, suggest that  one would need not only an 
effective free radical scavenger, but also a molecule that  
alters the structure of the membrane or lipoprotein sur- 
face in such a way that the transfer of nonoxidized lipids 
into the region of membrane peroxidative damage is 
limited. The possibility tha t  other antioxidants may 
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e x e r t  t he i r  ef fec ts  in a s imi l a r  benef ic ia l  m a n n e r  is  cur- 
r e n t l y  u n d e r  i nves t iga t ion .  
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Structure-Function Relationships of AlkyI-Lysophospholipid 
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This investigation was initiated in order to delineate the 
structure-function relationship of the anticancer alkyl- 
lysophospholipids and assess their degree of selective cy t~  
toxicity toward neoplastic cells. A series of glycerol phos- 
phocholine analogs with varying substitutions in the sn-1 
and sn-2 position were tested for their inhibitory activity 
as measured by thymidine incorporation, clonogenic assays 
and effects on protein kinase C activity against a series 
of human leukemic cell lines and healthy bone marrow pr~ 
genitor cells. The ICs0 was determined for each of the 
compounds in each cell line and healthy bone marrow cells 
following a 4-h incubation. The data indicated that a 16-18 
carbon chain at the sn-1 coupled with a short substitution 
at sn-2 had the broadest antitumor activity and was the 
least toxic to normal bone marrow cells. The results pro- 
vide a number of useful leads toward the design and 
development of potentially more active phospholipid 
compounds. 
Lipids 28, 511-516 (1993). 

Since the discovery by Munder et 02 (1) that synthetic 
analogs of naturally occurring lysophosphatidylcholine 
(LPC) had antitumor activity, considerable interest has f~ 
cused on this new family of compounds which mediate their 
effects through cell surface events. Andreesen et 02 (2), 
Modolell et 02 (3) and others (4,5) stressed the selective 
cytotoxicity aspects. We have shown that there is a selec- 
tive cytotoxic effect of synthetic alkyl-lysophospholipids 
(ALP) on neoplastic tissues and a sparing of normal mar- 
row progenitor cells (NMPC) (6,7), and have begun clinical 
studies using one of these compounds as an in vitro purg- 
ing agent to eliminate any residual leukemic cells from ma~ 
row obtained from patients in remission prior to autologous 
bone marrow transplantation (8). 

A series of analogs have been synthesized, and from 
earlier studies it is evident that specific structural configura- 
tions are important for antitumor activity. Munder et 02 
(9) found that longer hydrocarbon chains (18 carbons) were 
more active than shorter (12 carbon) chain~ Andreesen et 
02 (2) reported that an ether linkage of the aliphatic side 
chain in sn-1 of the glycerol molecule and substitution of 
the hydroxy group in the sn-2 position were essential for 
antitumor activity. Stereoisomers were also active, and 
greater growth inhibition was observed with choline 
phospholipid analogs than the ethanolamine phospholipid 
analogs (10). Replacement of oxygen with sulfur in sn-1 has 
yielded essentially an equally active product (11,12). 

*To whom correspondence should be addressed at Leukemia Research 
Laboratory, P.O. Box AE, Emory University, Atlanta, GA 30322. 

Abbreviations: ALP, alkyl-lysophospholipid; BCS, bovine calf serum; 
BFU-E, erythroid bursts; CFU-E, erythroid colonies; ET-18-OCH 3, 
1-O-octadecyl-2-O-methyl-mc-glycero-~phosphocholine; GEMM, mixed 
colonies; GM-CFU, granulocyte-macrophage colonies; LP, lysophos- 
phatidylcholine; NMPC, normal marrow progenitor cells; PHA-LCM, 
phytohemagglutinin-lymphocyte conditioned medium; PKC, protein 
kinase C. 

The mechanism of action of ALP is not completely un- 
derstoo~ The site of action appears to be the cell membrana 
Evidence for this is the membrane damage seen with elec- 
tron microscopy {13}, inhibition of phosphatidylcholine syn- 
thesis {14}, inhibition of protein kinase C (PKC) activity (15) 
and inhibition of Na, K-ATPase activity {16}. In addition, 
DNA synthesis is indirectly inhibited (17}. It is not known 
whether or not this is a direct effect or a result of cell sur- 
face modification induced by these compounds. Further- 
m o ~  it is not clear how these compounds are relatively 
selectively toxic to neoplastic tissues and spare healthy 
It has been assumed that healthy cells are capable of me = 
taboHzing the compouncL whereas neoplastic cells are not. 
It has been shown that healthy tissues contain an enzyme 
which cleaves the alkyl group in the sn-1 position, and tumor 
tissues lack this cleavage enzyme {18-20). However, one of 
the most active compounds, 1-O~ctadecyl-2-O-methyl-rac- 
glycero-3-phosphocholine (ET-I~OCH3) is not a substrate 
for the cleavage enzyme (21,22). 

In order to gain further insight into structure-function 
relationships, we have tested a series of glycerophospholipid 
analogs for cytotoxicity against leukemic cell lines, effects 
on PKC activity and DNA synthesi~ We chose a 4-h incuba- 
tion time as preliminary studies with ET-18-OCH 3 in- 
dicated an anti-leukemic effect on the clonogenicity and 
thymidine incorporation of fresh leukemic cell~ with little 
activity against clonogenic bone marrow cells. In addition, 
such a time interval would serve as practical methods for 
a clinical marrow purging procedure 

MATERIALS AND METHODS 
Compounds. Figure 1 lists the compounds tested. Com- 
pounds A (ET-18-OCH3} and L (BM 41.440, Boehringsr 
Mannheim, Mannheim, Germany} were obtained from Dr. 
Wolfgang Berdel (Freie Universitiit Berlin, Berlin, Ger- 
many}. The other compounds were synthesized by one of 
us {J.H.) as described previously (23,24). Synthesis of com- 
pounds C, D, G~ and G2 will be reported separately. All 
compounds were fully characterized, including satisfac- 
tory elemental analyses {within 0.3% of the calculated 
values}. The compounds were stored at -20~ Prior to 
testing for their cellular effects, stock solutions were 
prepared by dissolving the compounds in the appropriate 
medium, usually RPMI 1640, at a concentration of 1 
mg/mL. The solutions could be frozen without loss of 
activity. 

H u m a n  cell lines. The myeloid leukemic cell line HL60 
was obtained from Dr. Robert Gallo INIH, Bethesda, MD) 
{25); K562 was obtained from Bismark Lozzio (Universi- 
ty  of Tennessee, Knoxville, TN) {26); B-cell leukemic cell 
lines, Daudi and U-937 {human histiocytic lymphoma) 
with monocyte-like characteristics were obtained from 
American Type Culture Collection IRockville, MD) {27}. 
Cells were continuously cultured in RPMI 1640 medium 
and 10% bovine calf serum {BCS) IHyclone, Logan, UT}. 
Studies were conducted with cells during log-phase 
growth. 
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GLYCEROPHOSPHOCHOLINES 

CH2-R , 
I 

R2-CH 0 
i II + 

CH2-0-P-0-(CH~2-N (CH3)3 

0" 

R, R~ 

A O-(CH2)ITCH 3 OCH 3 (ET-I 8-OCH3) 

B O-(CH2) I7CH 3 NHCOCH 3 

C O-(CH2)ITCH3 NHCO-OCH 3 

D O-(CH2),TCH 3 NHSO2-CH3 

E O-(CH2)IsCH 3 NHCO(CH2)~CH 3 

G, O-(CH2)ITCH 3 CS 3 

G2 O-(CH2),TCH 3 CH 3 

H O-(CH2) IsCH 3 NHCOCH 3 

I O-(CH2) IsCH 3 OCH 3 

J O-(CH2) IsCH 3 SCH 3 

K S-(CH2) IsCH 3 NHCOCH 3 

L S-(CH2)IsCH 3 CH20-CH 3 (BM 41.440) 

N O-(CH2),sCH 3 NHCOCF 3 

FIG. 1. Structure of alkyl-lysophospholipid analogs. Rt substitu- 
tions have either oxygen or sulfur linked to a 16 or 18 carbon chain. 
R 2 substitutions include methoxy (compounds A & I) acetamide (13, 
H & K), methoxycarbonylaml.o group (C), methansulfonamide group 
(D), a carbonyl group with a long carbon chain (E), 2~lcoxy analogs 
(G 1 & G2), which are chirai, G 1 is the sn-3 phosphocholine derivative 
and (3 2 is the sn-1 phosphocholine, a thiomethyl  group (J), methox- 
ymethyl  (L) and trifluoroacetyl group (N). 

NMPC. Cells were obtained from donors for allogeneic 
bone marrow transplants (having given informed consent) 
by aspirate from posterior iliac crests or from bone mar- 
row fragments following orthopedic procedures. Mono- 
nuclear cells were separated by Ficoll-Hypaque (Histo- 
paque-1077, Sigma Chemical Co., St. Louis, MO) and the 
interphase cells were used in the assay. 

Cytotoxicity assays. Varying concentrations of the com- 
pounds were incubated with 1 • 106 cells in 1 mL in 
RPMI 1640, 10% BCS {except for NMPC, where 10% fetal 
bovine serum, FBS, with 2 • 106 cells is used), 1% PS 
antibiotic mixture and 1% glutamine (Gibco, Grand 
Island, NY) (RPMI-C) at 37~ for 4 h. Following incuba- 
tion, the cell line cells were diluted with RPMI-C to pro- 
vide a suitable plating cell number and thereby diluting 

the drug at least 250-fold. For NMPC, the drug was ef- 
fectively diluted by adding 4 mL of RPMI-C, pelleting, 
removing 4.8 mL media and resuspending to 1 X 106/mL 
with RPMI-C. Viability was determined by trypan blue 
dye exclusion at the end of the 4-h incubation. 

Tritiated thymidine incorporation. For this assay, 4 X 
105 cells in 200 ~L of medium containing 10% BCS were 
incubated in triplicate with 0.4 ~Ci of methyl- 
[3H]thymidine (spe~ act. 80-90 Ci/mmol) for 1 h in 5% 
CO2 at 37~ Following incubation, the cells were 
harvested in a cell harvester (Brandel, Gaithersburg, MD), 
dried, scintillation fluid was added and the mixture was 
counted in a scintillation counter {17}. The results were 
expressed as cpm]4 • l0 s cells. 

Clonogenic assays of leukemic cells. Assays for the 
clonogenic potential of the leukemic cell lines were car- 
ried out as previously described (7). Briefly, 500 cells (or 
333 for K562} in RPMI-C were plated in triplicate in alpha 
MEM medium containing 0.8% methylcellulose, 30% 
BCS, 0.3% bovine serum albumin, 5 • 10-SM mercap- 
toethanol and 5.6 • 10-SM selenium. The plates were in- 
cubated in moist 5% CO2 at 37~ for 7-14 d and colonies 
{>40 cells} scored. 

Clonogenic assays for NMPC. Progenitor cells were 
assayed in triplicate by a modification of the method of 
Fauser and Messner (28) as previously described (7). Brief- 
ly, culture conditions were similar to the clonogenic assay 
for leukemic cells with the exception that both phyto- 
hemagglutinin stimulated lymphocyte conditioned media 
(PHA-LCMK) and human placental conditioned medium 
and 1 unit/mL erythropoietin {Step III  Connaught Lab- 
oratories, Willowdale, Ontari~ Canada) were added. Later, 
NMPC assays were done with 1% methylcellulose in 
Iscove's modified Dulbecco's medium, 30% FBS, 5 X 
10-SM mercaptoethanol, 5% PHA-LCM and 2 units/mL 
Epotin Alpha (Amgen, Ina, Thousand Oaks, CA) with 
comparable results. The plates were scored on day 14. 
The total number of progenitors was defined as the 
sum of mixed colonies {GEMM), erythroid colonies 
(CFU-E), erythroid bursts (BFU-E), granulocyte- 
macrophage colonies (GM-CFU) (>40 cells) and GM 
clusters (<40 cells). 

PKC assay. PKC activity was assayed as previously 
described {29,30). Briefly, partially purified PKC from pig 
brain or purified PKC from rat brain was used. The reac- 
tion mixture (0.2 mL) contained 5 ~mol of piperazine-N,A r- 
bis(2-ethanesulfonic acid) {pH 6.5), 2 ~anol MgC12, 5 ~g of 
phosphatidylserine, 40 ~g of histone H1, 0.06 umol of 
ethyleneglycol-bis(~-aminoethyl ether)N,N,N' N'-tetra- 
acetic acid, with or without 0.1 ~mol of CaC12, 1.0 nmol 
of [y-a2p]ATP (containing about 1 • 106 cpm) and vary- 
ing concentrations of glycerophospholipid analogs dis- 
solved in water by sonication. The reaction was carried 
out at 30~ for 5 rain. 

Statistical methods. The ICs0 was defined as the con- 
centration of compound which caused a 50% inhibition 
of the control value for any given assay. Repeated ex- 
periments were performed and the means used for com- 
parisons of compounds using standard t-tests. Where the 
inhibition appeared linear, the ICso was calculated using 
the least-squares method. Nonlinear inhibitions were 
graphed and IC~0 determined by inspection. A thera- 
peutic index was calculated by dividing the ICs0 for 
NMPC by the ICs0 for the clonogenic leukemic cells. 
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FIG. 2. Effect of a 4 h incubation of ET-18-OCH 3 on colony forma- 
tion, [3H]thymidine incorporation and viability in HL60 and K562 
cells. Colony formation (C) and [3H]thymidine (T) incorporation are 
expressed as percent of controls. The plating efficiency of K562 cells 
varies between 36 and 49% in controls, and in HL60 controls vary 
13-36%. Average cpm uptake of T for 4 X 105 control for K562 and 
HL60 cells is in excess of 104. Viability (V) is the percentage of cells 
excluding trypan blue. Bars are standard errors of means of a 
minimum of three separate experiments. 

RESULTS 
Figure  i gives the  s t ruc tu re  of the  c o m p o u n d s  investi- 
gated.  I n  the  sn-1 posit ion,  var ia t ions  in chain  l eng th  116 
or  18 carbons)  and the  subs t i t u t ion  of sulfur  for oxygen  
were the modifications tested. In  the sn-2 position, a series 
of subs t i tu t ions  of v a r y i n g  composi t ion,  as indicated  in 
F igure  1, were tested. 

We observed  two types  of cytotoxici ty .  A t  h igh doses 
(>60 ~M) cells were lysed, p r e sumab ly  because  of a deter- 
gen t  effect of the  phospholipids .  Lower doses demon- 
s t r a t ed  no effect or, in some instances,  an increase in col- 
ony fo rma t ion  and thymid ine  incorporat ion.  The  o ther  
t y p e  of cy to tox ic i ty  no ted  was a dose-related near  l inear 

reduc t ion  in colony fo rma t ion  and  thymid ine  incorpora-  
tion. These  t ypes  of cy to tox ic i ty  are i l lus t ra ted in F igure  
2. I n  the  H L 6 0  cell fine, which is sensi t ive to  ET-18- 
O C H  3, there  is a marked  reduc t ion  in colony fo rmat ion  
and  [3H]thymidine incorpora t ion  wi th  no ma jo r  change  
in cell viability. In  cont ras t ,  in K562 cells which are 
relat ively res i s tan t  to  ET-18-OCH3, there  is an  initial in- 
crease in colony format ion  and [3H]thymidine incorpora- 
t ion  at  lower doses followed by  a decrease at  higher  doses 
which  parallels  the  decrease  in the  pe rcen tage  of viable 
cells. 

Table 1 gives the  ICs0 for each of the  c o m p o u n d s  wi th  
respect  to colony format ion for each of the  cell lines tested. 
Because  c o m p o u n d  A has  been the  m o s t  widely s tudied  
and  is act ive aga ins t  a va r ie ty  of h u m a n  t u m o r s  (31}, all 
of the  o thers  were compared  to A. E x c e p t  in the  Daud i  
cell line, where compounds  C and I were significantly more 
act ive t h a n  c o m p o u n d  A, none  were more  active. On  the  
o ther  hand, several c o m p o u n d s  were s ignif icant ly  less ac- 
t ive t h a n  c o m p o u n d  A. In  H L 6 0  cells, c o m p o u n d s  C, D, 
K and  N were less act ive  and  c o m p o u n d  E, which has  a 
long  chain subs t i t u t ion  a t  sn-2, was inactive. I n  K562, 
c o m p o u n d s  G2, I and  K were inact ive  and  c o m p o u n d s  D 
and  G1 were less act ive t h a n  c o m p o u n d  A. The  ICs0 
values for N M P C  were somewhat  similar and did no t  va ry  
s igni f icant ly  f rom c o m p o u n d  A, except  for c o m p o u n d  
G1, which  was  more  active. 

Table 2 gives the  da t a  and  the  effects of the  compounds  
u p o n  D N A  synthesis .  E x c e p t  for c o m p o u n d  H in the  
Daud i  cell line, none  were s igni f icant ly  more  act ive t h a n  
c o m p o u n d  A. In  HL60,  c o m p o u n d s  C, K and N were 
s ignif icant ly  less ac t ive  In  K562, compounds  G1, G2, H, 
I, J and  K had  no inhib i tory  effect and  c o m p o u n d s  C and  
D were less effective. In  Daudi ,  c o m p o u n d s  C, G1, J and  
K had  low activity,  whereas  in U-937 c o m p o u n d s  D, G1, 
G2, H, J and  K were less active. 

Table 3 shows the  calculated therapeut ic  indices for the  
c o m p o u n d s  obta ined  by dividing the  IC~0 for the  N M P C  
by the  ICs0 for each of the cell lines. As  can be seen, com- 
pounds  A, H, I and J showed the  h ighes t  values, indicat-  

TABLE 1 

Comparative Potency of Inhibition by Alkyl-lysophospholipid (ALP) of Clonogenicity of Various Cell Lines 
and Normal Marrow Progenitor Cells (NMPC) a 

ICs0 
Compound HL60 K562 Dandi U-937 NMPC 

A (4} 24.5 • 2.3 (5) 71.6 4- 8.6 (5) 79.6 + 7.87 (6) 52.8 • 6.0 (13) 142.2 • 11.6 
B (2) 29.9 4- 0.9 (3) 129.0 4- 28.6 (3) 53.2 • 0.55 (4) 65.8 + 14.7 d (4) 117.3 4- 10.2 
C (5) 41.7 • 2.1 b (5) 204.0 4- 71.2 (3) 46.9 4- 2.25 d (4) 64.6 --- 5.5 d (2) 96.6 • 13.4 
D (2) 51.1 4- 0.1 b (5) 129.7 4- 21.7 d (3) 65.8 • 7.40 (2) 48.0 • 2.1 (2) 99.4 • 5.4 
E (2) NI e 
G 1 (3) 27.8 4- 3.2 (3) 410.1 • 22.8 b (2) 125.5 4- 13.5 d (2) 42.7 • 0,4 (2) 66.9 4- 3.5 d 
G 2 (3) 33.6 • 4.0 (1) NI (2) 151.1 • 19.2 c (2) 44.5 • 0.5 (1) 94.7 
H (8) 28.4 4- 3.3 (2) 71.0 4- 8.0 (1) 76.4 (3) 132.6 • 7.8 b (2) 173.2 • 9.5 
I (4) 19.4 • 1.3 ~3) NI (2) 42.0 • 1.5 d (3) 63.8 • 3.5 (3) 116.2 + 9.2 
J (5) 30.1 • 3.3 (2) 104.9 • 13.6 (4) 133.4 • 27.8 (2) 47.8 • 2.5 (3) 153.2 4- 24.2 
K (2) 44.7 • 6.7 d (2) NI (4) 152.9 + 30.5 d (2) 43.3 • 0.3 (3) 141.5 4- 40.2 
L (2) 29.3 + 2.9 (2) 55.1 + 3.8 (2) 75.6 • 19.5 (6) 86.0 • 45.6 (4) 104.6 + 19.0 
N (3) 102.6 + 1.8 b 

aThe data presented are means • SE of 1-13 experiments (numbers in parentheses) done 
bp < O.0O05. 
Pp< 0.01. 

< 0.05. 
eNI, no inhibition up to 500 t~M. 

in triplicate, ALP exposure was 4 h. 
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TABLE 2 

Comparative Potency of Inhibition by Alkyl-lysophospholipid (ALP) 
of Thymidine Uptake in Various Cell Lines a 

ICso (~M) 
Compound HL60 K562 Daudi U-937 

A (9) 34.9 +__ 3.2 (5) 108.3 ____ 5.0 (5) 66.9 +__ 0.0 (8) 51.5 +__ 3.3 
B (3) 33.8 ---- 0.3 (3) 139.7 + 17.3 (3) 64.3 +_ .9 b (4) 58.4 +_ 3.9 

_ _ _ 19. C (4) 53.0 + 6.2 d (2) 343.2 + 63.7 b (3) 116.0 + 3.5 (4) 78.9 +_ 
D (1) 43.3 (2) 305.1 _ 81.5 c (3) 95.9 + 20.2 (2) 91.4 + 2.1 
E (2) NI e -- -- -- 
G 1 (3) 45.8 ---- 2.2 (1) NI (2) 90.0 +-- 7.0 d (2) 70.2 +- 0.6 d 
G 2 (2) 51.7 +- 3.0 (1) NI (2) 81.7 +- 6.3 (2) 76.0 +- 2.1 d 
H (7) 34.7 +- 5.4 (3) NI (2) 47.7 +- 2.9 d (3) 91.9 +- 2.8 b 

37. I (5) 41.7 --- 14.0 (3) NI (3) 104.5 +- ~ (3) 61.2 +- 1.7 
J (5) 46.1 +-- 3.8 (2) NI (3) 142.6 + 9.8 (2) 89.5 -4-- 6.7 c 
K (3) 77.2 +-- 22.9 c (2) NI (3) 165.1 + 44.4 d (2) 72.0 +- 0.7 d 
L (2) 33.9 + 4.6~ (2) 78.7 --- 11.9 (2) 47.8 +_ 6.1 (6) 60.0 +- 2.7 
N (3) 106.7 + 3.2 -- -- -- 

aThe data presented are means 4-_ SE of 1-8 experiments (numbers in parentheses) done in triplicate. ALP 
exposure was 4 h. 

bp < 0.005. 
pp< 0.01. 

< 0.05. 
eNI, no inhibition up to 500 ~M. 

TABLE 3 

Comparative Therapeutic Index of Alkyl-lysophospholipid a 

Therapeutic index 

Compound HL60 K562 Daudi U-937 

A 5.80 1.99 1.79 3.32 
B 3.92 0.91 2.20 1.78 
C 2.32 0.47 2.06 1.50 
D 1.95 0.77 1.51 2.07 
G 1 1.60 0.16 .53 1.57 
G 2 2.82 .63 2.13 
H 6.10 2.44 2.27 1.31 
I 6.00 2.77 1.82 
J 5.09 1.46 1.15 3.21 
K 3.17 0.93 3.27 
L 3.57 1.90 1.38 1.22 

aThe index was calculated as described in Materials and Methods. 

TABLE 4 

Comparative Potency of Inhibition of Protein Kinase C 
by Alkyl-lysophospholipid a 

Compound IC50 ~M 

A (ET-18-OCH3) 9 
B 6 
C 24 
D 23 
E NI b 
G1 NI 
G2 NI 
H 5 
I 16 
J 14 
K 47 
L (BM 41.440) 9 
N 60 

aThe data presented are means of two experiments with experimental 
errors being less than -+5%. ET-18-OCH 3, 1-O-octadecyl-2-O- 

bmethyl-rac-glycero-3-phosphocholine. 
NI, no inhibition up to 500 ~M. 

ing a higher degree of selectivity. Table 4 gives the ICs0 
values  for the  va r ious  c o m p o u n d s  on  P K C act ivi ty.  Com- 
p o u n d s  A, B, H and  L proved to be the  m o s t  act ive 
inhibi tors .  

DISCUSSION 

Various s u b s t i t u t i o n s  a t  the  sn-1 and sn-2 pos i t ions  of 
g lycerophosphochol ine  were t es ted  to de t e rmine  w h a t  
s t ruc tu ra l  changes  inf luenced  the  selective a n t i t u m o r  ac- 
t i v i t y  of these  e ther  lipids. The  sn-3 s u b s t i t u t i o n s  were 
ident ical .  All  of the  c o m p o u n d s  had  e i ther  a 16 or 18 car- 
bon  chain  a t  sn-1. This  difference in  chain  l eng th  appeared 
to  make  no  difference (i.a, compare  c o m p o u n d s  A and  I 
as well as B a nd  H) as long  as the  s u b s t i t u t i o n  a t  sn-2 
was a m e t h o x y  group. S u b s t i t u t i o n  of a su l fur  for an  ox- 
ygen l inkage a t  sn-1 resulted in less ac t iv i ty  (compare com- 
p o u n d s  B and  K) w h e n  the  sn-2 s u b s t i t u t i o n  was an  
a c e t a m i d e  However, th is  d id  n o t  prove to be t rue  when  
the subs t i t u t i on  a t  sn-2 was a me thoxymethy l  group (com- 
pare c ompounds  K and  L). I n  fact, c o m p o u n d  L was qu i te  
s imi lar  to  c o m p o u n d  A in  cytotoxici ty.  

sn-2 S u b s t i t u t i o n  had  a grea ter  i m p a c t  on act ivi ty.  A 
long  cha in  s u b s t i t u t i o n  (compound  E) a t  sn-2 e l imina ted  
a ny  cytotoxic  ac t i v i t y  a nd  had  no  effect on PKC. The  in- 
t r o d u c t i o n  of a t r i f luoroace ty l  group in  c o m p o u n d  N 
(which is less hydrophobic  t h a n  the  ace ty l  g roup  in  com- 
pound  H) reduced the  ac t iv i ty  significantly.  The me thoxy  
s u b s t i t u t i o n  a t  sn-2 was somewha t  more cytotoxic  t h a n  
the  t h iome thy l  moie ty  (compare c o m p o u n d s  I and  J) 
a l t h o u g h  the  P K C  inh ib i t o ry  ac t iv i ty  was  similar.  

The  chiral  sn-2 deoxy ana logs  (compounds  Gx and  G 2) 
had  s imi lar  act ivi t ies ,  a l t h o u g h  s u b s t a n t i a l l y  lower t h a n  
those  exhibi ted  by  c o m p o u n d  A, a nd  appeared to be more 
toxic to  the  NMPC.  They  ha d  the  lowest  t he rapeu t i c  in- 
dex a nd  were inac t ive  toward PKC. 

Other  subs t i tu t ions  a t  sn-2 did no t  enhance  cytotoxici ty  
over t h a t  observed in  compound  A. The methoxycarbonyl-  
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amino substi tut ion (compound C) had an effect similar to 
tha t  of the methyl  carbonyl subst i tut ion (compound B). 
Introducing a methanesulfonamide moiety (compound D) 
which adds an additional oxygen did not  increase poten- 
cy (compound B). 

These ALP analogs differ from the naturally occurring 
acetyl derivative, platelet-activating factors (PAF), in tha t  
they have ant i tumor activity, but  have little or no PAF- 
like act ivi ty (32,33). Lai e t  al. (34) synthesized a spin label 
derivat ive of ET-18-OCH 3. They also synthesized a 
derivative of PAF (an ester linkage at  sn-2) and another  
compound with ester linkages at  sn-1 and sn-2. Neither 
inhibited thymidine incorporation. Electron spin reson- 
ance indicated that  the ether chains were less mobile than 
the ester chains. Also, the former, being more hydrophobic, 
appeared to promote packing of the two O-alkyl chains. 

I t  has been suggested that  the cytotoxicity of ALP may 
result from ALP's  combined effects on certain membrane 
targets  (such as PKC, Na, K-ATPase, Na pump and cer- 
tain phospholipid-metabolizing enzymes) whose syner- 
gism may result in cell damage or death (35). The effects 
of A LP  analogs on cells {Tables 1 and 2) are likely to be 
specific and do not seem to be due to a general membrane 
per turbat ion brought  about  by the ALPs. We reported 
previously tha t  compound A (ET-18-OCH 3) inhibited 
TPA-induced differentiation (a PKC-mediated process) and 
a6Rb uptake (an indicator of Na pump activity) of HL60 
cells, both  with an ICs0 of 9 ~M {35), a value identical to 
tha t  for its inhibition of PKC (35; also see Table 4). Tak- 
ing into consideration factors such as binding of A L P  to 
serum in the medium and uptake of the agent into the 
cell membrane, the ratio of the agent to total membrane 
phospholipid was est imated to be about  0.036 mol%, 
assuming tha t  7 • l0  s cells contained 1,250 nmol of 
membrane phospholipids (35). Chabot et  al. (36) and 
Diomede et  al. (37) have determined the phospholipid con- 
tent  to be 9.1 and 27.0 nmol, respectively, for the same 
number  of cells. The ratios of compound A to total  mem- 
brane phospholipid, accordingly, were much higher (4.9 
and 1.7 mol%, respectively) when their  values for phos- 
pholipid were used. The ICso values of compound A for 
clonogenicity (Table 1) and thymidine uptake (Table 2) for 
various leukemia cell lines and NMPC from the present 
studies ranged from 24.5 to 142.2 ~Vl. The mol% of the 
agent to total cell membrane phospholipid was est imated 
accordingly, to be about  from 13.3 to 26.9, respectively, 
using the phospholipid content  reported by Chabot e t  al. 
(36). I t  is thus conceivable tha t  incorporation of compound 
A into a biomembrane will have a profound effect on a 
number  of enzymes, including PKC, which could con- 
t r ibute  to the cytotoxici ty of the ether  lipids. 

Additional studies of ALP derivatives will be necessary 
to further assess the structural requirements of anti tumor 
active PAF analogs. Nevertheless, the present series of 
tumor-cytotoxici ty studies and determinat ion of thera- 
peutic indices in comparison of healthy bone marrow pro- 
genitor cells provide a number of ueful leads toward the 
design and development of more potent  ant i tumor  active 
phospholipids. Demonst ra t ing  selective and specific 
tumor  cytotoxici ty of either 16 or 18 carbon chain 
sn-l-alkyl e ther  and thioether  analogs containing short- 
chain sn-2-alkyl- or acetamido-deoxy- as well as an 
alkoxymethyl-substi tuted phospholipid confirms and ex- 
pands the earlier a t t empts  to delineate s tructural  re- 

quirements of ant i tumor  active phospholipids and pro- 
vides an additional set of criteria (38). The functional role 
of the sn-3-phosphodiester subst i tut ion can now be ad- 
dressed further, as it has been shown tha t  PAF analogs 
containing headgroup bases other than choline exhibited 
significant ant i tumor  act ivi ty (39). 
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Effect of Age and a-Linolenic Acid Deficiency on A6 Desaturase 
Activity and Liver Lipids in Rats 
T.K.L. Dinh a, J.M. Bourre b and G. Duranda, * 
aLaboratoire de Nutrition et de S~curit~ Alimentaire, INRA 78352 Jouy-en-Josas C~dex and bLaboratoire de Neurotoxicologie, 
INSERM U26, 75010 Paris, France 

The combined effects of  age and of diet deficient in n-3 
fa t ty  acids on 56 desaturation of linoleic acid and on lipid 
fa t ty  acid composit ion were studied in the liver of the rat 
at  2, 6, 12, 18 and 24 moll of  age. The profiles of  56 de- 
saturase activity and fa t ty  acid composit ion were studied 
in the deficient rats refed, at these different ages, either 
with 18:3n-3 (mixture of peanut and rapeseed oils} or with 
20:5n~3 -t- 22:6n-3 {fish oil} diets for 2, 4, 8 or 12 wk. Results 
showed tha t  the liver 56 desaturation activity in the con- 
trol rats remained high at 2 and 6 mon, decreased by 30% 
from 6 to 12 mon, and then remained stable from 12 to 
24 mon. In the deficient rats, this activity remained high 
during the entire period studied. Thus, the profile of  liver 
56 desaturase activity after puberty was not related to age 
only; it also depended on the polyunsaturated fa t ty  acid 
{PUFA} n-6 and n-3 balance in the diet. In the controls, in 
parallel with the 56 desaturase activity, PUFA metabolism 
could be divided into three periods: a "young"  period, and 
"old age" period, separated by a period of transition be- 
tween 6 and 12 mon. Recovery from PUFA n-3 deficiency 
occurred at  all ages but in a different manner depending 
on whether the rats were "young"  or "o ld"  Recovery was 
faster if long-chain n-3 PUFA rather than a-linolenic acid 
were supplied in the diet. 
Lipids 28, 517-523 {1993}. 

Some long-chain polyunsaturated fat ty  acids (PUFA) of 
tissue and serum lipids are supplied directly by the diet, but  
most are derived by desaturation and elongation of their 
precursors, linoleic and a-linolenic acids. The first step in 
this process is catalyzed by a microsomal enzyme, 56 de- 
saturase The two precursor fat ty acids compete for this en- 
zyme (1,2); 18:3n-3 is desaturated at a higher rate than 
18:2no6. In the presence of the two dietary fatty acids and 
at equal concentrations, 18:3n-3 effectively inhibits the 
desaturation of 18:2n-6 (3). 56 Desaturase activity is also 
inhibited by the products of the desaturation~elongation pr~ 
cess due to feedback inhibition by 20- and 22~arbon fat ty  
acids (4,5). Studies on rats after puberty have shown that  
age affects 56 desaturase activity (6-8). Some investigators 
showed that  this activity decreased progressively with age 
(6,7), others that  it fluctuated (8). These variations in en- 
zyme activity were reported to be either accompanied by 
changes in tissue lipid composition {6,7), or not (8). Other 
authors have studied the fat ty acid profile in the liver of 
rats ranging in age from 1.5 to 40 mon; only the proportion 
of 20:4n-6 was shown to decrease with age (9). When animals 
given an a-linolenic acid-deficient diet were refed a bal- 
anced PUFA diet, the composition of tissue phospholipids 
returned to normal within variable times depending on the 

*To whom correspondence should be addressed. 
Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic 
acid; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated 
fatty acids; SFA, saturated fatty acids; TFA, total fatty acids. 

organ studied. However, these studies were carried out on- 
ly on young animals, and the n-3 PUFA used in refeeding 
was derived from vegetable oil (10,11). 

The aim of the present work was to study (i) the com- 
bined effects of age and dietary n-3 PUFA deficiency on 
changes in the activity of 56 desaturase on 18:2n-6 and 
changes in the fat ty acid composition of liver total lipids 
in male rats between 2 and 24 mon of ag~ and (ii) the com- 
bined effects of age and of refeeding with a-linolenic acid 
or its long~hain derivatives on the two parameters. 

MATERIALS AND METHODS 

Animals and diets. Two generations of female Wistar rats 
were given a diet containing lipids in the form of African 
peanut  oil {5%, w/w) low in a-linolenic acid; this diet (defi- 
cient) supplied about  900 mg of linoleic acid but  only 5 
mg of a-linolenic acid/100 g of diet. Two weeks before 
mating, the deficient second-generation females were 
divided into two groups. The first group continued to 
receive the deficient diet while the second group was given 
a diet in which the peanut  oil was replaced by a mixture 
of peanut  and rapeseed oils (50:50). This diet (control) sup- 
plied the same amount  of linoleic acid as the deficient diet 
but  also about  200 mg of a-linolenic acid/100 g of diet 
{n-6/n-3 -- 5). At  weaning, the male progeny of these two 
female groups were given the same diet as their  respec- 
tive dam, and animals were killed when 2, 6, 12, 18 or 24 
mon old. At each of these ages some deficient animals were 
refed with n-3 PUFA, one-half with the control diet 
described above and the other half with a diet containing 
a mixture of peanut oil and cod liver oil 192.5-7.2%, respec- 
tively}; thus, the first half was refed with n-3 PUFA with 
a-linolenic acid and the other with a mixture of eicosapen- 
taenoic and docosahexaenoic acids IEPA plus DHA). The 
lat ter  diet supplied about  900 mg of n-6 PUFA (like the 
other  diets} and 100 mg of long-chain n-3 PUFA/100 g of 
diet. This amount  of long-chain n-3 PUFA was chosen 
because of a preliminary s tudy had shown tha t  it was 
equivalent to 200 mg of a-linolenic acid, which is suffi- 
cient to satisfy the n-3 PUFA requirement {11). Some 
animals were killed at  2, 4, 8 or 12 wk (T2, T4, T8 and 
T12) after refeeding with n-3 PUFA. The composition of 
the diets and the fa t ty  acid composition of the lipids are 
given in Tables 1 and 2. 

Measurements of 56 desaturase activity. Non-fasted 
animals were killed between 8:00 and 9:00 aim. to ensure 
optimal conditions for 56 desaturase measurement  {12) 
and to avoid any variation in 56 desaturase act ivi ty due 
to circadian rhythm (13). The liver was rapidly excised and 
weighed. One par t  was used to measure enzyme activity 
and the rest for fa t ty  acid analysis. 

Specific 56 desaturase act ivi ty was assayed using the 
method of Blond and Lemarchal  {14) as modified by 
Bourre et al. {15}. The liver was homogenized at 4~ in 
0.25 M saccharose buffer containing 0.05 M Na2HPO4, 2 
mM glutathione, pH 7.4 (5 mL of buffer/2 g fresh tissue}. 
The homogenate was centrifuged at 12,000 • g for 15 min 
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TABLE 1 

Diet  Composit ion (g/kg) 

Constituents g/kg 

Casein 220.0 
DL Methionine 1.6 
Mineral mixture a 40.0 
Vitamin mixture b 10.0 
Cellulose 20.0 
Oil c 50.0 
Starch 439.0 
Saccharose 219.4 

aComposition (g/100 g):CaHPO4.2H20, 38.0; K2HPO4, 24.0; CaCO 3, 
18.0; NaC1, 6.9; MgO, 2.0; MgSO4.7H20, 9.0; FeSO4.7H20, 0.86; 
ZnSO4-H20, 0.5; MnSO4.H20, 0.5; CuSO4~ 0.1; NaF, 0.08; 
CrK(SO4)2-H20, 0.05; (NH4)6Mo7024"4H2 O, 0.002; KI, 0.004; 
CoCO 3, 0.002; Na2SeO3o5H2 O, 0.002. 

bTotal vitamin supplement, United States Biochemical Corp. (Cleve- 
land, OH). 

CControl diet consists of a mixture of peanut oil and rapeseed oil 
{50:50), deficient diet consists of peanut oil, refeeding diets con- 
sist of a mixture of peanut oil and rapeseed off {50:50) or a mix- 
ture of peanut off and cod liver oil {92.5:7.5). 

to precipitate cell debris, mitochondria and nuclei. The 
supernatant  contained both microsomes and cytosol. The 
latter increased the activi ty of acyl-CoA synthetase ac- 
tivity, thus favoring the formation of acyl-CoA (14) serv- 

ing as substrates of desaturases. The supernatant  was 
diluted twice with the same buffer before the protein con- 
tent  was determined by the method of Lowry e t  al. (16). 
Five mg of protein and 100 nmol of [1-14C]18:2n-6 {2 ~Ci, 
20 ~L) were added. A final volume of 2 mL was obtained 
using the same buffer as before containing the following 
cofactors: Na2HPO4 (50 mM) ATP (7.5 raM), MgC12 (3.8 
raM), N A D P H  (0.2 mM), N A D H  (0.5 raM) and CoA (0.2 
mM). The tubes were incubated for 30 rain with shaking. 
The reaction was stopped by the addition of i mL of KOH 
in 12% ethanol. Thirty/zg each of several s tandard com- 
mercial fa t ty  acids (18:2n-6, 18:3n-6, 20:3n-6, 20:4n-6, 
20:5n-3, 22:6n-3) were added to facilitate identification of 
chromatographic fractions. After saponification at 100~ 
for 30 min, 0.4 mL of 10 N HC1 was added, the fa t ty  acids 
were extracted using hexane, followed by methylation with 
I mL of 14% boron trifluoride for I h at  100~ The fa t ty  
acid methyl  esters were extracted with hexane, purified 
by thin-layer chromatography using a mixture of petro- 
leum ether/diethyl ether (80:20, vol/vol), and then were 
localized by autoradiography. The methyl ester band was 
scraped from the plate and extracted successively with 
hexane (2 times 3 mL) and diethyl ether (2 times 3 mL). 
The methyl esters were finally separated according to their 
degree of unsaturat ion by AgNO3 thin-layer chromatog- 
raphy. Plates were impregnated with 10% AgNO3 in 
acetonitrile for 15 min, then dried at 100~ for 20 min. 

TABLE 2 

F a t t y  Acid  Composit ion of Dietary Lipids a 
Diets 

Peanut oil (50%) Peanut off (92.5%) 
Peanut oil Rapeseed oil (50%) Cod liver oil (7.5%) 

Fatty acids (%) 
14:0 0.4 0.5 0.9 
16:0 11.9 10.1 10.9 
18:0 2.9 2.3 3.3 
20:0 1.2 0.8 1.3 
22:0 1.9 1.1 2.3 
24:0 0.9 0.6 1.0 

Total SFA 19.2 15.4 19.7 
16:1n-7 0.6 0.7 1.6 
18:1n-7 3.1 6.0 2.9 
18:1n-9 56.1 53.3 52.3 
20:1n-9 0.9 0.8 1.7 
22:1n-ll -- -- 0.8 

Total MUFA 60.7 60.8 59.3 
18:2n-6 19.9 19.8 18.5 
20:4n-6 _ - -  0.2 

Total n-6 PUFA 19.9 19.8 18.7 
18:3n-3 0.1 3.7 0.3 
20:5n-3 -- -- 0.8 
22:5n-3 -- -- 0.3 
22:6n-3 -- -- 0.9 

Total n-3 PUFA 0.1 3.7 2.3 
(n-6) + (n-3) 20.0 23.5 21.0 
n-6/n-3 199.0 5.3 8.1 

Total n-6 PUFA 935.0 931.0 879.0 
(mg/100/g of diet) 

Total n-3 PUFA 5.0 173.9 108.0 
(mg/100/g of diet) 
aAbbreviations: SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, 

polyunsaturated fatty acid. 
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The mobile phase was a mixture of petroleum ether/diethyl 
ether (50:50, vol/vol). The fractions were localized by 
autoradiography, and the radioactive distribution was 
determined using a plate reader (Automatic TLC Linear 
Analyzer Berthold, La Garenne Colombes, France). Re- 
sults were expressed in pmol of 18:3n-6 formed]mg pro- 
teirgmin incubation. 

Fatty acid composition of liver total lipids. Liver lipids 
were extracted from frozen dried liver with a chlor~ 
form/methanol mixture (2:1, vol/vol) using the method of 
Folch et aL (17) as modified by Pollet et aL (18). The lipid 
extracts were then transmethylated (19). After extraction 
with hexane, the methyl esters were analyzed by gas 
chromatography, using a Carlo Erba (Rueil Malmaison, 
France) chromatograph with an automatic on-column in- 
jector, a flame~ionization detector and capiUary-type Car- 
bowax C.P. Wax 52 C.B. column. Data were processed us- 
ing a Stang microcomputer (Pavilion sous Bois, France) 
and Nelson software (Cupertino, CA). 

Analysis of results. This study required a large number 
of animals: 144 male rats were killed at various ages. 
Nevertheless, only a small number of animals could be 
studied at each time point (3 or 2 rats). Liver total lipid 
fatty acid composition was analyzed for only two rats per 
time period; thus common statistical procedures could n o t  
be applied. High mortality in the groups of rats 24 mon 
of age or older did not permit measurements at 12 wk of 
refeeding. 

R E S U L T S  

Effect of age and dietary o~linolenic acid deficiency. In con- 
trol rats, the specific A6 desaturase activity (Fig. 1) re- 
m a i n e d  constant at 2 and 6 mon; it decreased by about 
30% between 6 and 12 mon and then did not change be- 
tween 12 and 24 mon. Enzyme activity in a-linolenic acid- 
deficient animals was comparable to that in controls at 
2 and 6 mon, but instead of decreasing thereafter it re~ 
mained high during the entire period studied; thus, from 
12 to 24 mon, enzyme activity was 50% higher than in 
controls. 
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FIG. 1. Effect  of age and a-linolenic acid deficiency on A6 desaturase 
activity in the rat. Effect of refeeding n ~  polyunsaturated fatty adds 
(PUFA) according to age and nature of n-3 P U F A  (a-linalenic acid 
or long-chain n-3 PUFA). Assays  of A6 desaturase were carried out 
as described in Materials and Methods; O, control rats; e ,  deficient 
rats; V, 18:3n-3 refed rats; T,  20:5n-3 + 22:6n-3 refed rats. Values are 
the mean of three or two rats/diet. 
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FIG. 2. Effect  of age and a-linolenic acid deficiency on levels of the 
main saturated fatty  acids and monounsaturated fatty acids of liver 
total  lipids in the rat. Only values for the major fat ty  acids are 
reported. Experimental details are given in Materials and Methods. 
Data were derived from the percent of total  fat ty  acids (TFA); O, 
control rats; @, deficient rats. Values are the mean of two rats/diet. 

Fatty acid composition was also affected by the diet. 
Palmitic (16:0) and stearic (18:0) acids were the major 
saturated fatty acids (SFA). In controls, the proportion 
of palmitic acid was unchanged (21 to 23%) between 2 and 
24 mon (Fig. 2a), but stearic acid levels decreased by half 
between 2 and 12 mon and then remained constant up to 
24 mon (Fig. 2b). The 18:0 profile affected the proportion 
of total SFA which decreased from 44 to 36% between 2 
and 12 mon and then remained stable until 24 mon (Table 
3). Generally, an n-3 PUFA deficient diet had very little 
influence on the proportions of liver lipid SFA and mo- 
nounsaturated fat ty acids (MUFA). However, in the defi- 
cient rats, 18:0 decreased with age, as in the controls, and 
16:0 increased regularly so that, as the decrease of one 
compensated the increase of the other, the level of total 
SFA remained almost constant from 2 to 24 mort (between 
36 and 40% of total fat ty acids). The MUFA time course 
was similar in control and deficient animals: their propor- 
tions doubled between 2 and 12 mon (from 20 to 40%) at 
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TABLE 3 

Effect of Age  and of n-3 P U F A  Deficiency on 

T.K.L. DINH E T  AL. 

Fatty  Acid Composition of Liver Total  Lipids a 

Diet 

C (2) 0 D (2) C (6) D (6) C (12) D (12) C (18) D (18) C (24) D (24) 

Fat ty  acids (%) 
Total SFA 43.7 39.8 38.1 38.2 36.0 35.9 36.2 36.7 34.3 40.1 
Total MUFA 20.5 20.7 28.4 28.8 41.4 39.1 36.4 39.3 38.7 36.1 
n-6 >/20 C 18.8 29.0 17.2 23.5 11.4 15.8 11.0 14.2 11.1 14.4 
Total n-6 PUFA 29.9 38.6 26.3 28.8 22.6 24.1 22.8 23.3 22.5 22.7 
n-3 >/20 C 5.8 1.1 6.8 1.1 3.9 0.8 4.2 0.7 4.0 0.8 
Total n-3 PUFA 6.2 1.1 7.1 1.1 4.1 0.8 4.7 0.7 4.5 0.8 
n-6 + n-3 >/20 C 24.6 30.1 24.0 24.6 15.3 16.6 15.2 14.9 15.1 15.2 
Total (n-6) + (n-3) 36.1 39.7 33.4 33.0 26.7 24.8 27.4 24.0 27.0 23.5 
n-6/n-3 4.8 35.1 3.7 29.0 5.5 32.1 4.9 33.0 5.1 28.4 
2215n-6/22:6n-3 0.04 3.70 0.04 3.40 0.05 2.40 0.03 1.60 0.03 1.30 
20:4n-6/18:2n-6 1.81 2.82 2.03 2.72 1.08 1.79 1.00 1.58 1.00 1.79 

aThe values are the mean of two or three rats/diet. C, control rats; D, deficient rats; SFA, saturated fatty acids; MUFA, monounsaturated 
bratty acids; PUFA, polyunsaturated fatty acids. 
Number in parentheses is age in months. 

t he  s ame  t ime  as  oleic ac id  inc reased  f rom 14 to 28% (Fig. 
2c); be tween  12 and  24 m o n  the re  was  no c h a n g e  ~2 

A s  expected,  t he  n-6 P U F A  profi les were different  in con- 11 
t ro l  a n d  def ic ien t  an ima l s :  in t he  fo rmer  t h e  p r o p o r t i o n  
of t o t a l  n-6 P U F A  d e c r e a s e d  f rom 30 to  23% b e t w e e n  2 ~ lC 
a n d  12 m o n  a n d  t h e n  s tab i l i zed .  Th i s  overal l  r e l a t i ve ly  ~ 9 
m o d e r a t e  dec rease  was  due  en t i r e ly  to  a r ach idon ic  ac id  '= 8 
(20:4n-6) wh ich  dec rea sed  f rom 18 to  11% be twee n  2 a n d  .~. 
12 m o n  (Fig.  3b), whi le  t h e  p r o p o r t i o n  of l inoleic  ac id  was  ~ 7 
c o n s t a n t  ( abou t  10%) (Fig.  3a). I n  def ic ien t  an imals ,  t h e  e 
p r o p o r t i o n  of 18:2n-6 (which d id  n o t  v a r y  w i t h  age) was  3o 
s y s t e m a t i c a l l y  lower t h a n  in controls .  On the  o t h e r  hand,  
20:4n-6 and  espec ia l ly  22:5n-6 levels were h ighe r  (Fig.  3c). ~ 25 
However,  t h e  level of  22:5n-6, h ighe r  f rom 2 to  6 mon,  ~ 2o 
d i m i n i s h e d  c o n s i d e r a b l y  be tween  6 a n d  12 mon.  A f t e r  12 
mon,  t h e  h ighe r  va lues  of 20:4n-6 a n d  22:5n-6 j u s t  com- i= 15 
p e n s a t e d  for t h e  lower va lue  of 18:2n-6, so t h a t  t o t a l  n-6 
P U F A  b e c a m e  s imi l a r  in  con t ro l  a n d  def ic ien t  r a t s  a f t e r  o 1o 

12 mon  (about  23%). The  level of 20:3n-6 d id  no t  v a r y  wi th  s 
e i t he r  age  o r  diet .  D H A  (22:6n-3) was  t h e  m a i n  n-3 P U F A  
in controls .  I t  r ep resen ted  5 -6% of n-3 P U F A  up to  6 mon,  s 
d r o p p e d  b e t w e e n  6 a n d  12 m o n  to  a b o u t  3.4% a n d  t h e n  ,.< 4 
r e m a i n e d  a t  t h a t  level u n t i l  24 m o n  (Fig.  3d). The  t o t a l  ~- 
n-3 P U F A  prof i le  was  c o m p a r a b l e  I n  def ic ien t  r a t s ,  n-3 ~ 3 

t o  

P U F A  were r ep resen ted  on ly  b y  22:6n-3, and  i t  p r o p o r t i o n  i 2 
r e m a i n e d  a t  a b o u t  1% d u r i n g  t h e  whole  p e r i o d  s tud ied .  
Tota l  n-6 + n-3 P U F A  in con t ro l s  r e m a i n e d  a t  t h e  s a m e  ~ 
level  f rom 2 to  6 mon,  dec rea sed  b y  a b o u t  20% b e t w e e n  0 
6 and  12 m o n  a n d  t h e n  s tab i l i zed ;  in def ic ien t  an imals ,  
t h e  s a m e  p a t t e r n  was  seen  b u t  t he  p l a t e a u  r eached  a t  12 
m o n  was  lower due  to  a lower p r o p o r t i o n  of n-3 P U F A  
which  was  no  longer  c o m p e n s a t e d  for by  a h igh  n-6 P U F A  
level (Fig.  3e}. I f  on ly  long-cha in  P U F A  (>~20 C) are  con- 
s ide red  i n s t e a d  of  t o t a l  P U F A ,  the re  was  ove rcompensa -  
t i on  for  t he  n-3 P U F A  def ic iency  b y  n-6 P U F A  a t  2 m o n  
b u t  n o t  a t  o t h e r  t i m e  poin ts .  I n  controls ,  t he  n-6/n-3 ra t io  
r e m a i n e d  a b o u t  5 t h r o u g h o u t  t he  p e r i o d  s tud ied ;  i t  was  
6 to  7 t i m e s  h ighe r  in def ic ien t  r a t s  (Fig.  3f}. The  
22:5n-6/22:6n-3 rat io,  wh ich  m a y  be  cons ide red  an  i n d e x  
of d i e t a r y  n-3 P U F A  deficiency (20), d id  n o t  change  in con- 
t ro ls .  I t  was  h igh  in def ic ien t  r a t s  b u t  d e c r e a s e d  pro- 
g r e s s ive ly  w i t h  a g e  I n  con t ro l s  t he  20:4n-6/18:2n-6 r a t i ~  
an  index  of t o t a l  A6 a n d  A5 d e s a t u r a s e  a c t i v i t i e s  (21), re- 
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FIG. 3. Effect  of age and a-Unolenic acid deficiency on the levels 
of the main polyunsaturated fatty  acids (PUFA) of liver total  lipids 
in the rat. Effect of refeeding n-3 PUFA according to age and nature 
of n-3 PUFA (a-linolenic acid or long-chain n-3 PUFA). Experimen- 
tal details are given in Materials and Methods. Data were derived 
from the percent of total fat ty  acids (TFA); O, control rats; o ,  deft- 
cient rats; V, 18:3n-3 refed rats; V, 20:5n-3 Jr 22.~n-3 refed rats. Values 
are the mean of two rats/diet. 

m a i n e d  h igh  a n d  s t a b l e  f rom 2 to  6 mon,  d r o p p e d  b y  one- 
ha l f  be tw e e n  6 a n d  12 m o n  a n d  t h e n  r e m a i n e d  s t a b l e  un- 
t i l  24 morn The  profile of the  def ic ient  r a t s  was comparab le  
b u t  t he  r a t i o  was  higher.  
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Effect of PUFA n~  refeeding in deficient rats. Generally, 
the addition of n-3 PUFA to the diet, whether in the form 
of 18:3n-3 or of 20:5n-3 + 22:6n-3, caused the 56 desatu- 
rase activity to drop by one-half to a level lower than tha t  
in controls of the same age (Fig. 1). The inhibition ap- 
peared much sooner in 2-month-old animals, independent 
of the nature of the PUFA n-3 in the diet. In older animals 
there was a latency period of about  2 wk before the in- 
hibition became evident, especially when the rats  r~  
ceived long~hain n-3 PUFA. Maximal inhibition was ob- 
tained only after  8 wk of refeeding. 

The addition of 18:3n-3 to the diet of deficient rats modi- 
fied the fat ty  acid composition of liver total lipid with a de~ 
crease in n-6 PUFA level between 2 and 6 mon. At these 
two ages, the values obtained at T8 for 2-month-old rats  
and at  T4 for 6-month-old ones were very close to those of 
controls. This decrease was accompanied by a new balance 
between the 18:2n-6 on one hand and the 20:4n-6 and the 
22:5n-6 fa t ty  acids on the other. At the end of the first two 
wk of refeeding (T2}, the level of 18:2n-6 increased and tha t  
of 22:5n-6 decreased; thus, there was a return to normal 
values (Figs. 3a,3c). The level of 20:4n-6 decreased to a level 
lower than tha t  of controls (Fig. 3b). There were no dif- 
ferences between the levels of total  n-6 PUFA in 12-, 18- 
and 24-month-old controls and deficient animals, and 
refeeding a-linolenic acid did not  cause an overall change  
However, refeeding did promote an increase in the level 
of 18:2n-6, which reached a plateau at  the end of 4 wk bu t  
did not  re turn to normal values. The levels of 20:4n-6 
returned to normal only at 24 mon; it was practically 
stable at  18 mon and increased at  12 moil. The level of 
22:5n-6 returned to normal values, bu t  only after  8 wk of 
refeeding. The addition of 18:3n-3 to the diet of n-3 PUFA 
deficient animals caused an increase in liver 22:6n-3 (Fig. 
3d). With the exception of 24-month-old rats, all the age 
groups returned to control values and even exceeded ther~ 
In 6-month-old rats, the values reached after  4 wk of 
refeeding showed tha t  these rats  were recovering, where, 
as in 24-month-old animals the level of 22:6n-3 remained 
lower than  tha t  in controls of the same age  Due to varia- 
t ions in the levels of different PUFA, total  (n-6 + n-3) 
PUFA decreased in rats refed 18:3n-3 at 2 and 6 mon {Fig. 
3e) because n-6 PUFA decreased more than  n-3 PUFA in- 
creased. However, total  PUFA were appreciably higher 
when rats  were refed at  12 mon; this overcompensation 
disappeared with age, and at 2 yr  total  {n-6 + n-3) PUFA 
was the same as in controls. Refeeding 18:3n-3 re turned 
the n-6/n-3 ratio and the 22:5n-6/22:6n-3 ratio to normal 
values within 4 wk (5 and 0.05, respectively) {Fig. 3f). 

Refeeding fish oil had almost the same effect on liver 
n-6 PUFA as refeeding 18:3n-3. After refeeding long-chain 
n-3 PUFA, 18:3n-3 was not  detected in liver lipids; 20:5n-3 
and 22:5n-3 levels were lower than or equal to 0.5% (results 
not  shown). Refeeding with 100 mg of 20:5n-3 + 
22:6n-3/100 g of diet resulted in an increase in 22:6n-3 com- 
parable to a supply of 200 mg of 18:3n-3/100 g of diet in 
2-, 6- and 12-month-old rats. But  in rats  of 18 and 24 mon 
of age, the fish oil diet raised the level of 22:6n-3 more 
quickly than  the rapeseed oil diet. After 2 wk of refeeding, 
the level was much higher than tha t  seen in control ra ts  
of the same age. After  this increase the values stabilized. 
In 12- and 18-month-old rats, the values remained higher 
than  normal bu t  in 24-month animals they returned to 
control values as observed after 8 wk of refeeding. 
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DISCUSSION 

Effect  of  age. We found a decrease of 18:0 between 2 and 
12 mon and an increase of 18:1n-9 during the same period, 
corroborating the results of Ulmann et aL (8) who found 
a slight decrease in the sum of 16:0 + 18:0 together  with 
an increase of 16:1n-7 + 18:1n-9 in the liver microsomal 
phospholipids of ra ts  3-, 6- and 9-months old. In regard 
to the PUFA composition of liver total  lipids, our s tudy 
showed that  the pos tpuber ty  period can be divided into 
three parts:  (i} a period of stabil i ty between 2 and 6 mon; 
{ii) a transition period between 6 and 12 mon during which 
levels of 20:4n-6, 22:5n-6 and 22:6n-3 decrease; and (iii) 
another  period of stabili ty from 12 to 24 mon. Thus, the 
PUFA level was lower in old than in young rats. However, 
our results do not  show whether  the transit ion period ex- 
tends over the whole 6 to 12 mon interval or whether  it  
is shorter. Murawski et aL (91 also observed a decrease in 
the level of total liver lipid 20:4n-6 in rats receiving a stan- 
dard diet and with ages ranging from 1.5 to 40 mon. But  
these authors  found no variat ion in the proportions of 
other  PUFA. In contras t  to these results, Bordoni et aL 
(6) found tha t  total  liver lipid 20:4n-6 levels were not  dif- 
ferent in rats  4- and 22-months-old. 

Our s tudy shows tha t  in animals receiving a balanced 
PUFA diet the variations in PUFA composition corres- 
pond to variations in specific 56 desaturase act ivi ty 
which, like total  liver lipids, was similar a t  2 and 6 mon, 
decreased between 6 and 12 mon and was stable 
thereafter. The 20:4n-6/18:2n-6 ratio also fell during this 
period. However, the 20:3n-6 level did not  change. Thus, 
it seems tha t  only h6 desaturase should be involved in the 
decrease of the 20:4n-6/18:2n-6 ratio; otherwise, we likely 
would have observed an increase in 20:3n-6 level if 55 
desaturase was also involved (22). Peluffo and Brenner (23) 
showed that  56 desaturase activity tends to decrease with 
age in rats receiving a standard diet; but  their experiment 
only concerned rats  aged 3 mon and 1 yr  and, therefore, 
any intermediate f luctuations would have been missed. 
Recently, Ulmann et aL (8) s tudying rats  aged 3, 6 and 
9 mon receiving a control diet similar to the ones in our 
s tudy also showed tha t  56 desaturase act ivi ty decreased 
from 6 to 9 mon. However, other  authors have not  ob- 
served the same trend of 56 desaturase activity with age; 
Bordoni et aL (6) using liver microsomes of rats  at 13 d 
and 1, 4, 14 and 22 mon which had received a s tandard 
diet noted tha t  enzyme activi ty decreased progressively 
from 4 to 22 mon. In a similar s tudy on rats  aged 1, 6, 
10 and 25 mon, Hrelia et aL (7) also found a linear decrease 
in 56 desaturase act ivi ty with age; in mice, Bourre et aL 
(15) noted that  liver 56 desaturase activity did not change 
between 3 wks and 4 mon but  progressively decreased b~  
tween 4 and 17 mon. The discrepancy between the results 
of our s tudy and those of Ulmann et al. (8) on one hand, 
and those of Bordoni et al. (6) and Hrelia et aL (7) on the 
other, could be due to different diet compositions since 
this, as we have shown, determines the profile of enzyme 
activi ty during postpubertal  development. 

Effect  of dietary n-3 PUFA deficiency. The previous 
studies on dietary n-3 PUFA deficiency have shown tha t  
the deficiency causes an increase in 20:4n-6 and 22:4n-6 
levels, and especially in 22:5n-6 levels, to compensate  for 
the decrease in 18:2n-6, 22:5n-3 and especially 22:6n-3 
(24-28). Other studies have shown tha t  n-6 PUFA can 
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completely compensate for n-3 PUFA (22, 29-31) and that  
total  PUFA (n-6 + n-3) remains constant.  These studies 
on n-3 PUFA deficiency were done on 15-day-old and 
60-day-old rats. Our results showed tha t  this was not  the 
case in animals from 12 mon of age, and tha t  compensa- 
tion was not adequate so tha t  the sum of PUFA was lower 
in n-3 PUFA-deficient animals than in controls. However, 
if only fa t ty  acids with at least 20 carbon atoms are con- 
sidered, n-3 PUFA were exactly compensated for by n-6 
PUFA. In other  words, in the old, deficient animals, in- 
creases in 20:4n-6 and 22:5n-6 did not  compensate for the 
decrease in 18:2n-6 but  only for the decrease in 22:5n-3, 
and especially 22:6n-3. Moreover, in n-3 PUFA-deficient 
rats, results are remarkably consistent  in regard to the 
lower level of 18:2n-6 and the higher level of 20:4n-6 and 
22:5n-6 on one hand, and the higher level of h6 desaturase 
activity on the other, as compared to controls. In the defi- 
cient animals, specific enzyme act ivi ty did not  change 
with age as it did in controls. Thus, it  is evident tha t  
changes in h6 desaturase act ivi ty were not  related solely 
to age but  were also a function of diet. I t  is known tha t  
the desaturase activities, and especially the h6 desaturase 
activity, also depend on non-lipid dietary factors. These 
activities moreover depend on hormonal  factors, the ef- 
fects of which being obvious in some pathological condi- 
tions, such as diabetes. At  last, if the influence of de- 
saturases on the lipid composition of tissue lipids, and in 
part icular  tha t  of microsomal phospholipids, is generally 
assumed, it should be observed that  this composition also 
results from many other  metabolic factors (for a review, 
see Ref. 32). 

Ef f ec t  o f  n-3 P U F A  refeeding. Our  results showed that ,  
independent  of the nature  of dietary n-3 PUFA, the mo- 
dalities of recovery in young animals (2- and 6-months- 
old) were clearly different from those in old animals (12-, 
18- and 24-months-old). Refeeding tended to decrease the 
level of total liver lipid PUFA in the young, while this level 
was markedly increased in old animals so tha t  it  reached 
the level in young controls. Moreover, a supply of long- 
chain n-3 PUFA permit ted  a more rapid and more com- 
plete recovery than a supply of 18:3n-3, the difference be- 
ing more evident in older animals. In this study, EPA plus 
D H A supplementation did not increase the level of 20:5n-3 
to the detr iment  of 20:4n-6, as occurred when a larger 
amount  of these fa t ty  acids was supplied in the diet 
(33,34). I t  is likely that ,  because of the moderate supply 
of EPA plus DHA (100 mg/100 g of diet), 20:5n-3 was com- 
pletely transformed into 22:6n-3 to cover the requirements 
for phospholipid 22:6n-3. The persistently low act ivi ty of 
h6 desaturase in refed rats  compared to tha t  in controls 
of the same age could be due to the fact tha t  22:5n-6 pro- 
gressively released from phospholipids decreased h6 de- 
saturase act ivi ty  by feedback inhibition. This fa t ty  acid 
may then be eliminated either by mitochondrial and/or 
peroxisomal oxidation, or by retroconversion into 20:4n-6. 
If in old rats the retroconversion is the usual pathway, this 
would explain why the high 20:4n-6 levels found in n-3 
PUFA-deficient rats was maintained or even increased 
when the animals were refed with n-3 PUFA. This high 
20:4n-6 level could in itself contr ibute to maintaining h6 
desaturase act ivi ty at the low level seen after n-3 PUFA 
refeeding. In any case, A 6 desaturase act ivi ty at  a given 
age may depend not  only on the relative proportions of 
n-6 and n-3 PUFA in the current  diet but  also on the 

relative proportions in the diet eaten over a longer period 
of t im e  

In conclusion, this s tudy  shows for the first t ime tha t  
during adult rat  life (puberty to old age), PUFA metabo- 
lism can be divided into three periods: two of stabili ty 
("young" and "old" ages), separated by a transition period. 
The lat ter  occurs between 6 and 12 mon and its duration 
remains to be determined. In rats given a balanced PUFA 
diet, the transit ion period is characterized by a decrease 
in liver long-chain PUFA, in part icular  22:6n-3 and 
20:4n-6. Our results show that  the profile of A6 desaturase 
act ivi ty as a function of age cannot  be dissociated from 
the n-6 and n-3 PUFA ratio in dietary lipids. Thus, an n-3 
PUFA-deficient diet maintains specific h6 desaturase ac- 
t ivi ty at  a high, constant  level throughout  adult life, from 
puber ty  to old age. Finally, it  is possible to recover from 
multi-generational n-3 PUFA deficiency at all ages but  the 
pat tern of recovery is different, depending on whether the 
animal is in the "young" or the "old age" period. During 
the "old age" period, recovery is quicker if the diet directly 
supplies long-chain n-3 PUFA. 
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Differential Utilization of Eicosapentaenoic Acid 
and Docosahexaenoic Acid in Human Plasma 
Jason Hodge a, Kerrie Sanders a and Andrew J. Sinclairb, * 
aDepartment of Human Nutrition, Deakin University, Geelong 3217 and bDepartment of Applied Biology, Royal Melbourne Institute 
of Technology, Melbourne 3001, Victoria, Australia 

It has recently been shown that the co3 fatty acid status 
in humans can he predicted by the concentration of eico- 
sapentaenoic (EPA) and docosahexaenoic {DHA) acids 
in plasma phospholipids [Bjerve, K.S., Brubakk, A.M., 
Fougner, K.J., John~en, H., Midjthell, K., and Vik, T. {1993) 
Am. J. Clin. Nutr., in press]. In countries with low intake 
of ~3 fatty acids, the level of EPA in plasma phospholipids 
is often only about one-fifth the concentration of DHA. 
The purpose of this study was to investigate whether this 
difference in the concentration of these two fatty acids was 
due to a selective loss of EPA relative to DHA or to a lower 
dietary intake of EPA. Seven female volunteers ingested 
four grams of MaxEPA daily for 2 wk and in the follow- 
ing 4 wk they ate a diet almost completely devoid of the 
long,chain co3 fatty acids. The concentrations of the c03 
fatty acids in the plasma cholesteryl esters, triglycerides 
and phospholipids and the high density lipoprotein phos- 
pholipids were examined at weekly intervals throughout 
the study. There was a more rapid rise in the concentra- 
tion of EPA than in DHA levels in the supplementation 
period in all lipid fractions, but there was a dispropor- 
tionate rise in DHA relative to EPA in the plasma lipids 
compared with the ratio in the supplement. In the deple- 
tion phase there was a rapid disappearance of EPA from 
all fractions, such that pretrial levels were reached by one 
week post-supplementation. The disappearance of DHA 
was slower, particularly for the plasma phospholipids: at 
4 wk post~supplementation, the DHA concentration in this 
fraction was stir 40% above the pre-trial value. It is sug- 
gested that the low plasma EPA values relative to DHA 
are the result of increased/~xidation of EPA and]or low 
dietary intake, rather than a rapid conversion of EPA to 
DHA. One practical result of this experiment is that, com- 
pared with DHA, the maintenance of increased EPA levels 
in plasma {and therefore tissues) would require constant 
inputs of EPA due to its more rapid loss from the plasma. 
Lipids 28, 525-531 (1993). 

The oJ3 fatty acids are now recognized as important com- 
ponents of the human diet. Fonowing intense investigations 
during the last two decades, their role as modulators of the 
metabolism of arachidonic acid to eicosanoids (11, their im- 
portance in protecting against cardiovascular disease by a 
variety of actions 12) and their potential significance for the 
development of normal function of the retina and brain (3} 
has been establishecL 

*To whom correspondence should be addressed at Department of 
Human Nutrition, Deak/n University, Geelong 3217, Victoria, Aus- 
trali~ 

Abbreviations: CE, cholesteryl esters; DHA, docosahexaenoic acid 
{22:6co3); DPA, docosapentaenoic add (22:5oJ3); EPA, eicosapentaenoic 
acid {20:5co3); GLC, gas-liquid chromatography; HDL, high density 
lipoproteins; LCP, long-chain polyunsaturated fatty acids; LDL, low 
density lipoproteLns; PL, phospholipid; PUFA, polyunsaturated fatty 
acids; TG, triglycerides. 

The main co3 polyunsaturated fatty acids (PUFA) from 
the food chain are a-linolenic acid (from plant sources), 
eicosapentaenoic acid (20:5c03 or EPA), docosapentaenoic 
acid (22:5co3 or DPA) and docosahexaenoic acid (22:6co3 or 
DHA). These latter three fatty acids which can be found 
in high concentrations in marine foods, are often referred 
to as w3 long, chain PUFAs (LCP). The interest in these 
PUFA was stimulated by the observations on the low in- 
cidence of cardiovascular disease in Greenland Eskimos 
despite the high fat content of their diet (4). 

There is general agreement that the level of ~3 PUFA 
should be increased in the Western diet, and various sug- 
gestions have been made regarding an appropriate level of 
co3 fatty acids in our current diet 15). In most Western coun- 
tries the level of ~3 PUFA in the diet is low relative to the 
oo6 PUFA [estimated at 1:11 based on world production 
figures (6), and a similar ratio for the United States, based 
on consumption figure~ (7)] and this is reflected in the 
balance of these fatty acids in plasma and certain tissues. 
The ratio of co3 to co6 PUFA in the diet in Australia is likely 
to be lower than that in the United States since many com- 
mon vegetable oils used in this country are low in a-linolenic 
acid (eg., significant sources of a-linolenic acid such as soy- 
bean oil and rapeseed oil have not been commonly used in 
the margarine and vegetable oil industry). 

Bjerve et al  (8) recently showed that plasma phospholipid 
(PL) concentrations of EPA and DHA can be used to assess 
the co3 PUFA status Within the dietary range of 0.1 to 0.6% 
of energy of total c03 PUFA (0.05 to 0.5 g per day of EPA 
and 0.1 to 0.8 g per day of DHA), there was a rectilinear 
association between plasma PL EPA and DHA levels and 
the dietary intake Previously, plasma fatty acid levels have 
only been considered as a short-term indicator of dietary 
intak~ whereas long-term intake was thought to be better 
judged from the fatty acid pattern of tissues or cells such 
as erythrocTtes or white blood cells (9). 

The level of ~3 PUFA in tissues such as plasma, white 
cells and erythrocytes is low relative to the co6 PUFA in pe~ 
ple on typical Western diets (10-13). In addition, the EPA 
level is substantially lower than that of DHA an& in the 
case of the plasma PL, it is of the order of 0.2 X the DHA 
value (10,13). From these dat~ the following conclusions can 
be drawm (i) intake or absorption of EPA is substantially 
lower than that of DHA, (ii) there is a selective utilization 
of EPA and]or (iii) there is a selective retention of DHA. 

Although it is recognized that dietary change can be as- 
sociated with rapid changes in the fatty acid composition 
of plasma lipids (13), the study of plasma lipids can pr~ 
vide useful information about fatty acid dynamics in the 
body since all dietary lipids pass through the plasma pool(s) 
before being incorporated in tissue lipids. The purpose of 
this investigation was to study the accumulation and loss 
of EPA and DHA in human plasma since it was believed 
that this might help explain why there was such a difference 
between the levels of these fatty acids in plasma in subjects 
on typical Western diets containing low levels of co3 PUFA. 

The design of this experiment was to increase the levels 
of EPA and DHA in plasma over a two-week period, then 
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to follow the washout of these PUFA from plasma during 
the next 4 wk when the subjects were on a diet with very 
low levels of LCP r thus ensuring that the disappearance 
from plasma was not confounded by an influx of r LCP 
from the diet. The fractions chosen for study were the 
plasma PL, triglycerides (TG) and cholesteryl esters (CE) 
and the high density lipoprotein (HDL) PL. 

MATERIALS AND METHODS 

Subjects. Seven healthy, female volunteers (mean age, 30.6 
yrs; mean body mass index, 21.4) participated in the study. 
The protocol for this study was approved by the Deakin 
University Ethical  Review Committee (Geelong, 
Australia) and informed consent was obtained from the 
volunteers, all of whom were staff members of the Depart- 
ment of Human Nutrition, De,kin University. 

Experimentalprotocol. The study ran for six weeks. In 
the first two weeks (co3 supplementation phase) the sub- 
jects consumed their normal diet plus four 1-g capsules 
daffy of MaxEPA (Nature's Way | Nature's Way Health 
Products, Chadstone, Australia). Analysis of the oil by 
capillary gas-liquid chromatography (GLC) using an in- 
ternal standard of triheptadecanoin (Nu-Chek-Prep, Ely- 
sian, MN) established that  the concentrations of EPA, 
DPA and DHA were 137, 21 and 98 mg/g oil, respective- 
ly (16.3, 2.5 and 12.1% of total fatty acids); thus the 4 g 
of fish oil provided 548 mg EPA and 392 mg DHA daily. 
In the remaining four weeks (r depletion phase), the sul~ 
jects were advised to reduce the ~3 PUFA content of their 
diet to a minimum by avoiding fish and other marine pro- 
ducts, and vegetable otis and margarines containing a- 
linolenic acid such as canola off, and walnuts, red meat 
and offal meats. They were allowed to consume one 
egg/week, three meals of lean pork and]or chicken (<100 
g/serve) per week and were provided with four vegetarian 
meals weekly, consisting mainly of lentils and vegetables. 
The estimated maximum intakes of EPA, DPA and DHA 
in this latter phase were less than seven mg/d for each r 
LCP. These figures were calculated from our own data on 
the PUFA content of Australian foods (14,15). Blood 
samples were taken before the study began and at weekly 
intervals between 08:00 and 09:00 following a 10-h over- 
night fast. 

Fatty acid analysis of plasma and HDL lipids. Fasting 
blood samples were collected in heparinized tubes, stored 
in ice immediately after collection and centrifuged at 3000 
rpm (1700 • g, 15 min, 4~ in a Beckman TJ-6 centrifuge 
{Beckman Instruments Australia, P/L., Melbourne, Vic- 
toria, Australia). Plasma was collected for cholesterol and 
TG analysis, and aliquots were stored for subsequent lipid 
extraction. The HDL were separated from a 1.0 mL ali- 
quot of plasma within 2 h of blood collection from other 
plasma lipoproteins by precipitation with dextran sulfate 
(Dextralip 50, Sochibc~ Velizy Villacoublay, France). 

Lipids of whole plasma and the HDL fraction were ex- 
tracted with chloroform/methanol (2:1, vol/vol) containing 
10 mg/L of butylated hydroxytoluene (16). Internal stan- 
dards of diheptadecanoyl phosphatidylcholine (Sigma, St. 
Louis, MO), cholesteryl heptadecanoate and triheptadeca- 
noin (Nu-Chek-Prep) were added to the plasma samples 
and HDL samples prior to lipid extraction. The lipid ex- 
tracts were separated by thin-layer chromatography (16), 
and the fatty acid methyl esters of the PL, CE and TG 

fractions were formed as described previously (16). The 
fatty acid methyl esters were analyzed by flame-ionization 
capillary GLC (model GC-9A, Shimadzu, Kyoto, Japan) 
using a 50 m X 0.32 mm i.d. fused silica (CPSil 88) 
capillary column (Chrompack, Middelburg, The 
Netherlands), programmed from 110~ for 3 min to 190~ 
at 8~ with helium as carrier gas at a flow rate of 5 
mL/min. Fatty acids were identified by comparison with 
standard mixtures of fatty acid methyl esters, and the 
results were calculated using response factors derived 
from chromatography standards of known composition 
(GLC-68A and 63B, Nu-Chek-Prep). 

Lipoprotein lipid analysis. Concentrations of cholesterol 
and triglyceride in fasting plasma were measured en- 
zymatically on an autoanalyzer (Hitachi Automatic 
Analyzer 705, Nissei Sangyo Ca Ltd., Tokyo, Japan) us- 
ing commercially available kits (Cholesterol CHOD-PAP; 
Triglyceride GPO-PAP; Boehringer Mannheim, Germany). 

Statistical analyses. The results are presented as mean 
+_ SD. The experiment was designed to compare the in- 
crease in the r LCP values at week 2, achieved using the 
MaxEPA supplement, with the initial levels of these 
PUFA, and to compare the values at the end of the deple- 
tion phase (week 6) with the initial values. The statistical 
significances between means (week 2 vs. week 0, and week 
6 vs. week 0) were analyzed using a paired t-test; signifi- 
cant results were taken as P < 0.05, 

RESULTS 

Plasma cholesterol and TG levels. There were no signifi- 
cant changes in the total plasma cholesterol and TG levels 
during the course of the experiment (Table 1), which is con- 
sistent with the results of a 20-wk study using similar low 
doses of w3 LCP (17). 

Initial fatty acid data~ The pre-trial plasma PL fat ty 
acid concentrations of the seven subjects were within the 
normal range established in this laboratory (Table 2). The 
mean values for the plasma PL arachidonic acid, EPA and 
DHA were 9.3, 0.6 and 3.0 (as percent of phospholipid fat- 
ty  acids), respectively; however, there was a spread of the 
values for the co3 LCP, indicating a variation in w3 intake 
of the seven subjects prior to the start of this experiment. 
The EPA values ranged from 0.3 to 1.0 mg/100 mL and 
the DHA concentrations from 2.0 to 4.5 rag/100 mL. There 
was no significant correlation between the EPA and DHA 
values (r 2 = 0.045), and the EPA-to-DHA ratio in the 
plasma PL varied from 0.11 to 0.38 (mean 0.22). 

TABLE 1 

Mean Concentration of Plasma Cholesterol and Triglyceride 
During Supplementation and Depletion of Diet with o~3 PUFA 

Plasma Plasma 
Week cholesterol triglyceride 
0 4.50 +__ 0.93 b 0.95 + 0.25 
2 4.37 __+ 1.00 0.84 + 0.49 
6 4.40 _____ 0.93 1.03 • 0.47 
aResults are expressed as mean +_ SD deviation, o~3 Polyunsatur- 
ated fatty acid (PUFA) supplementation period during weeks 
0 to 2; o:3 PUFA depletion period, weeks 3 to 6. 

bmmol/L. 
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TABLE 2 

Mean Concentration of Fatty Acids in Plasma Phospholipids, Cholesteryl Esters, Triglycerides and High Density 
Lipoprotein Phospholipids During Supplementation and Depletion of Diet with o~3 PUFA a 

Plasma b 

Week 
HDL b 

527 

Phospholipid Cholesteryl ester Triglycerides Phospholipid 

14:0 0 --  --  1.6 +- 0.8 b -- 
2 -- -- 1.4 • 0.7 -- 
6 --  -- 1.4 • 0.8 -- 

16:0 0 31.8 • 6.0 10.0 • 3.2 16.3 • 4.5 16.3 • 2.8 
2 30.8 • 5.7 10.3 • 3.0 16.8 • 10.0 14.0 • 2.3 
6 31.3 • 8.6 8.8 • 1.9 15.6 +- 7.1 15.7 • 1.7 

16:1 0 1.4 • 0.5 2.8 • 1.2 3.3 • 2.0 0.4 • 0.1 
2 1.1 • 0.4 2.7 • 1.1 2.5 • 1.5 0.4 • 0.1 
6 1.3 • 0.6 2.8 • 1.3 2.8 • 1.5 0.5 • 0.2 

18:0 0 13.2 • 2.9 1.3 • 0.4 3.5 • 0.8 6.9 • 1.2 
2 15.0 • 3.7 1.1 • 0.4 3.1 • 1.7 6.1 • 0.9 
6 13.7 • 1.9 1.0 • 0.3 3.0 • 1.6 6.7 • 0.9 

18:1 0 14.7 • 2.2 17.1 • 5.4 26.7 • 4.1 7.2 • 1.5 
2 13.1 • 2.7 17.1 • 5.8 24.6 • 12.7 6.1 • 1.5 
6 14.5 • 4.0 15.4 • 4.5 26.6 • 12.1 6.8 • 1.2 

18:2r 0 29.6 • 5.7 53.2 + 15.3 10.7 • 4.0 15.4 • 3.1 
2 28.0 • 6.8 52.6 • 17.4 10.2 • 6.1 12.6 + 0.9 
6 32.2 • 6.8 51.0 • 12.6 11.4 • 5.2 14.6 • 1.5 

18:3r 0 0.4 • 0.3 0.6 • 0.2 0.7 • 0.3 0.2 • 0.1 
2 0.3 • 0.2 0.5 • 0.2 0.6 • 0.5 0.1 • 0.0 
6 0.4 • 0.2 0.5 • 0.2 0.6 • 0.2 0.1 • 0.0 

20:3r 0 3.8 • 1.1 0.7 • 0.3 0.2 • 0.1 2.1 • 0.2 
2 3.3 • 1.5 0.6 • 0.2 0.2 + 0.1 1.3 • 0.2 
6 4.3 • 1.5 0.6 • 0.2 0.2 • 0.1 2.0 • 0.4 

20:4r 0 10.3 • 2.5 5.4 +-- 2.1 0.6 • 0.3 5.9 • 1.0 
2 11.2 • 2.7 5.6 • 1.7 0.7 • 0.4 4.8 • 0.6 
6 11.8 +_ 4.5 4.9 • 1.9 0.5 • 0.3 5.3 +-- 0.6 

20:5r 0 0.7 • 0.3 0.6 • 0.1 0.1 • 0.0 0.5 • 0.3 
2 2.9 • 0.3 1.9 • 0.5 0.3 • 0.2 1.4 • 0.3 
6 0.8 • 0.3 0.4 • 0.1 0.1 • 0.0 0.4 • 0.1 

22:4r 0 0.3 • 0.1 --  0.2 • 0.1 0.2 • 0.0 
2 0.3 • 0.2 -- --  0.1 • 0.0 
6 0.4 • 0.2 -- 0.1 • 0.1 0.2 +-- 0.0 

22:5r 0 0.8 • 0.3 -- 0.2 • 0.1 0.6 • 0.2 
2 1.4 • 0.5 -- 0.3 • 0.2 0.7 • 0.2 
6 1.0 • 0.3 -- 0.2 • 0.1 0.5 • 0.2 

22:6w3 0 3.3 • 1.0 0.5 + 0.1 0.3 • 0.2 2.4 • 0.7 
2 6.3 • 1.9 0.7 • 0.2 0.7 • 0.6 3.2 • 0.7 
6 4.7 • 1.3 0.4 • 0.1 0.3 • 0.2 2.4 • 0.5 

aResults are expressed as mean + SD. oJ3 Polyunsaturated fatty acid (PUFA) supplementation period during weeks 0 to 2; ~o3 
depletion period, weeks 3 to 6. Normal values (in 39 females) for 20:5, 1.5 • 1.0; 22:5, 1.4 • 0.5; 22:6, 5.8 • 2.9 
• SD). HDL, high density lipoprotein. 

bmg]100 mL. 

PUFA 
(iilean 

003 Supplementation phase. W i t h  al l  f r a c t i o n s  s t u d i e d ,  
t h e r e  w a s  a c o n s i s t e n t  a n d  r a p i d  r i s e  in  t h e  E P A  concen -  
t r a t i o n  a f t e r  s u p p l e m e n t a t i o n  s t a r t e d  and ,  in  m o s t  f rac-  
t ions ,  t h e  m a x i m u m  i n c r e a s e  h a d  o c c u r r e d  b y  w e e k  1. 
T h e r e  w a s  a l e ss  c o n s i s t e n t  r e s p o n s e  in  t h e  i n c r e a s e  in  
D H A  in  t h e  d i f f e r e n t  f r a c t i o n s  {Figs. 1-4). T h e  i n c r e a s e s  
in  t h e  E P A  a n d  D H A  c o n c e n t r a t i o n s  b e t w e e n  t h e  s t a r t  
a n d  w e e k  2 w e r e  n o t  r e l a t e d  to  t h e  i n i t i a l  E P A  a n d  D H A  
v a l u e s  in  t h e  p l a s m a  l i p id  f r a c t i o n s .  

T h e  r e s u l t s  for  t h e  p l a s m a  P L  s h o w e d  t h a t  t h e  m a x -  
i m u m  v a l u e s  for  E P A ,  D P A  a n d  D H A  w e r e  r e a c h e d  a t  2 
w k  a f t e r  s u p p l e m e n t a t i o n  c o m m e n c e d  (Fig.  1); t h e  in- 
c r e a s e s  in  t h e  c o n c e n t r a t i o n  of  t h e s e  f a t t y  a c i d s  r e l a t i v e  

t o  t h e  p ro - t r i a l  v a l u e s  w e r e  2.2, 0.6 a n d  3.0 m g / 1 0 0  m L  
p l a s m a  for  E P A ,  D P A  a n d  D H A ,  r e s p e c t i v e l y .  T h e s e  
v a l u e s  r e p r e s e n t e d  i n c r e a s e s  of  4.1, 1.7, 1 .9X t h e  i n i t i a l  
va lues ,  r e s p e c t i v e l y  ( P <  0.0001,  0.019,  0 .0024,  respec-  
t ive ly) .  T h e r e  w a s  a s t e p w i s e  i n c r e a s e  in  t h e  D H A  leve l  
f r o m  w e e k  1 t o  w e e k  2 of  t h e  s u p p l e m e n t a t i o n  p h a s e  com-  
p a r e d  w i t h  t h e  r i s e  in  E P A  w h i c h  h a d  p l a t e a u e d  b y  t h e  
e n d  of  w e e k  1 o f  t h e  s u p p l e m e n t a t i o n .  

S i m i l a r  r e s u l t s  w e r e  s e e n  for  t h e  p l a s m a  C E  E P A  con-  
c e n t r a t i o n  w h e r e  t h e r e  w a s  a r a p i d  r i s e  b y  w e e k  1 {Fig. 
2); t h e  i n c r e a s e  in  E P A  in  t h i s  f r a c t i o n  w a s  b y  a f a c t o r  
o f  3.4 Can i n c r e a s e  o f  1.3 m g / 1 0 0  m L )  (P  < 0.0003).  T h e  
D H A  in  t h e  C E  f r a c t i o n  a l so  rose  s i g n i f i c a n t l y  {P < 0.019) 
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FIG. 1. The concentration (mean +_ SD) of ~03 long-chain polyun- 
saturated fatty acids (PUFA) in plasma phospholipids during SUl~ 
plementation and depletion of diet with o~3 PUFA. Paired t-tests were 
conducted between the week 2 and week 0 samples, and between the 
week 6 and week 0 samples (*P<  0.05, **P < 0.01, ***P < 0.00D. 

by 0.5 mg/100 mL, a factor of 1.5. There was no detectable 
DPA in the CE fraction. 

In the plasma TG fraction, only the 22 carbon r LCP 
were evident and only at a low concentration (Table 2); the 
increases in these fatty acids during the supplementation 
period were not significant (Fig. 3). 

The concentration of o03 LCP in the HDL PL was about 
70% of the total plasma PL (o3 LCP concentration {Table 
2). In contrast to the total plasma PL, the rise in all three 
r LCP in this fraction was maximal after 1 wk of sup- 
plementation (Fig. 4). The maximum increases in the con- 
centration of the (o3 LCP relative to the pre-trial values 
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FIG. 2. The concentration (mean _+ SD) of ~3 long~hain polyun- 
saturated fatty acids (PUFA) in plasma eholesteryl esters during 
supplementation and depletion of diet with ~3 PUFA. Paired t-tests 
were conducted between the week 2 and week 0 samples, and bet- 
ween the week 6 and week 0 samples t*P < 0.05, ***P < 0.001). 

were: EPA 1.3 mg/100 mL (P < 0.003), DPA 0.3 mg/100 
mL (P < 0.0083), DHA 0.8 mg/100 mL (P < 0.0024). 

0.)3 Depletion phase There was a rapid depletion of EPA 
and DPA in all of the total plasma and HDL fractions 
(Figs. 1-4), with the values returning to pre-trial levels 
within 1 wk. 

In the case of DHA, there was a slower depletion than 
for the other two r LCP, particularly in the total plasma 
PL (Fig. 1). The DHA concentration had returned to pre- 
trial values by week 4 for the plasma CE and HDL PL 
and by week 5 for plasma TG. For the plasma PL there 
was a substantial drop in the DHA concentration in the 
first week of depletion (week 3), but no further fall in the 
remaining 3 wks. For six of the seven subjects examined, 
the DHA values did not return to the baseline values dur- 
ing the depletion phas~ In one subject it reached baseline 
in weeks 5 and 6. At the end of the experiment, the mean 
plasma PL DHA concentration was still 40% above the 
baseline figure {P < 0.02) {Fig. 1). 

DISCUSSION 

The results of this experiment indicate that  there were 
differences in the rate of accumulation and decay of the 
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FIG. 3. The concentration (mean __+ SD) of co3 bag-chain polynn- 
<> saturated fatty acids (PUFA) in plasma triglyeerides during sup- 

plemeatation and depletion of diet with ~03 PUFA. Paired t-tests were "~ 
conducted between the week 2 and week 0 samples, and between the 
week 6 and week 0 samples. 

three co3 LCP in the plasma lipids during the supplemen- 
tation and depletion phases, respectively. The EPA ac- 
cumulated in the plasma PL and CE more rapidly than 
DPA and DHA, and in the depletion phase the EPA and 
DPA decayed more rapidly compared with DHA, par- 
ticularly in the plasma PL. The EPA and DPA had return- 
ed to pre-trial values within one week in all plasma frac- 
tions whereas there was a slower decrease in the DHA con- 
centrations and, in the case of the plasma PL, the DHA 
still remained above the pretrial concentration 4 wk after 
the supplementation had finished. 
These results are consistent with those reported by 

Bronsgeest-Schoute et al. (18), where volunteers were 
given different doses of fish oils {1.4-8.2 g/d of o~3 fatty 
acids) for 4 wk, and the effects of the plasma lipids were 
monitored during this period and for a further 2 wk after 
supplementation ceased. At the completion of the experi- 
ment for the three highest dose levels, the EPA, but not 
the DHA values, had returned to their pretrail levels in 
the plasma CE, TG and phosphatidylcholine fractions. 
Similar results have been reported by others for erythro- 
cytes and platelets {12,19). The slow return of erythrocyte 
DHA to baseline by comparison with EPA has been noted 
in particular by Brown et al. {20). They reported that 12 
wk after fish plus fish oil supplementation had finished 
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FIG. 4. The concentration (mean _.+ SD) of co3 long~hain polyun- 
saturated fatty acids (PUFA) in high-density lipoprotein plasma 
phospholipids during supplementation and depletion of diet with ~03 
PUFA. Paired t-tests were conducted between the week 2 and week 
0 samples, and between the week 6 and week 0 samples **P< 0.0L 

in eight volunteers, the degree of retention of erythrocyte 
EPA was 16% compared with a 44% retention of DHA 
(values expressed as a percent of the maximum increase 
on the fish plus fish oil diet). The present study differs 
from those discussed above, since in none of the previous 
studies was there a specific reduction in the dietary in- 
take of ~3 LCP during the "washout" phase, thus con- 
founding the possible interpretation of the results for the 
decay of the co3 fatty acids. 
There was an interesting difference between the disap- 

pearance of the co3 fatty acids from HDL PL and total 
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plasma PL: in the former case, the DHA values returned 
to baseline within 2 wk whereas the disappearance from 
the total plasma was much slower. Although the interrela- 
tionships between the PLs in the different plasma lipopro- 
teins are a poorly understood area of study, these results 
suggest there may be different rates of metabolism for the 
acyl chains in the PLs of the plasma lipoproteins. 

These results also showed differences in the distribu- 
tion of r LCP in the lipid classes of the plasma and a 
disproportional accumulation of DHA. Most of the EPA 
was incorporated into both the PL and CE fractions (44% 
in PL, 48% in CE), whereas DPA and DHA were mainly 
found in the PL fraction (86 and 83%, respectively). This 
partitioning of EPA and DHA into different plasma lipids 
has been noted previously (18) and might be explained by 
differences in the positional specificity of EPA and DHA 
in the chylomicron TG (21,22). There was also a dispropor- 
tional increase in the DHA in the plasma fipids. For ex- 
ample, at the end of the supplementation phase, the DHA- 
to-EPA ratio in the plasma lipids was 1.0 (expressed as 
the increase in DHA in the plasma lipid fractions, PL plus 
CE plus TG, over the 2-wk supplementation period/in- 
crease in EPA) compared with a ratio of 0.7 (DHA-to-EPA) 
in the supplementary fish off. The DPA-t~EPA ratio in 
the plasma lipids was 0.19 compared with 0.15 in the sup- 
plement, and the DPA-to-DHA ratio was 0.20 in both the 
plasma and the supplement. These calculations assume 
that most of the LCPw3 in the supplementation phase was 
derived from the fish oil supplement and not from other 
dietary sources such as fish. A disproportional increase 
in DHA into various tissues relative to EPA has been 
reported for rabbits and rats fed fish oils (23,24). In the 
former article, it was estimated that DHA was three times 
more likely to be incorporated into adipose tissue than was 
EPA: the authors speculated that EPA was diverted into 
alternative metabolic pathways such as oxidation or 
deposition in other tissues. 

The results from this and other studies showing marked 
differences in the fate of EPA and DHA following inges- 
tion may allow an explanation of the low EPA levels in 
plasma lipids relative to the DHA levels. These data are 
consistent with the following possibilities: (i) that EPA 
is absorbed less effectively than DHA. This is not con- 
sistent with the data on the absorption of EPA and DHA 
from MaxEPA in the rat (22). (if) That EPA is rapidly 
removed from the plasma pools to other tissues. This is 
not consistent with data showing disproportional in- 
creases in DHA relative to EPA in a variety of tissues 
(fiver, muscle, adipose) (23,24). (iii) That EPA is E-oxidized 
faster than DHA. This is consistent with a preliminary 
report which indicated a more rapid in vitro/~-oxidation 
of EPA compared with DHA in rat liver and muscle (25), 
a significantly greater rate of acylcarnitine synthesis of 
EPA compared with DHA in rat fiver mitochondria (26) 
and an accelerated loss of a-linolenic acid and EPA com- 
pared with DHA in adipose tissue of human subjects 
undergoing weight loss (27). Gronn et  al. (28) have in- 
dicated that  the feeding of fish oil or purified w3 PUFA 
to rats stimulates fat ty acid oxidation in both mitochon- 
dria and peroxisomes and leads to an increased perox- 
isomal oxidation of (o3 PUFA. This report did not indicate 
whether there was any difference between the rate of ox- 
idation of EPA and DHA. Zhang et  aL (29) have reported 
that  in the perfused rat fiver, there is significantly less 

EPA compared with DHA incorporated into very low den- 
sity lipoprotein lipids which is consistent with a greater 
of oxidation of EPA in the fiver. (iv) That there is a rapid 
conversion of EPA to DHA. There have been no experi- 
ments conducted in humans which have directly ad- 
dressed this issue Indirect evidence from experiments of 
several weeks' duration does not support the view that  
EPA is rapidly transformed to DPA and DHA in humans. 
These experiments involved a variety of dietary changes, 
such as feeding canola off or lean meat, which induced in- 
creases in EPA or EPA and DPA, respectively, in plasma 
or white cell lipids (13,30}. These data do not rule out the 
possibility of slow conversion or the possibility of any 
DPA and DHA formed being transferred from the plasma 
to a tissue such as adipose (27). There must be some con- 
version of a-linolenic acid to DHA in humans since vegan 
vegetarians have normal levels of EPA and DHA in their 
plasma lipids {10), although the direct measurement of 
metabolism of deuterated a-linolenic acid suggests that  
the process is very slow (31). (v) That there is a lower in- 
take of EPA than DHA in typical Western diets. Dietary 
sources of EPA and DHA in typical Western diets such 
as those consumed in Australia would include fish (EPA- 
rich for fatty fish and DHA-rich for lean fish, Ref. 32), lean 
red meat {which contains EPA plus DPA, Ref. 15), offal 
{which contains EPA, DPA, DHA) and eggs {which con- 
tain DHA) {14}. Furthermore some EPA and DPA may 
be produced by the slow conversion of dietary a-linolenic 
acid to EPA {30,31}. It is possible that  the dietary intake 
of EPA is lower than that  of DHA in some individuals 
(eg., diets containing fish low in fat and therefore DHA- 
rich, and eggs, which contain DHA but no EPA), but in 
general the EPA intake on a diet containing a variety of 
foods should be of the same order as that of DHA, as we 
have shown previously {13). 

In conclusion, the relatively low levels of EPA compared 
with DHA in human plasma may be the result of a lower 
intake of EPA and an increased E-oxidation of EPA 
relative to DHA. One practical outcome of this data, 
especially for those with low levels of (o3 LCP, is that  
maintenance of increased EPA levels in plasma (and 
therefore tissues} would require constant inputs of EPA 
due to the relatively rapid loss of EPA from tissues. 
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Dietary a.Linolenic Acid Alters Tissue Fatty Acid Composition, 
but Not Blood Lipids, Lipoproteins or Coagulation Status in Humans 1 
Darshan S. Kelley a,*, Gary J. Nelson a, James E. Love b, Leslie B. Branch b, Peter C. Taylor a, 
Perla C. Schmidt a, Bruce E. Mackey c and James M. lacono a 
aUSDA, ARS, WHNRC, Presidio of San Francisco, California 94129, bDepartment of Pathology and Allergy Clinic, Letterman Army 
Medical Center, Presidio of San Francisco, California 94129 and CUSDA, ARS, WRRC, Albany, California 94710 

We examined the effect of dietary a-linolenic acid (ALA) 
on the indices of lipid and coagulation status and on the 
fatty acid composition of serum and peripheral blood 
mononuclear cell (PBMNCI lipids in ten healthy men (age 
21-37 yr} who consumed all their meals at the Western 
Human Nutrition Research Center for 126 d. There was 
a stabilization period of 14 d at the start when all 10 sub- 
jects consumed the basal diet (BD} containing 23.4 energy 
percent (en%) fat and two intervention periods of 56 d 
each. During the first intervention period, 5 subjects con- 
sumed the BD containing 23.4 en% fat, and 5 subjects con- 
sumed a diet providing 6.3% calories from a-linolenic acid 
[flaxseed oil {FSO) diet containing 28.8 en% fat]. Diets 
were crossed over between the two groups during the 
second intervention period. Feeding the FSO diet did not 
significantly alter serum triglycerides, cholesterol, high- 
density lipoproteins, low-density lipoproteins, apoprotein 
A-I and apoprotein B when compared to the correspond- 
ing values in the subjects fed the BD, nor was there any 
effect of the FSO diet on the bleeding time, prothrombin 
time and partial prothrombin time for these subjects. 
Feeding the ALA-contalning diet did cause a significant 
increase in ALA concentration in serum (P < 0.00D and 
PBMNC lipids (P < 0.05}. It also caused a significant in- 
crease {P < 0.05} in the eicosapentaenoic and docosapen- 
taenoic acid contents of PBMNC lipids, and a decrease 
(P < 0.01} in linoleic and eicosatrienoic acid contents of 
serum lipids. Thus, dietary ALA, fed for 56 d at 6.3% of 
calories, had no effect on plasma triglyceride or very low 
density lipoprotein levels or the common risk factors 
associated with atherosclerosis, although these param- 
eters have been reported by others to be influenced by 
fatty acids, such as palmitic or linoleic acids, in the diet. 
Dietary ALA did significantly alter the fatty acid com- 
position of plasma and PBMNC. 
Lipids 28, 533-537 (1993}. 

Several studies have examined the effects of oils, usually 
of marine origin, rich in n-3 fa t ty  acids on the concentra- 
tion and composition of serum lipids (1,2). Most  of these 
studies have indicated a reduction in serum triglycerides 

1The views expressed in the paper are those of the authors and do 
not reflect the official policy or position of the Department of 
Agriculture or Department of Defense, or the U.S. Government. 

*To whom correspondence should be addressed at Agricultural 
Research Service, U.S. Department of Agriculture, Western Human 
Nutrition Research Center, P.O. Box 29997, Presidio of San Fran- 
cisco, CA 94129. 

Abbreviations: AA, arachidonic acid; ALA, a-linolerdc acid; apo A- 
I, apoprotein A-I; apo B, apoprotein B; BD, basal diet; DHA, 
docosahexaenoic acid; DPA, docosapentaenoic acid; en%, energy %; 
EPA, eicosapentaenoic acid; ETA, eicosatrienoic acid; FSO, flaxseed 
oil; GLC, gas-liquid chromatography; HDL, high density lipopro- 
teins; LA, linoleic acid; LDL, low density lipoproteins; PBMNC, 
peripheral blood mononuclear cells; VLDL, very low density lipepr~ 
teins; WHNRC, Western Human Nutrition Research Center. 

and very low density lipoprotein (VLDL) cholesterol with 
fish oil feeding. The results of these studies in regard to 
total serum cholesterol and low-density lipoprotein (LDL) 
cholesterol have been variable Some of these inconsisten- 
cies may have resulted from differences in the level and 
duration of fish oil consumption, cholesterol and total fat, 
as well as the fa t ty  acid composition of the diet. Fish oil 
consumption also has been reported to increase the 
bleeding t ime in human subjects (3,4). In contras t  to the 
many studies conducted with marine oils, only limited 
studies have been conducted to examine the effects of n-3 
fa t ty  acids of plant origin on serum lipids and bleeding 
t ime in humans. Flaxseed oil (FSO) is free of cholesterol 
and contains about  60% a-linolenic acid (ALA, 18:3n-3). 
Thus, it is the richest source of n-3 fa t ty  acids among 
plant oils. However, it  does not  contain any C20 or C22 n-3 
fa t ty  acids usually found in fish oils. Previous studies tha t  
have examined the effects of ALA-containing diets on the 
serum fa t ty  acid composition have shown tha t  humans 
have a limited capacity to convert ALA to eicosapenta- 
enoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 
22:6n-3) (5-7). In the s tudy reported here, we examined 
the effects of FSO-containing diets on serum lipids and 
indices of coagulation in ten healthy men. We also ex- 
amined the effects of FSO-containing diets on the serum 
and peripheral blood mononuclear cell (PBMNC) fa t ty  
acid composition. 

MATERIALS AND METHODS 

Subjects. Sixteen men were selected to part icipate in the 
study: All had a complete physical examination by a physi- 
cian to rule out  any underlying disease Data  regarding 
only ten of the men who completed the entire s tudy are 
included in this report. Partial results obtained from the 
six subjects who dropped from the study were comparable 
to those obtained from subjects who completed the en- 
tire study. Their ethnic backgrounds were as follows: one 
African-American, one Hispanic, one Filipin(~ one Iranian 
and six Caucasians. Nine of these men were soldiers 
assigned to the Le t te rman Army Medical Center and the 
Le t te rman Army Ins t i tu te  for Research, and the ten th  
was a civilian working at the Western H u m an  Nutr i t ion 
Research Center (WHNRC). They ranged in age from 
21-37 (mean -e- SEM, 27.3 +_ 1.9 yr), in weight from 
62.7-81.8 (74.6-+ 2.4 kg) and in height from 1.63-1.88 
(1.74 +_ 0.03 m). The s tudy was approved by the institu- 
tional review boards of the U.S. Department  of Agriculture 
and the Le t te rman Army Medical Center. Informed con- 
sent was obtained from all subjects before part icipation 
in the study. 

Experimental design. The s tudy consisted of an initial 
14-d stabilization period and two intervention periods of 
56 d eacl~ During the stabilization period, all subjects con- 
sumed the basal diet (BD). For intervention period 1 
(study days 15-70), five of the subjects continued to 
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consume the BD while the other five were fed an FSO 
(Omega Nutri t ion,  Inc., Vancouver, Bri t ish Columbia, 
Canada) supplemented diet. Subjects  in the two groups 
were matched  for age and weight; however, as each sub- 
ject  was fed bo th  diets, the basis  used for their  distribu- 
t ion into two groups was not  critical. The FSO was stored 
a t  - 2 0 ~  and served cold mixed with  yogurts ,  salads, 
sandwich spreads and vegetables. The diets were crossed 
over between the two groups for s tudy  days 71-126 (in- 
tervent ion period 2). All meals were prepared and con- 
sumed at  the  W H N R C  on a 7-d ro ta t ing  menu for 126 d 
under  the supervision of the dietary staff. The subjects  
engaged in their normal activities and resided at  their own 
homes. Body weights were maintained constant  through- 
out  the s tudy  by caloric ad jus tmen t s  and by maintain- 
ing the physical  activit ies a t  the pre-study level. 

Diets.  Both diets consisted of natural  foods except tha t  
100 international units of a-tocopherol was supplemented 
twice a week to bo th  dietary groups. The mean daffy 
nut r ient  intake from the BD and FSO diets dur ing the 
two intervention periods is shown in Table 1. Nutr ient  in- 
take from the BD was similar for bo th  the  stabil ization 
and intervention periods. The BD provided 23.4% energy 
{en%) as fat, 60.1% as carbohydrates  and 16.5% as prc~ 
teins. The mean daffy intake of fat  from the basal  diet was 
77.5 g, of which sunflower oil provided 11.0 g and safflower 

TABLE 1 

Mean Daily Nutrient Intakes a 

Nutrient Basal Flaxseed oil 
diet diet 

Energy 
(kcal) 2982 • 198 3020 • 131 
(J) 12477 • 828 12236 • 548 

Crude fiber (g) 6.00 • 0.40 6,66 • 0.29 
Ash (g) 19.00 • 1.26 17.84 • 0.77 
Protein 

(g) 123.25 • 8.18 129.53 +_ 11.13 
(% of energy) 16.54 ... 1.10 16.16 __ 0.70 

Carbohydrates 
(g) 435.75 ----- 29.73 415.13 • 17.97 
(% of energy} 60.07 • 3.99 54.98 _ 2.38 

Total fats 
(g) 77.50 ----- 5.15 96.82 • 4.19 
(% of energy) 23.39 • 1.55 28.85 _ 1.25 

Saturated fatty acids 
(g) 23.23 • 2.57 23.53 ___ 3.23 
(% of energy) 7.01 +_ 0.78 7.01 _ 0.96 

Monounsaturated fatty acids 
(g) 28.57 -- 5.54 32.12 • 5.93 
(% of energy) 8.62 • 1.90 9.58 • 1.77 

n-6 Polyunsaturated fatty acids 
(g) 19.81 14.8 
(% of energy) 6.0 4.3 

n-3 Polyunsaturated fatty acids 
(g) 0.81 20.5 
(% of energy) 0.3 6.3 

Minor fatty acids 
(g) 5.06 • 0.83 5.91 ___ 1.36 
(% of energy) 1.53 • 0.25 1.75 • 0.41 

P/S b 0.89 1.50 

aThe proximate analysis was performed on a composite sample 
prepared for each day of the 7-d menu. X • SEM for ten subjects 
for each diet {five for each intervention period). 

bPolyunsaturated/saturated fatty acid ratio. 

oil 4.3 g. In  the BD, the saturated,  monounsa tu ra ted  and 
po lyunsa tura ted  f a t t y  acids provided 7, 8.6 and 6.3 en%, 
respectively. The flax diet provided 28.8% energy as fat, 
55.0% as carbohydrates and 16.2% as proteins. The mean 
daffy intake of fat  in the flax diet was 96.8 g, of which 
linseed oil provided 31.7 g and safflower oil 4.3 g. Energy  
f rom saturated,  monounsa tu ra t ed  and po lyunsa tura ted  
fa ts  in the linseed oil diet was 7.0, 9.6 and 10.6%, respec- 
tively. The polyunsaturated/saturated f a t ty  acids ratio of 
the two diets differed markedly  with 0.89 for the basal  
diet and 1.50 for the linseed oil diet. 

The f a t ty  acid composi t ion of the  basal  and linseed oil 
diets, in weight percent, are shown in Table 2. The 
amounts  (g) of each f a t ty  acid consumed from the two 
diets can be calculated from the data  presented in Tables 1 
and 2. The differences in individual f a t ty  acids consumed 
each day  between the basal  and the linseed oil diets were 
minor, except for ALA. The percentages of energy from 
ALA, calculated from Tables 1 and 2, are 0.3% for the BD 
and 6.3% for the flax diet. All other nutr ients  in bo th  
diets were provided a t  or above the recommended daffy 
allowance 

Laboratory  methods.  The proximate  analysis of the 
diets was performed by Curtis  and Tompkin Ltd. 
(Berkeley, CA) using s tandard  procedures (8). Fa t t y  acid 
composi t ion of the diets was determined using capil lary 
gas-liquid chromatography  (GLC) (9). Composit ion of all 
o ther  nut r ien ts  in the diets  were calculated f rom the 
USDA Handbooks  No. 8 and Ncx 456 (10,11). 

Blood from overnight fast ing subjects  was collected by 
antecubital  venipuncture  into vacutainer  tubes  contain- 
ing e thylenediaminete t raceta te  for lipid determinat ions  
and no ant icoagulant  for apolipoprotein determinations.  
Samples were drawn from subjects  in both  dietary groups 
a t  s tudy  days 1, 14, 42, 56, 70, 98, 112 and 126. Samples  
were always drawn between 7:00 a.m. and 8:00 &m. and 
the p lasma  or serum separa ted from the cells within 1 h 
after collection. Specimens tha t  could not be analyzed im- 
mediately  were stored at  4~ or in accordance with 
reagent kit  manufacturer 's  instructions. Total cholesterol, 
tr iglycerides and high-density lipoprotein (HDL) choles- 
terol were analyzed by enzymatic methods (12,13) adapted 
to the Cobas Fara Centrifugal Analyzer (Roche Diagnostic 
Systems,  Nutley, N J) (14) us ing Boehringer-Mannheim 
reagents  (BMC, Indianapolis,  IN). H D L  cholesterol was 

TABLE 2 

Fatty Acid Composition of Experimental Diets (wt%) a 

Basal Flaxseed off 
Fatty acid diet diet 

12:0 0.65 _ 0.65 0.55 • 0.50 
14:0 1.79 • 0.57 1.41 +_ 0.43 
16:0 20.07 _ 1.30 16.05 _ 1.52 
16:1n-7 1.35 • 0.30 1.01 + 0.26 
18:0 7.46 • 0.80 6.29 + 0.89 
18:1n-9 trans 4.69 ___ 2.43 3.88 • 1.83 
18:1n-9 cis 26.76 + 2.33 24.29 • 1.64 
18:1n-7 1.77 • 0.37 1.47 +_ 0.30 
18:2n-6 25.57 + 6.66 15.25 • 3.9 
18:3n-3 1.07 • 0.33 21.18 ___ 2.48 
24:1 0.70 • 0.95 1.17 • 1.60 
Unknown and trace 8.12 • 1.07 7.45 • 1.40 

aData are the mean • SEM (n = 7). 
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determined af ter  precipi ta t ing L D L  and V L D L  with 
phospho tungs ta t e  and manganese  (15). LDL was calcu- 
lated using Friedewald's formula (16). Apolipoprotein A-I 
and B (apo A-I and apo B) were measured  by nephelom- 
e t ry  using the Beckman  Immunochemis t ry  Sys tem 
(Beckman Ins t ruments ,  Brea, CA) (17). PBMNC were 
isolated using histopaque-1077 (Sigma Chemical Co., St. 
Louis, MO) (18), washed three t imes with phosphate  buf- 
fered saline and stored at  - 2 0 ~  until direct t ransmethyl-  
ation without  prior solvent extraction (19). The impurities 
ext rac ted into the hexane phase  af ter  t ransmethyla t ion  
were removed by thin-layer chromatography as described 
by  Nelson (20). F a t t y  acid composi t ions of the sera were 
determined by capillary GLC as previously described (21). 
The column used for serum and PBMNC fa t ty  acid analy- 
sis was a 30 m • 0.025 m m  fused quar tz  column coated 
with SP-2340 (Supelc~ Bellefonte" PA). All GLC data  were 
processed with an Perkin-Elmer (Norwalk, CT) model 7500 
da ta  s tat ion using Perkin-Elmer Chrom 3 softwar~ Bleed- 
ing time, prothrombin t ime and part ial  prothrombin t ime 
were determined a t  the end of stabilization, and 21 and 
56 d after the s tar t  of feeding each diet. The bleeding t ime 
was determined using a well-established laboratory  pro- 
cedure (22). The prothrombin  and part ia l  pro thrombin  
t imes were measured by a photo optical method using the 
MLA Electro 700 Coagulation Analyzer (Medical Labora- 
tory  Automation,  Inc ,  Pleasantville, NY) (23). 

Data analysis. The da ta  were analyzed by analysis of 
variance using SAS/STAT PROC GLM (24). The cross 
over design model included effects of order, subject (order), 
period, diet, t ime and diet • t ime using subject (order) as 
an error t e rm for order. Single degree of freedom, ortho- 
gonal polynomial  contras t  for the t ime effects were parti- 
tioned out of the t ime and diet • t ime sources. The signifi- 
cance of the differences between the effects of the two 
diets were assessed from the P values for the main effect. 
The diet X t ime interaction was not  significant for any 
of the measured responses (P > 0.16). Changes in the vari- 
ables examined are considered significant for P < 0.05 or 
otherwise stated. Because the effect of order in which the 
two diets were fed in the two intervention periods was non- 
significant for all the variables included in this report, the 
da ta  from the two intervention periods for each diet were 
pooled. The diet effects were determined analyzing all of 
the da ta  collected during the study; however, for the ease 
of presentation, pooled da ta  from all subjects  collected at  
the end of each diet are shown in the Results and Discus- 
sion section. 

RESULTS AND DISCUSSION 

D a t a  regarding the effects of basal  and FSO diets on 
serum concentrat ions of cholesterol, triglycerides, HDL,  
LDL, apo A-I and apo B are given in Table 3. None of the 
response variables were altered by either of the two diets 
fed to the subjects  included in this study. These resul ts  
differ f rom those obtained in fish oil studies showing 
reduction in serum triglycerides and VLDL cholesterol 
(25-27). This suggests  t ha t  EPA and D H A  are more ef- 
fective in lowering serum lipids than  is ALA. However, 
the subjects  and diets used in our s tudy  may  also be 
pa r t ly  responsible for the lack of effects. The subjects  in 
our s tudy  were young and active soldiers whose serum 
lipids base line values were lower than those of the average 

TABLE 3 

Effects of Basal and Flaxseed Oil Diets on Serum Lipids (mg/dL) a 

End End flaxseed oil End basal 
Serum fraction stabilization diet diet 

Cholesterol 149.3 __- 8.6 147.0 --- 11.4 153.0 _ 14.1 
Triglycerides 79.5 _ 21.3 60.2 - 14.8 66.1 - 13.3 
HDL 46.1 _ 4.7 48.0 - 5.8 47.1 ___ 4.1 
LDL 84.2 +_ 12.6 87.2 - 13.1 90.7 __- 12.4 
Apo A-I 118.4 -!-_ 9.1 117.6 -- 9.6 115.9 ___ 7.5 
Apo B 67.1 +_ 11.2 58.9 -!-- 8.5 68.1 +_ 10.6 

aData shown are the mean +_ SEM (n = 10). During the stabiliza- 
tion period all ten subjects were fed the basal diet. For the next 
56 d, five subjects were fed the flaxseed oil diet, and the other five 
remained on the basal diet. Diets between the two groups were 
crossed over for the next 56 d. Data were also collected after feeding 
the two diets for 28 and 42 d and used for analysis of variance. None 
of the serum lipids were altered by either diet. HDL, high-density 
lipoproteins; LDL, low-density lipoproteins; ape A-I, apoprotein A-I; 
apo B, apoprotein B. 

public. To exclude the possibil i ty tha t  the low values we 
measured were in error, we had the cholesterol and tri- 
glyceride levels checked in an independent laboratory. The 
results  from the two laboratories were within 5% of each 
other. The BD used in our s tudy  contained very low levels 
of sa tura ted  (7 en%) and total  fat  (23 en%). Thus, it may  
not be feasible to lower the serum lipids with the FSO diet 
or even with fish oils when switching from the type of low- 
fa t  diet used in our study. I t  should also be noted t ha t  
the FSO diet contained 6 en% extra  fat  {total 29 en%) 
above the level of the BD; yet  this did not  cause an in- 
crease in the concentrat ion of any of the se rum lipids 
tested. Al though there were minor differences in the con- 
centra t ion of several f a t ty  acids between the two diets, 
the major  difference was in the concentrat ion of A L A  
{0.3% in BD, and 6.3 en% in FSO diet}. I t  remains possi- 
ble t ha t  the FSO diet would lower serum lipids in hyper- 
lipidemic subjects.  The diets and subjects  in our s tudy  
were selected pr imari ly  to examine the effects of an FSO 
diet on the immune response, which was suppressed (18}. 

The f a t ty  acid composi t ions of the serum and PBMNC 
lipids are shown in Tables 4 and 5, respectively. D a t a  
presented in Table 4 show tha t  the concentrations of ALA, 
linolenic acid (LA, 18:2n-6) and eicosatrienoic acid {ETA, 
20:3n-3) were significantly (P < 0.05) different when the 
subjects  were fed FSO or the  BD. With the feeding of the 
FSO diet, the concentrat ion of A L A  in serum lipids in- 
creased and tha t  of LA and ETA decreased {P < 0.05}. The 
da ta  also show tha t  the levels of other f a t ty  acids in- 
cluding EPA, DHA,  and arachidonic acid (AA, 20:4n-6) 
in serum lipids were not altered by the FSO diet. The da ta  
in Table 5 show tha t  the concentration of ALA in PBMNC 
lipids increased threefold, and tha t  of EPA and docosapen- 
taenoic acid (DPA, 22:5n-3) increased twofold (P < 0.05} 
with the  feeding of the FSO diet. In P M B N C  lipids, the 
concentrat ions of DHA,  AA and other f a t ty  acids were 
not  different between the two dietary groups. In  serum 
lipids, an increase in ALA concentration was accompanied 
by a decrease in the LA and ETA concentrations,  while 
in PBMNC lipids no single f a t ty  acid could be identified 
whose concentrat ions decreased when the concentrations 
of ALA, EPA and DPA increased. This may  be because 
the total  concentrat ion of these three f a t ty  acids, even in 
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T A B L E  4 

Effects  of Basal  and Flaxseed Oil Diets  on Serum Fat ty  Acid 
Composition (wt%) a 

Start End End 
Fatty acid of study flaxseed oil diet basal diet 

14:0 0.5 +- 0.0 0.6 +- 0.1 0.9 +- 0.1 
16:0 24.8 +- 0.9 22.7 --4-_ 0.7 23.5 +- 0.6 
16:1 1.1 +- 0.1 0.9 +- 0.1 1.1 +- 0.1 
18:0 9.7 • 0.5 10.2 +- 0.4 9.1 +- 0.3 
18:1n-9 trans 1.3 + 0.1 1.3 +- 0.1 1.3 ___ 0.1 
18:1n-9 cis 15.0 +- 0.2 14.1 +- 0.5 13.8 ___ 0.7 
18:1n-7 1.6 + 0.0 1.3 +- 0.1 1.4 +- 0.1 
18:2n-6 26.2 +__ 1.3 25.4 +- 0.8 b 28.4 +_ 0.6 
18:3n-3 0.2 ___ 0.0 3.2 +- 0.4 b 0.5 +- 0.1 
20:0 0.5 + 0.1 0.5 +-- 0.0 0.4 +- 0.0 
20:3n-6 1.2 +- 0.1 1.1 +- 0.1 b 1.6 +_ 0.1 
20:4n-6 6.0 + 0.6 5.5 + 0.6 6.2 +- 0.6 
20:5n-3 0.6 + 0.1 0.6 +-- 0.0 0.5 -- 0.0 
22:0 1.1 +- 0.1 1.0 --+ 0.1 1.0 ___ 0.0 
22:5n-3 0.5 +- 0.1 0.6 +- 0.1 0.5 +- 0.1 
22:6n-3 0.8 +- 0.1 1.1 ----- 0.1 1.1 +- 0.1 
24:0 1.1 + 0.1 1.0 +- 0.1 0.9 +- 0.1 
24:1n-9 1.2 +- 0.1 1.4 +- 0.1 1.2 +- 0.1 

Unknown and trace 6.6 7.5 6.4 

aData shown are the mean +- SEM (n -- 9). Fatty acids at a con- 
centration of less than 0.5% are grouped under trace unless they 
were of specific interest. 

bSignificantly different between basal and flax diets (P < 0.05). 

the  FSO groups, was less t h a n  3%. The fact t h a t  the  FSO 
die t  con t a ined  21% A L A  (Table 2), ye t  the  A L A  c o n t e n t s  
of P B M N C  and  s e rum l ipids were on ly  0.6 and  3.2%, 
respectively, sugges t s  t h a t  diet  p lays  on ly  a m ino r  role 
in  d e t e r m i n i n g  the  A L A  concen t r a t i on  of these  t i s sues  
a n d  t h a t  genet ic  factors  have a ma jo r  r egu la to ry  effect. 

TABLE 5 

Effects  of Basal  and Flaxseed Oil Diets  on Peripheral Blood 
Mononuclear Cells Fat ty  Acid Composition (wt%) a 

Start End End 
Fatty acid of study flaxseed oil diet basal diet 

14:0 0.7 -!-_ 0.1 0.5 +- 0.1 0.6 +- 0.1 
16:0 20.7 _+ 0.7 22.9 -+ 2.1 25.3 +_ 2.6 
16:1 0.4 __ 0.1 0.5 + 0.1 0.4 + 0.1 
18:0 21.6 +- 0.4 21.2 --- 0.9 20.3 +_ 0.5 
18:ln-9trans 1.3 _ 0.1 1.1 -4-- 0.1 1.1 +_ 0.1 
18:1n-9 cis 12.2 + 0.3 13.2 +- 0.5 12.1 + 0.3 
18:1n-7 0.7 _+ 0.1 0.6 +- 0.1 0.6 +- 0.1 
18:2n-6 5.7 _ 0.3 6.8 +- 0.2 7.6 - 0.4 
18:3n-3 0.2 ___ 0.0 0.6 +- 0.1 b 0.2 ___ 0.0 
20:0 0.9.---- 0.2 0.4 +- 0.1 0.4 +- 0.1 
20:1n-9 0.6 +_ 0.1 0.3 +- 0.1 0.3 +- 0.1 
20:3n-6 0.1 _ 0.0 0.1 -- 0.0 0.1 +- 0.0 
20:4n-6 24.2 +- 0.7 23.8 +- 1.8 23.6 +- 1.3 
22:5n-3 0.4 __ 0.1 0.4 +- 0.1 b 0.2 +- 0.0 
22:0 2.8 +- 0.2 2.5 +- 0.2 2.2 +- 0.3 
22:5n-3 1.1 +- 0.1 1.6 + 0.3 b 0.8 +- 0.1 
22:6n-3 1.4 +- 0.1 0.9 ----- 0.2 1.1 +- 0.2 

Unknown and trace 3.7 2.8 3.1 

aData shown are the mean +- SEM (n -- 10). For other details see 
footnote to Table 3. Data were also collected at 28 and 42 d after 
the start of feeding flaxseed oil and basal diets and used for analysis 
of variance. 

bSignlficantly different between flaxseed oil and basal diet (P < 0.05). 

The  increase  in  the  s e r um c onc e n t r a t i on  of A L A  wi th  
the  F S O  diet  is in  ag reemen t  wi th  previous  repor t s  (5,6) 
showing  an  increase  in  p l a s m a  A L A  c onc e n t r a t i on  when  
die ts  were s u p p l e m e n t e d  wi th  th is  f a t t y  acid. We did no t  
f ind  an  increase  in  E P A  a nd  D P A  c o n t e n t  in  s e r um l ipids  
w i th  the  F S O  diet, whereas  the  concen t r a t i ons  of these  
two fa t ty  acids in P B M N C  lipids were increased. This  may  
reflect the  fact  t h a t  t r ig lycer ides  make  up  the  ma jo r  por- 
t ion  of the  s e r u m  lipids, while  m e m b r a n e  phosphol ip ids  
compr ise  the  ma jo r  p a r t  of P B M N C  lipids.  Previous  
s tud ies  (5-7) on  p l a s m a  phosphol ipids ,  in  c o n t r a s t  to our  
d a t a  on  to ta l  s e r um lipids, did f ind an  increase  in  p l a s m a  
EP A  and  D H A  con ten t s  wi th  the  feeding of ALA-contain-  
ing  diets. Regardless, whe ther  the  to ta l  l ipids or the  phos- 
pholipids are analyzed, the conversion of A L A  to EPA and  
D H A  appears  l imited.  I n  our  study, we did no t  f ind  an  
increase  in  D H A  c onc e n t r a t i on  of P B M N C  lipids, even 
when  the  E P A  a nd  D P A  c o n t e n t s  were s ign i f i can t ly  
e levated (Table 5). These  resu l t s  sugges t  t h a t  the  conver- 
s ion of A L A  to D H A  in h u m a n s  ma y  be res t r ic ted  a t  the  
convers ion  s tep  f rom DPA to D H A .  

A compar i son  of the  da t a  in  Tables 4 and  5 shows minor  
differences in  the  concen t ra t ions  of several f a t t y  acids be- 
tween  s e r um a nd  P B M N C  lipids; however, ma jor  differ- 
ences were observed in the  concen t ra t ions  of A A  and  LA. 
The concent ra t ion  of LA in se rum lipids is about  25%, and  
in  the  P B M N C  l ipids  i t  is on ly  a b o u t  6%. The  A A  con- 
t e n t  of the  s e r u m  l ipids was a bou t  6% and  t h a t  of the  
P B M N C  lipids was a bou t  24%. 

D a t a  r ega rd ing  b leed ing  t imes,  p r o t h r o m b i n  t imes  and  
pa r t i a l  p r o t h r o m b i n  t imes  are g iven  in  Table 6. None  of 
these  response  var iables  was al tered by  ei ther  diet. Aga in  
these  f ind ings  are a t  va r iance  wi th  the  resu l t s  ob ta ined  
u p o n  feeding of fish off which caused  an  increase  in  
b leed ing  t imes  (3,4). The  reasons  for the  lack of an  effect 
of the  F S O  diet  on these  indices of coagu la t ion  m a y  be 
s imi lar  to those  a l ready d iscussed  for s e r um lipids. 

In  conclusion our resul ts  show tha t  in  the  young  soldiers 
s tudied,  the  F S O  diet  did no t  al ter  indices of s e rum lipids 
or of blood coagula t ion  even when the  F S O  diet  conta ined  
6 en% more fat, which came from ALA.  Because  th i s  
s t udy  was done wi th  young  subjec ts  on very low-fat diets, 
i t  does no t  rule  ou t  the  poss ib i l i ty  of a s e r um lipid lower- 
i ng  effect of an  F S O  diet  in  hyper l ip idemic  sub jec t s  or in  
sub jec t s  e a t i n g  high-fat  diets. This  should  be examined  
in  future  studies. We did, however, f ind s ignif icant  changes 
in the  f a t ty  acid composi t ion  of se rum and  P B M N C  lipids 
in  sub jec t s  on  the  F S O  diet.  

T A B L E  6 

Effects  of Basal  and Flaxseed Oil Diets  on Bleeding, Prothrombin 
and Partial Prothrombin Times {rain) a 

End End End 
Response variable stabilization flaxseed oil diet basal diet 

Bleeding time 5.0 +- 0.4 4.5 -4-_ 0.4 4.6 +_ 0.4 
Prothrombin time 12.2 __- 0.1 12.0 +_ 0.2 12.0 -+ 0.1 
Partial prothrombin 

time 29.0 -- 0.5 28.9 +- 0.3 28.9 +- 0.6 

aData shown are the mean +_ SEM (n = 10). For other details see 
the footnote to Table 3. Data were also collected after 21 d of feeding 
the two diets and used for analysis of variance. None of the variables 
in this table were altered by either diet. 
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Interrelationship of Stearic Acid Content and Triacylglycerol 
Composition of Lard, Beef Tallow and Cocoa Butter in Rats 
Cathy C. Monsma and Denise M. Ney* 
Department of Nutritional Sciences, University of Wisconsin, Madison, Wisconsin 53706 

We investigated modes whereby stearic acid (18:0) exerts 
a neutral or cholesterol-lowerlng effect using dietary fats 
which provided graded levels of 18:0 and distinct triacyl- 
glycerol (TAG) profiles. Male Sprague-Dawley rats (150-175 
g) were fed diets containing 0.2% cholesterol and 16% fat 
from corn oil, or from 1% corn oil plus 15% lard (13.2% 
18:0), beef tallow (19.2% 18:0) or cocoa butter (34.7% 18:0) 
for 3 wk, and then killed in a fasted or fed state. Chylc~ 
micron (CM) fatty acid profiles suggested reduced absorp- 
tion of 18:0 with greater 18:0 intake. CM TAG profiles in- 
dicated a reduction or loss of two TAG species compared 
to the TAG profiles of the stearate-rich diets: 1-palmltoyl- 
2~leoyl~stearoyl  glycerol (POS) and 1,3<iisteamyl-2~oleoyl 
glycerol (SOS). Hepatic total  cholesterol concentrations 
were 54-77% lower {P < 0.01) in the cocoa butter-fed than 
the lard- and beef tallow-fed groups. The cocoa butter 
group showed a significantly lower ratio of high<lensity 
lipoprotein esterified/fres cholesterol than all other groups. 
Hepatic stearoyl-CoA and oleoyl-CoA concentrations, the 
substrate and product for hepatic A9 desaturase, were not 
significantly different for corn oil-fed and cocoa butte~fed 
groups in spite of a large difference in 18:0 intake. These 
data suggest  that  the neutral or cholesterol-lowering ef- 
fect of 18:0 is not due to hepatic conversion of stearic to 
oleic acid, and that POS and SOS are poorly absorbed from 
stearate~rich dietary fats. 
Lipids 28, 539-547 (1993}. 

Studies in humans (I-5) and experimental animals (6,7) sug- 
gest that ingestion of stearic acid (18:0) has a neutral or 
hypocholesterolemic effect in contrast to lauric {12:0), my- 
ristic {14:0) and palmitic {16:0) acids. Thus, controversy has 
arisen regarding the classification of stearic acid as a 
"saturated fat" for dietary recommendations and nutritional 
labeling purposes (8). This controversy reflects a lack of 
understanding of the mechanisms responsible for the neutral 
or hypocholesterolemic effects associated with ingestion of 
stearic acicL Proposed mechanisms include poor absorption 
of stearic acid from dietary fat (9-12), rapid conversion of 
stearic acid to oleic acid by hepatic A9 desaturase {13) and 
effects of the stereospecific triacylglycerol {TAG) structure 
of stearate-rich dietary fats on their absorption and metal> 
olism {14-16). 

Although many studies have examined the effects of 
feeding stearate-rich fats {commonly defined as having 
greater than 12% of fatty acids as 18:0), differences in experi- 
mental design make it difficult to draw conclusions about 

*To whom correspondence should be addressed at Department of 
Nutritional Sciences, 1415 Linden Drive, Madison, WI 53706. 

Abbreviations: ANOVA, analysis of variance; C n, total acyl carbon 
number; CM, chylomicron; E/F, esterified/free; EC, esterified cho- 
lesterol; FAME, fatty acid methyl esters; GC-FID, gas chromatog- 
raphy-flame-ionization detection; GLM, general linear models; HDL, 
high-density lipoprotein; LDL, low~lensity lipoprotein; L, linoleic acid; 
O, oleic acid; P, palmitic acid; POP, 1,3-dipalmitoyl-2-oleoyl glycerol; 
POS, 1-palmitoyl-2-oleoyl-3-stearoyl glycerol; SOS, 1,3-distearoyl-2- 
oleoyl glycerol; TAG, triacylglycerol; TG, triglycerides; VLDL, very 
low density lipoprotein. 

the mode{s) of action of stearic acid (17). Using only the 
fasted state, often a single stearate-rich fat was compared 
to either a low-stearate saturated fat, an unsaturated fat or 
both (2,4-7,10-13). Other studies have utilized either syn- 
thetic or randomized stearate-rich fats, but these do not 
reflect the distinct TAG structures of naturally occurring 
stearat~rich dietary fats (4,9,16). Lastly, some human 
studies in metabolic ward settings have used liquid formula 
diets (3,4,17). 

The objective of this work was to gain insight into the 
modes whereby stearic acid exerts its hypocholesterolemic 
effect. Three naturally occurring dietary fats, lard (13.2% 
18:0), beef tallow (19.2% 18:0), and cocoa butter (34.7% 18:0) 
were fed to provide graded levels of stearic acid, relatively 
constant amounts of palmitic acid and distinct TAG pr~ 
files Cocoa butter is composed chiefly of three TAG species: 
1,3~lipalmitoyl-2~leoyl glycerol (POP); 1-palmitoyl-2~leoyl- 
3~tearoyl glycerol (POS); and 1,3~listeamyl-2~)leoyl glycerol 
(SOS). I t  has a relatively simple TAG profile compared to 
beef tallow and lard which are composed of 7-10 TAG species 
(15,18,19). We compared both fasting and postprandial 
plasma and hepatic lipid responses, the fat ty acid and TAG 
profiles of chylomicron (CM) lipids and the levels of hepatic 
steamyl-CoA and oleoyl-CoA, the substrate and product for 
the hepatic A9 desaturase system, in rats. 

MATERIALS AND METHODS 

Animals and diets. Male Sprague-Dawley rats (Harlan 
Sprague-Dawley, Madison, WI), 150-175 g, were housed 
in individual stainless-steel cages with free access to water 
in a room maintained at  25~ using a 12 h reverse light- 
dark cycle (lights on 2200-1000 h). The animal facilities 
and protocols were approved by an insti tutional animal 
care and use commit tee  Rats consumed ad libitum one 
of four diets pat terned after the AIN 76A diet (20), con- 
taining 16% fat from either 16% corn oil, or 15% lard, 15% 
beef tallow or 15% cocoa butter  with 1% corn oil to pre- 
vent essential fa t ty  acid deficiency (Table 1). The fat ty acid 
composition of each diet (Table 2) was determined by 
capillary gas chromatography with flame-ionization detec- 
tion (GC-FID). All diets contained 0.2% added cholesterol 
(Sigma, St. Louis, MO) to provide similar amounts of 
dietary cholesterol (0.465 mg/kcal). Diets were stored at  
4~ and fresh diets were presented to animals biweekly. 
Food intake was calculated weekly based on a 4-d period 
and body weight was measured biweekly. 

Experimental design. A 4 • 2 (DIET • FED/FASTED) 
factorial design was used (n = 10). After 3 wk of feeding, 
all rats were fasted overnight and killed during the early 
portion of the dark cycle For each of the four diets, one 
group of animals was killed in a fasted state (FASTED) 
while the other group was killed in a postprandial state 
(FED). The FED rats were fed ad libitum for I h and killed 
1.5 h later. During the 1 h a d  libitum feeding period, 
animals consumed 6.0 • 0.3 g diet. All animals were 
anesthetized with CO2 and blood (8-10 mL) was collected 
by cardiac puncture into syringes containing 1 mg ethy- 
lenediaminetetraacetic acid and 0.1 mg gentamicin sulfate 
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TABLE 1 TABLE 2 

Composition of Stearate-Rich Diets 

Diet composition 
Ingredient a Amount (%) 

Casein 20.00 
DL-methionine 0.30 
Cornstarch 26.89 
Sucrose 26.89 
Cellulose 5.00 
Fat source b 15.00 
Corn oil c 1.00 
Mineral mix -- AIN 76 3.50 
Vitamin mix -- AIN 76A 1.00 
Choline bitartrate 0.20 
Butylated hydroxytoluene (BHT) 0.02 
Cholesterol 0.20 
aAU ingredients were obtained from TEKLAD, Harlan Sprague- 

Dawley, Inc. (Madison, WI) except for cocoa butter, which was 
obtained from Ambrosia Chocolate (Milwaukee, WI) and ch~ 

blesterol and BHT, which were obtained from Sigma (St. Louis, MO). 
Lard, beef tallow, cocoa butter or corn oil. 

CTo provide essential fatty acids. 

per mL blood. Plasma was obtained by centrifugation at 
4~ for 20 min at 1200 • g. Livers were excised, blot ted 
dry, weighed and divided into two portions. One port ion 
was frozen immediately in liquid nitrogen and stored at 
- 7 0 ~  for the analysis of individual acyl-CoA esters, and 
the other port ion was stored at - 2 0 ~  for hepatic lipid 
analyses. 

Lipid analyses. For all FED and corn oil FASTED rats, 
CM, very low density lipoprotein (d < 1.006 g/mL, VLDL), 
low-density lipoprotein (d = 1.006-1.050 g/mL, LDL) and 
high-density lipoprotein (d -- 1.050-1.196 g/mL, HDL) 
were fractionated by sequential ul tracentr ifugation from 
3-mL plasma samples containing 0.56 mM, 5,5'-dithi~ 
bis-nitobenzoic acid and 1 mM phenylmethylsufonylfluor- 
ide in isopropanol (21). CM were isolated in the top 2 mL 
after centrifugation for 1.0 h at d < 1.006 g/mL, extracted 
with hexane]isopropanol (22), evaporated to dryness under 
nitrogen at 37 ~ C and redissolved in chloroform/methanol 
(3:2, vol/vol). 

Total and free cholesterol were measured in plasma, CM, 
VLDL, LDL and HDL, and the concentration of esterified 
cholesterol was determined by difference (21). Trigly- 
cerides in plasma (Sigma Triglyceride Kit, No. 336) and 
lipoprotein samples were also measured. Total protein 
(VLDL, LDL, HDL), phospholipid and H D L  apolipopro- 
tein A-I concentrations were determined as previously 
described (21). Lipids were extracted from 1-g liver sam- 
ples with chloroform/methanol (2:1, vol/vol) and assayed 
for both  total  and free cholesterol and triglycerides; 
esterified cholesterol (EC) was determined by difference 
(21). Individual fa t ty  acyl-CoA esters were analyzed by 
reverse-phase high-performance liquid chromatography 
(23). 

Triglyceride and cholesteryl ester from the CM lipid ex- 
t rac t  were isolated on 3 mL aminopropyl (NH2) Bond 
Eluts  (catalog n a  1212-4038, Varian, Walnut Creek, CA) 
using a modification of the method of Kalzuny et al. (24). 
An internal s tandard containing 500 ~g each of trihep- 
tadecanoin and cholesteryl pentadecanoate (Sigma) was 
added to a 500 ~L aliquot of CM extract  (approximately 
1-2 mg total lipid). Triglyceride and cholesteryl ester frac- 

Fatty Acid Profiles of Stearate-Rich Diets 

Fatty acid Corn oil Lard Beef tallow Cocoa butter 
(expressed as % methyl esters) a 

14:0 ND 1.3 2.9 ND 
16:0 11.4 24.9 24.8 25.4 
16:1 ND 2.2 2.8 ND 
18:0 2.0 13.2 19.2 34.7 
18:1 25.6 44.0 44.1 33.5 
18:2 60.1 14.2 6.3 6.3 
18:3 1.0 ND ND ND 
20:4 ND ND ND ND 

Ratios 
16:0/18:0 5.7 1.9 1.3 0.7 
18:0/18:1 0.1 0.3 0.4 1.0 
16:0/18:1 0.4 0.6 0.6 0.8 

aValues expressed as means for three determinations; ND, not 
detected. 

t ions obtained from the Bond Eluts  were evaporated to 
dryness and stored in chloroformJmethanol (2:1, vol]vol; 
250 #L) until analyzed by GC-FID for either fa t ty  acid 
or TAG profiles. This procedure was also used to isolate 
the triglycerides from the diets for TAG profile analyses. 

Fatty acid analyses. Both  triglyceride and cholesteryl 
ester fa t ty  acids obtained from CM lipids were transesteri- 
fled using methanol/benzene (4:1, vol]vol; 2 mL) and acetyl 
chloride (200 ~L) (25). Fa t ty  acid methyl  esters (FAME) 
were stored in benzene at  - 2 0 ~  until  analysis by capil- 
lary GC-FID. Fa t ty  acids from the diets were transesteri- 
fled using 10% BF3/methanol (w/w) reagent (Supelc~ 
Bellefonte, PA) and stored in pentane at - 2 0 ~  until  
analyzed. FAME were analyzed on a Varian 3400 gas 
chromatograph equipped with a flame-ionization detec- 
tor, a Varian 1093 SPI  temperature  programmable injec- 
tor  (Palo Alto, CA), a Supelcowax 10 fused silica column, 
30 m • 0.32 mm i.d. 0.25 ~m film (Supelco) and an In- 
Board Data  Handling System (IBDH TM, Sugarland, TX). 
The injector temperature was progammed from 50 to 
250~ at a rate of 100~ and held for 15 min during 
the analysis. The initial column temperature was held for 
2 min at  50~ programmed to 160~ at  a rate of 
30~ then programmed to 190~ at a rate of 3~ 
and finally programmed to 227 ~ C at a rate of 4~ and 
held for 15 min for a total  analysis t ime of 40 min. The 
carrier and make-up gases were helium at  2 mL/min and 
30 mL/min, respectively. The detector  temperature  was 
300~ Fat ty  acids were identified by comparing the reten- 
tion times with those of known standards (Nu-Chek-Prep, 
Elysian, MN) and expressed as the weight percent 
distribution of FAMEs. 

TAG profiles. Intact  TAG profiles were determined 
based on total  acyl carbon number (C,) where n is the 
total  number  of carbon atoms from fa t ty  acids esterified 
to the glycerol backbone  Profiles of triglycerides isolated 
from the diet and composites of CM lipid extract  from 
each FED diet group (n = 8-9) were obtained on a Varian 
GC-FID equipped with a TAP CB (75% phenyl, 25% 
methylpolysiloxane) on a WCOT Ultiraetal column, 25 
M • 0.25 mm i.d., 0.80 mm o.d., 0.10 ~m film (Chrompack, 
Raritan, NY). The injector was isothermal at 360~ and 
injection volume was 0.2 gL of a hexane solution (100 ~L) 
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containing triglycerides obtained from Bond Elut  separa- 
t ion of lipid classes. The initial column tempera ture  was 
290~ immediate ly  p rogrammed to 330~ at  a rate  of 
10~ finally p rogrammed  to 355~ at  a rate  of 
2~ and held for 8 rain for a to ta l  analysis t ime of 
25 rain (18,26,27). The carrier gas  was helium at  15 psi 
column pressure; make-up gas  was helium at  22 mL/min. 
The detector temperature  was 370~ Da ta  were acquired 
using a Waters Baseline 810 Chromatography  Worksta- 
t ion connected via a Waters Sys tem Interface Module 
(Waters, Milford, MA). Manual  baseline correction and 
reintegration was required for all samples  due to the com- 
plexity of the chromatograms.  Identif icat ion of TAG 
species from the dietary fats and CM TAG was based upon 
compar ison of retention t imes to a triglyceride s tandard  
(catalog no. 178-11, Sigma) and published chromatograms 
(18,19). Values are expressed as the area percent of each 
TAG species. 

Statistical analysis. Differences among  die tary  treat- 
ment  groups were assessed by either one-way or two-way 
analysis of variance (ANOVA) us ing  the SAS general 
linear models (GLM) program (SAS, Cary, NC) (28). Group 
means  were considered to be significantly different a t  
P < 0.05 as determined by the protected least  significant 
difference technique. Values are expressed as mean  _+ 
SEM; means  with different superscripts  are significantly 
different. 

RESULTS 

Growth, food intake and liver weight. Final body  weight  
and growth did not differ across the t rea tment  groups but  
diet affected mean daily food intake (Table 3). As the 
stearic acid content  of the diet increased, food intake in- 
creased significantly and ra ts  fed the cocoa bu t t e r  diet 
ate 10% more than  ra ts  fed the corn oil diet. Relative liver 
weight was significantly affected by  bo th  D I E T  and 
FED/FASTED s ta tes  such t ha t  F E D  animals  had 11% 
higher liver weights  than  FASTED animals. 

Plasma and hepatic cholesterol and triglycerides. Plas- 
m a  cholesterol and triglyceride concentrations did not dif- 
fer among the groups fed different dietary fats  but  signifi- 
cant  differences occurred between the F E D  and FASTED 
groups (Table 4). F E D  groups had 44% greater  p la sma  
triglyceride concentrat ions and 12.5% lower p lasma total  
cholesterol concentrat ions than  FASTED groups. Lower 
p l a sma  cholesterol concentrat ions in F E D  animals were 
associated with significantly lower esterified, but  not free, 
cholesterol levels. The esterified/free cholesterol (E/F) ratio 
was significantly lower for the three F E D  vs. FASTED 
stearate-rich groups while the corn oil group had  similar 
rat ios in bo th  F E D  and FASTED states. 

In contrast,  dietary fat  affected hepatic cholesterol and 
triglyceride concentrat ions more s t rongly than  p lasma  
concentrations and a significant D I E T  X FED/FASTED 
interaction was observed for hepatic total, esterified and 
E/F cholesterol concentrat ions (Table 5). Compared to 
fasting, hepatic  total  and EC decreased after  consuming 
a meal  containing corn oil or cocoa butter,  showed little 
change after  consuming a meal  containing lard and in- 
creased after  consuming a meal containing beef tallow. 
Among  F E D  groups, cocoa but te r  showed 54-142% lower 
(P < 0.001) hepatic total  and EC levels than  lard and beef 
tallow. Stearate-rich dietary groups had lower hepatic tri- 
glycerides than  the corn oil group (corn oil = 15.5; lard, 
beef tallow and cocoa bu t te r  = 6.9-11.0 ~no l  triolein/g 
liver, P = 0.0001, main effects two-way ANOVA). 

Hepatic acyl-CoA concentrations. Individual  hepatic 
acyl-CoA concentrat ions in F E D  and FASTED ani- 
mals  are summar ized  in Table 6. Significant D I E T  • 
FED/FASTED interaction was observed for stearoyl-CoA 
(18:0). In  FASTED animals  stearoyl-CoA (18:0) concen- 
t ra t ions  generally reflected 18:0 content  of the diet (lard 
< beef tallow < cocoa butter)  but  were not  significantly 
different. In  contrast ,  in F E D  animals there was no 
association between dietary 18:0 and stearoyl-CoA levels. 
M o s t  notably ,  F E D  s tea roy l -CoA c o n c e n t r a t i o n s  
did not  differ significantly for corn oil (2.0% 18:0) and 

TABLE 3 

Final Body Weight, Weight Gain, Liver Weight and Mean Food Intake in Rats Fed Stearate-Rich Dietary 
Fats for Three Weeks a 

Diet 

Liver 
Final body Weight Mean food weight 

weight gain intake (g wet tissue/ 
(g) (g/21 d) (g/d) 100 g body wt) 

Fed 
Corn oil 293 __ 6 113 +- 6 
Lard 288 • 6 109 • 6 
Beef tallow 295 • 6 115 • 5 
Cocoa butter 293 • 6 113 • 5 

Fasted 
Corn oil 281 • 6 102 • 6 
Lard 287 • 6 107 • 5 
Beef tallow 285 • 6 106 • 5 
Cocoa butter 287 • 6 107 +- 5 

Two-way ANOVA 
(GLM), P-values 

Diet NS NS 
Fed/fasted NS NS 
Diet • fed/fasted NS NS 

0 3 c,d 13.2 • 013b,c,d 3.71 • 0.05 a,b 
13.5 • 3.65 __ 0.08 a,b 
13.9 • 0.3 a'c 3.65 • 0.04 a,b 
14.6 • 0.3 a 3.54 + 0.05 a'b'c 

13.0 +- 0.3 d 3.41 4- 0.03 b,c,d 
13.2 • 0.3 c'd 3.27 • 0.07 c,d 
13.8 - 0.3 a'd 3.23 • 0.10 c,d 
14.3 - 0.3 a'c 3.20 • 0.05 d 

0.0002 0.04 
NS 0.0001 
NS NS 

aValues are means • SEM, n = 9-10. Means with different superscripts in the same column are significantly 
different [P < 0.05, two, way analysis of variance (ANOVAI, protected least significant difference]; NS, not 
significant; GLM, general linear models. 
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TABLE 4 

Plasma Cholesterol and Triglyceride Concentrations in Rats Fed Stearate~Rich Dietary Fats for Three Weeks a 

Cholesterol 

Diet Total Esterified Free E/F ratio Triglycerides 

(mmol/L) 
Fed 

Corn oil 1.58 • 0.10 c 1.27 • 0.08 c 0.31 • 0.02 4.1 • 0 1 b'e'd 1.28 • 0.09 a 
Lard 1.69 • 0.05 b,c 1.33 • 0.04 e 0.36 • 0.02 3.8 • 011 d 1.21 • 0.09 a 
Beef tallow 1.78 • 0 09 a,b,c 1.38 • 0.08 b,c 0.40 • 0.03 3.7 • 0.3 d 1.31 • 0.07 a 
Cocoa butter 1.69 • 0105 b,c 1.32 • 0.04 c 0.37 • 0.01 3.6 • 0.1 d 1.30 • 0.06 a 

Fasted 
Corn oil 1.94 + 0.14 a 1.57 +__ 0.10 a 0.37 • 0.05 4.6 • 0.3 a'c 0.92 • 0.02 b 
Lard 1.89 • 0.07 a,b 1.57 + 0.06 a 0.33 • 0.02 4.8 • 0.2 a 0.88 + 0.04 b 
Beef tallow 1.86 • 0.06 a,b 1.55 • 0.05 a,b 0.31 • 0.02 5.1 • 0.3 a . 0.86 • 0.03 b 
Cocoa butter 2.02 • 0.12 a 1.67 + 0.12 a 0.36 + 0.01 4.7 • 0.4 a,b 0.91 • 0.03 b 

Two-way ANOVA 
IGLM), P-values 
Diet NS NS NS NS NS 
Fed/fasted 0.0003 0.0001 NS 0.0001 0.0001 
Diet X fed/fasted NS NS NS NS NS 

aValues are means __ SEM, n = 9-10. Means with different superscripts in the same column are significantly different [P < 0.05, two-way 
analysis of variance (ANOVA), protected least significant difference]; NS, not significant; E/F ratio, esterified/free; GLM, general linear 
models. 

cocoa  b u t t e r  (34.7% 18:0), b u t  were s i g n i f i c a n t l y  h ighe r  
for an imals  fed la rd  {13.2% 18:0}. H e p a t i c  oleoyl-CoA {18:1) 
c o n c e n t r a t i o n s  were a f fec ted  b y  D I E T  b u t  n o t  b y  
F E D / F A S T E D  s t a t e s  and,  in genera l ,  re f lec ted  18:1 d i e  
t a r y  i n t a k e  The  beef  ta l low d i e t a r y  group  had  s ignif icant-  
ly  h igher  hepa t i c  oleoyl-CoA concen t r a t ions  t h a n  the  corn  
oil group.  

Lipoprotein concentration and composition. The  con- 
c e n t r a t i o n  a n d  c o m p o s i t i o n  of l i pop ro t e in s  d i f fered  
s ign i f i can t ly  a m o n g  the  fed d i e t a r y  t r e a t m e n t  groups.  In- 
ges t ion  of a mea l  con t a in ing  cocoa b u t t e r  resu l ted  in H D L  
w i t h  s i g n i f i c a n t l y  more  (% b y  wt)  p ro t e in  a n d  free 
cho les te ro l  and  less  E C  t h a n  H D L  f rom a n i m a l s  fed beef  
t a l low or  l a rd  (Table 7). The  cocoa  b u t t e r  g roup  showed 

a s i g n i f i c a n t l y  lower r a t i o  of  H D L  E / F  cho les te ro l  t h a n  
all  o t h e r  g roups .  H D L  a p o l i p o p r o t e i n  A-I  c o n c e n t r a t i o n s  
d id  n o t  differ  a m o n g  the  g r o u p s  ( d a t a  n o t  shown}. Taken 
together ,  the  s ign i f ican t ly  lower ra t io  of H D L  (Triglyceride 
+ EC) /P ro t e in  in t he  cocoa  b u t t e r  t h a n  t h e  beef  t a l low 
a n d  la rd  g roups  s u g g e s t s  a g r e a t e r  p o p u l a t i o n  of l ipid-  
d e p l e t e d  H D L  p a r t i c l e s  w i t h  i n g e s t i o n  of  cocoa  b u t t e r  
t h a n  t h e  o t h e r  s t e a r a t e - r i c h  f a t s  s tud ied .  

The  cocoa b u t t e r  group showed s ign i f ican t ly  h igher  con- 
c e n t r a t i o n s  of L D L  prote in ,  p h o s p h o l i p i d  and  E C  t h a n  all  
o t h e r  d i e t a r y  g r o u p s  which  is  c o n s i s t e n t  w i t h  a l a rge r  
n u m b e r  of L D L  par t i c l es .  A d i f fe ren t  t r e n d  was  seen  in 
VLDL;  beef  ta l low showed s ign i f ican t ly  h igher  V L D L  pro- 
tein,  e s t e r i f i ed  a n d  t o t a l  cho les te ro l  c o n c e n t r a t i o n s  a n d  

TABLE 5 

Hepatic Cholesterol and Triglyceride Concentrations in Rats Fed Stearate-Rich Dietary Fats for Three Weeks a 

Cholesterol 

Diet Total Esterified Free E/F ratio Triglycerides 

(/Lmol/g wet tissue weight) 
Fed 

_ _ 2 2 b,c,d Corn oil 13.0 + 07 b'c 7.9 + 08  d'e 3.89 + 0.20 d,e 1.5 + 02  c'd 12.7 • 
Lard 16.6 +_ 2"0 a,b 1"9 a,b,c 9.7 + Beef tallow 19.1 ___ 114 a,b 12.7 + 3.15 ___ 0.43 d'e 3.2 • 013 b'c'd _ 117 b'c'd 

16.0 • 1"3 a,b 020 b'c'd'e 
Cocoa butter 10.8 ___ 0.9 c 6.6 • 110 d,e 4.225.13 -+ 0109 a'b'c'd 4.81.6 •177 0"7a0.3 c'd 8.76.0 • 0.6 dl"0b'c'd 

Fasted 
Corn oil 18.0 • 14 a'b 12.6 • 13 b,c 3.26 + 0.69 d,e 2.3 • 0.2 b'c 18.2 • 3.2 a 
Lard 16.1 _+ 1"4 a,b 12.8 • 1"1 a,b,c 3.75 • 0.10 d,e 2.5 _+ 08 b'c 12.0 • 1.4 b,c,d 

1"0 b'c 1"0 b'c 'd 070 a'b'c 0"3 b'c Beef tallow 13.8 • l~0b,c 10.0 • li0d,e 5.72 • 0117a, b,c, d 2.7 __ 0.3c,d 6.2 • 0.3 d 
Cocoa butter 13.8 • 8.1 • 5.40 • 1.6 • . 7.9 _+ 0.9 c 

Two-way ANOVA 
{GLM), P-values 

Diet 0.004 0.0001 0.0001 0.0001 0.0001 
Fed/fasted NS NS NS NS NS 
Diet • fed/fasted 0.0006 0.0001 NS 0.01 NS 

aValues are means + SEM, n = 9-10. Means with different superscripts in the same column are significantly different [P < 0.05, two-way 
analysis of variance (ANOVA), protected least significant difference]; NS, not significant; E/F ratio, esterified/free; GLM, general linear 
models. 
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TABLE 6 

Acyl-CoA Levels in Hepatic Tissue from Rats Fed Stearate-Rich Dietary Fats for Three Weeks a 

Treatments 6:0 8:0 10:0 12:0 14:0 14:1 16:0 16:1 18:0 18:1 18:2 20:4 Total 

(mnol]g wet tissue wt) 

Fed 
Corn oil 2.4 a 1.7 0.5 1.4 a 0.3 d 
Lard 2.4 a 1.7 0.7 0 8 a'b 1.5 a 
Beef tallow 2.4 a 1.7 0.6 1"0 a,b 1.5 a 
Cocoa butter 2.6 a 2.0 0.4 017 b 1.1 a'b 

Fasted 
Corn oil 0.9 b 1.6 0.3 1.4 a 0 5 c'd 
Lard 1.2 b 1.5 ND 0.6 b 0"9 b,c 

1 1 a'b 1"0 a,b Beef tallow 1.2 b 1.5 ND 018a, b li0b 
Cocoa butter 1.4 b 1.9 ND 

Two-way ANOVA 
(GLM), P-values 

Diet NS NS NS 0.004 0.0001 
Fed/fasted 0.0001 NS NS NS 0.016 
Diet • fed/fasted NS NS NS NS NS 
Pooled SD 0.82 0.49 0.21 0.55 0.46 

0 5 d 3.8 1.6 b 3.0 c 9 I a'b'c 15.4 a 0.5 38.0 
1"0 b'c 6.3 3.3 a 5.3 a'b 12:8 a'b 4.7 c 0.7 40.1 

10 1 a'b'c 1"2 a,b 4.7 3.0 a 2.5 c 818a, b,c 3.4 c 0.8 31.5 
0:5 d 5.7 2.2a, b 3.0 c 3.1 c 0.8 28.7 

0.3 d , 3.4 1.5 b 3.6 b'c 5.8 c 10.2 b 0.9 29.5 
0 8 c '~ 2 2 a'b 3.8 a'b'c 8.3 b'c l:2a, b,c 5.2 4.5 c 1.0 29.3 

6.3 1"7 b 4.8a,b, c 13.3 a 4.9 c 1.0 36.5 
2:6a,b 8.7a, b, c 1.6 a 5.8 5.9 a 5.0 c 0.9 34.2 

0.0001 NS 0.0185 NS 0.04 0.0001 NS NS 
NS NS NS 0.04 NS NS NS NS 
0.0001 NS NS 0.01 NS 0.004 NS NS 
0.43 2.55 1.07 2.56 4.49 3.06 0.51 9.7 

aMeans with different superscripts under the same column are significantly different, P < 0.05, n = 7-9; NS, not significant; ND, 
not detected; ANOVA, analysis of variance; GLM, general linear models. 

a s i g n i f i c a n t l y  lower p r o p o r t i o n  of V L D L  t r i g l y c e r i d e s  
t h a n  all  o t h e r  g r o u p s  {data  for L D L  a n d  V L D L  n o t  
shown). CM concen t ra t ions  genera l ly  ref lected VLDL,  and  
beef  t a l low showed s imi la r  t r i g lyce r ide s  b u t  s i gn i f i c an t l y  
h ighe r  c o n c e n t r a t i o n s  of t o t a l  cho les te ro l  t h a n  l a rd  a n d  
cocoa  bu t t e r .  

Fatty acid profiles of CM triglyceride and cholesteryl 
esters. The  f a t t y  ac id  c o m p o s i t i o n  of CM t r i g l y c e r i d e  is  
s u m m a r i z e d  in Table 8. Cocoa  b u t t e r  i n g e s t i o n  r e s u l t e d  
in  s i g n i f i c a n t l y  g r e a t e r  CM t r i g l y c e r i d e  18:0 (% m e t h y l  
ester) ,  a n d  beef  t a l low i n g e s t i o n  r e s u l t e d  in s i g n i f i c a n t l y  
g rea te r  18:1 t h a n  all o the r  diets .  The  corn oil d i e t a ry  group  
h a d  s ign i f i can t ly  less 16:0, 18:0 and  18:1 b u t  s ign i f i can t ly  
more  18:2 a n d  20:4 t h a n  t h e  s t e a r a t e - r i ch  d i e t a r y  groups .  
The  f a t t y  ac id  c o m p o s i t i o n  of CM c h o l e s t e r y l  e s t e r  fol- 
lowed s im i l a r  t r e n d s  b u t  t he  p r o p o r t i o n  of 18:0 d id  n o t  
d i f fer  a m o n g  t h e  d i e t a r y  g roups  {data  n o t  shown). CM 
c h o l e s t e r y l  e s t e r  a lso  c o n t a i n e d  a l a rge  {35.6-47.1%) pro-  
p o r t i o n  of  a r ach idon ic  ac id  for  al l  d i e t a r y  groups .  

A m o n g  the  s t ea ra te - r i ch  d i e t a ry  groups ,  lower 18:0/18:1 
ra t ios  were no ted  in CM TAG compared  to  t he  correspond-  

i ng  d ie ts :  lard,  0.15 vs. 0.30; beef  tallow, 0.16 vs. 0.40; a n d  
cocoa but ter ,  0.35 vs. 1.0, respectively.  Regress ion ana lys i s  
showed  a s t r o n g  l inea r  r e l a t i o n s h i p  (r e = 0.985, n = 4, 
P < 0,0D b e t w e e n  t h e  18:0 c o n t e n t  of CM t r i g l y c e r i d e s  
and  18:0 c o n t e n t  of t he  d i e t s  b u t  an  i n s ign i f i c an t  cor- 
r e l a t ion  (r 2 = 0.723, n = 4, P > 0.1) be tween  the  18:1 con- 
t e n t  of CM t r i g l y c e r i d e  r e l a t i ve  to  d i e t a r y  18:1 {Fig. 1). 
T h e  p r o p o r t i o n  of CM 18:1 was  s i g n i f i c a n t l y  g r e a t e r  in 
t he  beef  ta l low t h a n  t h e  l a rd  d i e t a r y  group,  a l t h o u g h  l a rd  
a n d  beef  t a l low d i e t s  d id  n o t  d i f fer  in t h e  p r o p o r t i o n  of 
d i e t a r y  18:1. 

TAG profiles of diets and CM based on C,. E a c h  d ie t  
d i s p l a y e d  a d i s t i n c t  TAG prof i le  a cco rd ing  to  s e p a r a t i o n  
b y  C,  {Tables 9 -12  and  Figs .  2 a n d  3). Cocoa  b u t t e r  h a d  
the  s i m p l e s t  profile,  w i t h  on ly  t h r e e  m a j o r  TAG species  
a t  C50, Cs2 a n d  Cs4. L a r d  a n d  beef  t a l low TAG c o n t a i n e d  
p r i m a r i l y  C50, C52 and  C54, b u t  t he  degree  of u n s a t u r a t i o n  
was  g r e a t l y  i nc r ea sed  c o m p a r e d  to  cocoa  b u t t e r  as  in- 
d i c a t e d  b y  longe r  r e t e n t i o n  t i m e s  on t h e  p o l a r  co lumn.  
Beef  t a l low a lso  h a d  more  C48 spec ies  t h a n  t h e  o t h e r  
s t e a r a t e - r i c h  d ie ts .  

TABLE 7 

Plasma HDL Composition (d = 1.050-1.196 g/mL) in Rats Fed Stearate*Rich Dietary Fats a 

Corn oil-fasted Corn oil-fed Lard Beef tallow Cocoa butter Pooled SD 

{% by wt) 

Protein 36.2 • 0.7 35.0 • 0.6 a 32.9 • 0.6 b 31.5 • 0.6 b 35.4 • 0 6 a 1.9 
_ _ _ 017 a'b Phospholipid 16.9 + 0.8 18.4 + 0.6 b 20.3 + 0.7 a'b 21.4 • 0.6 a 20.2 • 2.0 

Cholesterol 
Esterified 22.5 • 0.8 22.3 • 0.7 a 23.6 • 0.7 a 23.0 • 0.7 a 19.9 • 0.7 b 1.9 
Free 3.9 __- 0.2 3.1 • 0.2 b 2.6 • 0.2 c 2.4 • 0.2 c 4.6 • 0.2 a 0.5 
Total 26.4 • 0.7 25.4 • 0.8 26.2 • 0.6 25.4 • 0.5 24.5 • 0.7 1.8 

Triglycerides 20.5 • 1.1 21.2 • 0.9 20.7 • 1.0 21.7 • 0.9 19.9 • 1.0 2.9 

(ratio) 

E/F cholesterol 3.8 • 0.6 4.3 • 0.2 b 5.5 • 0.3 a 5.9 • 0.4 a 2.6 • 0.2 c 0.8 
(TG + EC)/Protein 0.94 • 0.03 1.00 • 0.08 a'b 1.06 • 0.03 a 1.12 • 0.03 a 0.90 • 0.02 b 0.14 

avalues are means __ SEM, n = 6-9. Means with different superscripts in the same row are significantly different (P < 0.05, protected 
least significant difference). E/F, esterified to free ratio; EC, esterified cholesterol; TG, triglycerides; HDL, high-density lipoprotein. 
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TABLE 8 

Fatty Acid Composition of Chylomic~on Triglyceride in Rats Fed Stearate-Rich Dietary Fats for Three Weeks a 

Fatty acid Corn oil Lard Beef tallow Cocoa butter Pooled SD 

(expressed as % methyl esters) 

14:0 0.2 + 0.1 b 0.4 _ 0.2 b 1.8 • 0.1 a 0.4 • 0.1 b 0.3 
14:1 0 _  0 b 0 • 0 b 0.1 • 0.0 a. 0 + 0b 0.1 
16:0 13.5 + 0.3 c 24.5 • 0.9 a 24.2 __ 0.5 a,b 22.9 + 0.3 b 2.5 
16:1 0.2 +_ 0.1 c 1.1 +_ 0.3 b 2.2 +_ 0.1 a 0.4 +_ 0.1 c 0.4 
18:0 2.1 • 0.2 c 7.1 • 0.3 b 8.3 + 0.3 b 16.4 • 1.0 a 1.6 
18:1 24.2 • 0.5 c 47.3 __ 1.1 b 51.9 ----- 0.8 a 47.7 + 0.8 b 2.4 
18:2 53.8 +_ 0.8 a 16.3 • 0.4 b 9.0 __- 0.4 c 9.5 • 0.2 c 1.4 
18:3 0.6 • 0.1 0.6 + 0 4 0.1 + 0.1 0.2 • 0.0 0.6 
20:0 0.1 +_ 0.0 b 0 ___ 0 b 0.1 +__ 0.1 b 0.4 • 0.1 a 0.2 
20:1 0.3 + 0.1 0.2 _ 0.1 0.2 + 0.1 0.3 • 0~ 0.2 
20:2 0.2 • 0.1 a 0.2 • 0.1 a 0.0 -- 0.0 b 0 • 0 0.1 
20:3 0.2 • 0.1 a 0 • 0 b 0.0 • 0.0 b 0 • 0 b 0.0 
20:4 4.6 • 0.7 a 2.3 • 0.4 b 2.0 • 0.3 b 1.9 _+ 0.3 b 1.3 

Ratios 
16:0/18:0 6.5 • 0.4 a 3.5 • 0.2 b 2.9 +-- 1.0 b 1.4 • 0.1 c 0.595 
18:0/18:1 0.09 • 0.01 c 0.15 • 0.01 b 0.16 • 0.01 b 0.35 _ 0.03 a 0.042 

aValues expressed as means • SEM, n = 8-9. Means with different superscripts in the same row are signifi- 
cantly different (P < 0.05, protected least significant difference). 

Only  the  s teara te- r ich  fa ts  showed changes  in  the  p r o  
files of CM compared  to the  TAG profiles of the  die ts  
{Tables 9-12 and  Figs.  2 and  3). A m o n g  stearate-r ich fats, 
CM TAG were re la t ive ly  enr iched in  u n s a t u r a t e d  species 
w i th in  a TAG Cn {Tables 10-12 and  Figs.  2 and  3), and  
the  e n r i c h m e n t  became more p ronounced  wi th  increased  
d ie ta ry  s tea ra te  con ten t .  Cocoa b u t t e r  CM TAG changed  
m o s t  dramatical ly ,  wi th  the  comple te  d i sappearance  of 
two ma jo r  d ie ta ry  TAG species, POS  and  SOS, a nd  for- 
m a t i o n  of several new, more  u n s a t u r a t e d  species (Fig. 3). 
Similarly,  P O S  decreased (but  was s t i l l  present)  in  b o t h  
lard and  beef tallow CM TAG while SOS decreased in  beef 
tal low CM TAG (Fig. 2). Bo th  lard and  beef tal low CM 
TAG were enr iched in  more u n s a t u r a t e d  species a t  C52 
and  C54 but ,  unl ike  cocoa but ter ,  these  TAG species were 
also p re sen t  in  the  d ie t a ry  fat. 

D I S C U S S I O N  

This  s t u d y  provides  new i n f o r ma t i on  a bou t  the  effects 
associa ted  wi th  inges t ion  of s tear ic  acid d u r i n g  b o t h  
f a s t i ng  and  pos tp r and i a l  s ta tes  in the  rat.  We compared  
c o n s u m p t i o n  of three  n a t u r a l l y  occurr ing,  s teara te- r ich  
d ie t a ry  fats  p rov id ing  graded levels of 18:0 a nd  d i s t i n c t  
TAG profiles. Our  da t a  provide new evidence t h a t  b o t h  
increased 18:0 con ten t  and  TAG composi t ion  influence ab- 
so rp t ion  and  i n t e s t i na l  p rocess ing  of 18:0. For  example,  
a TAG species, ident i f ied  as POS, was poor ly  abso rbed  
from all s teara te- r ich  die ts  while ano the r  TAG species, 
identif ied as SOS, was poorly absorbed from bo th  the beef 
tal low and  cocoa b u t t e r  diets.  M a t t s o n  e t  al. (9) observed  
t h a t  in r a t s  fed a series of TAG isomers,  18:0 ester if ied 
a t  e i ther  the  sn-1 or sn-3 pos i t ion  was released as the  free 
acid a nd  poor ly  absorbed  in the  presence of ca lc ium and  
magnesium_ Our  CM TAG profile da t a  are cons i s t en t  wi th  
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FIG. 1. Relationship between dietary and chylomicron triacylglyeerol 
(CM TAG) oleic acid {18:1) as a function of dietary stearie acid {18~). 
Differences between dietary 18:1 and CM TAG 18:1 increased in pr~ 
portion to the 18:0 content of the diets. Values are weight percent 
of fatty acid methyl esters (FAME). 

TABLE 9 

Comparison of Triacylglyeerol {TAG) Composition of Diet and 
Chylomicron from Rats Fed a Corn Oil Diet 

Diet Chylomicron 
Peak a TAG b (area %) (area %) 

1 C48 ND 1.2 
2 (POP) c C50 1.4 3.4 
3 (PLP) c 3.4 4.8 
4 (PO0) c C52 5.9 5.9 
5 (PLO) c 14.7 20.1 
6 (PLL) c 18.2 20.5 
7 {OOO) c C54 4.2 1.4 
8 1.8 1.4 
9 (OLO) c 13.9 11.7 

10 (OLL) c 19.9 17.8 
11 (LLL) c 14.7 8.6 

aRefers to order of elution of major chromatographic peaks. 
bTAG total acyl carbon number. 
CIdentification based on reference to literature (18,19); ND, not 

detected; P, palmitic acid; O, oleic acid; L, linoleic acid. 

LIPIDS, Vol. 28, no. 6 (1993) 



545 

STEARATE-RICH DIETARY FATS 

TABLE I0 

Comparison of Triacylglycerol (TAG) Composition of Diet and 
Chylomicron from Rats Fed a Lard Diet 

Diet Chylomicron 
Peak a TAG b (area %) (area %) 

1 C48 0.4 1.4 
2 0.8 1.4 
3 (PPS) c C50 1.6 1.9 
4 (POP) c 7.6 11.4 
5 (PLP) c 4.8 7.4 
6 0.6 1.4 
7 C52 1.4 0.8 
8 (POS) c 22.2 7.3 
9 (POO) c 31.1 30.2 

10 (PLO) c 10.4 16.5 
11 2.1 2.5 
12 C54 1.3 0.8 
13 (SO0) c 4.1 3.1 
14 (OOO + SLS) c 4.1 4.6 
15 (SLO) c 2.3 2.4 
16 (OLO) c 2.5 3.8 
17 1.1 0.8 
aRefers to order of elution of major chromatographic peaks. 
bTAG total acyl carbon number. 
CIdentification based on reference to literature (18,19); P, palmitic 

acid; L, linoleic acid; O, oleic acid; S, stearic acid. 

TABLE 12 

Comparison of Triacylglycerol (TAG) Composition of Diet and 
Chylomicron from Rats Fed a Cocoa Butter Diet 

Diet Chylomicron 
Peak a TAG b (area %) (area %) 

1 50 O.4 3.1 
2 (POP) c 16.6 9.6 
3 1.4 3.2 
4 52 ND 2.6 
5 ND 13.9 
6 (POS) c 41.1 ND 
7 2.6 28.2 
8 2.6 ND 
9 0.5 8.9 

1O 54 ND 5.6 
11 (SOS) c 27.5 ND 
12 3.0 10.1 
13 1.5 6.0 
14 ND 3.2 
15 ND 2.6 

aSee Figure 3 for peak identification. 
bTAG total acyl carbon number. 
CIdentification based on reference to literature (18,19); ND, not de- 
tected; P, pMmltic acid; O, oleic acid; S, stearic acid. 

this latter observation because 18:0 is esterified primarily 
at either sn-1 or sn-3  position in lard, beef tallow and cocoa 
butter (29), and we observed lower absorption of both SOS 
and POS species. 

Additional evidence for reduced 18:0 absorption is sug- 
gested by the observation that  rats fed stearate-rich diets 
showed increased food intake but not increased growth 
(Table 3). The lower CM than diet TAG 18:0/18:1 ratios, 
especially in the cocoa but ter  dietary group, also suggest  
reduced absorption of 18:0 relative to 18:1 with greater 
dietary 18:0 intake (10,12,21). These data  are supported 
by the results of another experiment using diets identical 

TABLE 11 

Comparison of Triacylglycerol (TAG) Composition of Diet and 
Chylomicron from Rats Fed a Beef Tallow Diet 

Diet Chylomicron 
Peak a TAG b (area %) (area %) 

1 C48 2.7 1.4 
2 4.4 1.8 
3 (PPS) c C50 3.7 2.3 
4 (POP) c 10.6 10.2 
5 5.4 8.6 
6 (PSS) c C52 2.9 1.0 
7 (POS) c 13.8 6.2 
8 (PO0) c 23.5 31.2 
9 3.6 11.0 

10 (SOS) c C54 4.6 1.5 
11 (SOO) c 8.6 4.7 
12 (OOO) c 4.3 9.6 
13 0.6 2.6 

aSee Figure 2 for peak identification. 
bTAG total acyl carbon number. 
CIdentification based on reference to literature (18,19); P, pAlmitic 

acid; S, stearic acid; O, oleic acid. 

to those in the present s tudy where we noted that  ap- 
parent lipid digestibility decreased with increased dietary 
18:0 {30}. Apparent  lipid digestibility was: cocoa butter, 
78% < beef tallow, 82% < lard, 90% < corn oil, 94% 
(P < 0.001). 

Other explanations for the lower 18:0/18:1 ratios ob- 
served in CM TAG relative to corresponding diets include 
conversion of dietary 18:0 to 18:1 by intest inal A9 de- 
saturase and the contribution of endogenous fa t ty  acids 
by the intestine prior to reassembly of CM TAG {31,32}. 
Giron e t  aL {31) observed higher A9 desaturase activity 
in duodenal mucosa than in the liver. Perhaps the small 
intestine plays a regulatory role in fa t ty  acid metabolism 
by modifying the degree of saturation of dietary fa t ty  
acids and TAG structure prior to CM transport  out of the 
enterocyte~ 

The greater sensitivity of hepatic than plasma chc, 
lesterol concentrations to dietary fat was due to differ- 
ences in fed groups. Differences in the FED response li.e., 
increased or decreased hepatic cholesterol concentrations 
after a meal} to dietary stearate-rich fats emphasize the 
important  role of the intestine in cholesterol metabolism. 
Among  fed rats, hepatic total cholesterol concentrations 
were 54-77% lower in the cocoa butter  than the lard and 
beef tallow dietary groups. These data  support  a liver 
cholesterol-lowering effect of cocoa but ter  compared to 
beef tallow and lard. 

In general, our research confirms previous observations 
of differences in hepatic but  not plasma total cholesterol 
concentrations in rats  fed s tearat~rich vs.  unsaturated 
dietary fats and sampled after an overnight fast {6,7,21}. 
A longer feeding period and/or larger amounts  of dietary 
fat, cholesterol and cholic acid may be needed to detect 
differences in plasma cholesterol given the rats '  ability 
to regulate plasma cholesterol concentrations. For exam- 
ple, Morrissey e t  al. (33) noted that  60 d of feeding 10, 
20 or 30% cocoa butter diets to male Sprague-Dawley rats 
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FIG. 2. A: Gas-liquid chromatogram of intact triacylglyeerol (TAG) 
species according to total acyl carbon number (C46-C54) from a 15% 
beef tallow + 1% corn oil diet. Column" TAP CB on WCOT Ultimetal 
(25 m X 0.25 mm, i.d.). Temperature: 290~ immediately programmed 
to 330~ at 10~ then programmed to 355~ at 2~ and 
held for 8 min. Carrier gas: helium (15 psi). Peak identification: 1,2. 
unknown; 3. PSS; 4. POS; 5. unknown; 6. PSS; 7. POS; 8. POO; 9. 
unknown; 10. SOS; 11. SO0; 12. OOO; and 13. unknown; where P, 
puimitic acid; O, oleic acid; L, linolcic acid; and S, stearic acid. B: 
Gas-liquid chromatogram of intact TAG species from chylomierons 
in rats fed a 15% beef tallow + 1% corn oil diet. Refer to above for 
peak identification (Refs. 18,19). See Table 11 for area percent. 

was needed to detect a significant decrease in plasma 
cholesterol concentrations compared to corn oil. 

Hepatic concentrations of stearoyl-CoA and oleoyl-CoA 
provide indirect evidence that little hepatic conversion of 
18:0 to 18:1 occurred during feeding of stearatc=rich diets 
(Table 6). Stearoyl-CoA and oleoyl-CoA concentrations 
were not significantly different for corn oil (2.0% 18:0) 
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FIG. 3. A: Gas-liquid chromatogram of intact triacylglycerol (TAG) 
species from a 15% cocoa butter -t- 1% corn oil diet. Peak identifica- 
tion: 1. unknown; 2. POP; 3. nnknown; 6. POS; 7-9. , ,known; 11. SOS; 
and 12,13. unknown. B: Gas-liquid chromatogram of intact TAG 
species from chylomicrons in rats fed a 15% cocoa butter -I- 1% corn 
oil diet. Peak identification (Refs. 18,19): 1. unknown; 2. POP; 
3-5,7,9,10,12-15. unknown. See Table 12 for area percent. 

and cocoa butter (34.4% 18:0) dietary groups during 
feeding. If hepatic A9 desaturase was rapidly converting 
dietary 18:0 to 18:1, a higher concentration of hepatic 
stearoyl-CoA and oleoyl-CoA would be predicted for the 
cocoa butter than for the corn oil dietary group. Hepatic 
A9 desaturase has been well studied in rats and mice 
(34-36). Ntambi (36) noted that diets supplemented with 
essential fatty acids repressed induction of A9 desaturase 
mRNA in mouse liver following fasting and refeeding. 
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Since our  diets  con ta ined  1% corn  oil, th is  m a y  explain 
the  appa ren t  lack of hepat ic  A9 desa tu rase  ac t iv i ty  sug- 
ges ted  by  hepat ic  oleoyl-CoA concentra t ions .  

I n  conclusion, this  s t u d y  demons t ra tes  t h a t  bo th  stearic 
acid content  and TAG composi t ion of stearate-rich dietary 
fa ts  influence intest inal  process ing and  pos tprandia l  hep- 
at ic  and  l ipoprotein cholesterol  concen t ra t ions  in the  rat.  
Our  d a t a  are cons is ten t  wi th  reduced absorp t ion  of stear- 
a te  f rom na tu ra l ly  ocur r ing  s tearate-r ich d ie ta ry  fats. 
Hepa t i c  s tearoyl-CoA and  oleoyl-CoA concen t ra t ions  do 
no t  sugges t  rapid  convers ion of d ie ta ry  s teara te  to  oleate 
dur ing  feeding. Fu r the r  research on intest inal  A9 desatur-  
ase and the  possible r egu la to ry  role of the  in tes t ine  m a y  
provide useful  ins igh t  in to  the  effects associa ted  wi th  in- 
ges t ion of  s tearate-r ich d ie ta ry  fats. Given the  d i s t inc t  
TAG profiles of na tu ra l ly  occur r ing  stearatc~rich d ie ta ry  
fats, i t  m a y  no t  be p r u d e n t  to  make  general ized state-  
m e n t s  abou t  these  fa ts  based  on s tear ic  acid con ten t  
a lone  
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The purpose of the present study was to investigate the 
physiological control of the main regulatory enzymes of 
cholesterol metabolism in isolated enterocytes obtained 
from chick duodenum, jejunum and ileum. Cholesterol 
feeding resulted in an inhibition of 3-hydroxy-3-methyl- 
glutaryl-CoA reductase and mevalonate 5-pyrophosphate 
decarboxylase, while cholestyramine feeding increased 
reductase activity in all the regions studied and decar- 
boxylase activity only in duodenum. Cholesterol feeding 
markedly increased acyl-CoA:cholesterol acyltransferase, 
but the effects of cholestyramine were less clear. The ef- 
fects on transferase activity cannot be due to differences 
in the availability of acyl-CoA as exogenous substrate as 
no significant differences were found in acyl-CoA hydro- 
lase activity after any of the dietary treatments. The ef- 
fects of cholesterol feeding were related to changes in the 
cholesterol content of epithelial cells, whereas in the case 
of cholestyramine this relationship was less apparent. 
Lipids 28, 549-553 (1993). 

The rate of de novo cholesterol synthesis in the intestine 
is second only to that in the liver, and, in some animal 
species, it may contribute more cholesterol to the body 
than does the liver (1). However, the regulatory role of 
dietary cholesterol on cholesterol biosynthesis in the in- 
testine has been questioned. One of the early studies that 
did not show a regulatory effect of dietary cholesterol on 
cholesterol synthesis in the intestine was that of Dietschy 
and Siperstein (2), and these observations were confirmed 
in a more recent study (3). Likewise, Shefer et al. (4) were 
unable to suppress the activity of 3-hydroxy-3-methyl- 
glutaryl-CoA (HMG-CoA) reductase in intestine of rats 
fed a diet supplemented with 2% cholesterol. There are 
species-related differences in the response of intestinal 
cholesterol biosynthesis to dietary cholesterol. For exam- 
ple, in the hamster (5), guinea pig (6), rabbit (7) and dog 
(8), diets supplemented with cholesterol were found to 
readily down-regulate cholesterol biosynthesis in the in- 
testine. We also have reported an inhibitory effect of 
cholesterol feeding on chick intestine HMG-CoA reduc- 
tase (9). 

Many technical difficulties exist in the use of the in- 
testine as an experimental model to study the regulation 
of cholesterol metabolism. Data from one report are dif- 
ficult to compare with data from another. In addition to 
the known species differences, distinct functional dif- 
ferences along the length of the small bowel also exist (1). 

Bile acids regulate intestinal cholesterol metabolism. 
The binding of bile acids by resins in the lumen of the in- 
testine (10) or surgical diversion of bile from the intestine 
(10,11) can cause a marked stimulation of cholesterol syn- 
thesis and a decrease in cholesterol esterification in the 

*To whom correspondence should be addressed. 
Abbreviations: ACAT, acy|-CoA:cholesterol acyltransferase; EDTA, 
ethylenediaminetetraacetic acid; HMG-CoA, 3-hydroxy-3-methy|- 
glutaryl-CoA; MVAPP, mevalonate 5-pyrophosphate; PBS, 
phosphate-buffered saline. 

intestine (12). Rat HMG-CoA reductase of both liver and 
intestine appears to be stimulated after cholestyramine 
feeding (13,14}. Similarly, cholestyramine feeding in- 
creased chick liver and intestine reductase activity 
throughout postnatal development (9). 

Although HMG-CoA reductase is considered the rate- 
limiting enzyme for cholesterogenesis in liver and other 
tissues (15,16), the existence of a secondary site of regula- 
tion at the step catalyzed by mevalonate 5-pyrophosphate 
(MVAPP) decarboxylase has been suggested (17-20). We 
have shown that cholesterol or cholestyramine feeding pr~ 
duced similar effects on MVAPP decarboxylase from 
chick intestine as those observed on HMG-CoA reductase, 
while other mevalonate-activating enzymes were not af- 
fected (21,22). Likewise, there is now substantial evidence 
that  acyl-CoA: cholesterol acyltransferase (ACAT) is the 
major enzyme involved in cholesterol esterification in in- 
testinal mucosa (23). 

The purpose of this study was to investigate the physim 
logical regulation of HMG-CoA reductase, MVAPP decar- 
boxylase and ACAT in chick duodenum, jejunum and 
ileum in order to define the role of each intestinal segment 
in cholesterol metabolism. Given the fact that  isolated 
epithelial cells have shown higher levels of enzyme ac- 
tivities compared to those found in mucosal scrapings (24), 
isolated enterocytes were used in the present experiments. 

MATERIALS AND METHODS 
Materials.  Radioactive reagents [3-14C]HMG-CoA, 
[2-3H]MYA lactone, [2-14C]MVAPP (ammonium salt), 
[1-14C]oleoyl-CoA and [6-3H]thymidine, were supplied by 
Amersham International (Amersham, United Kingdom). 
[1,2,3,6,7,-3H]Cholesteryl oleate was purchased from New 
England Nuclear (Boston, MA). Radioactive chemicals 
were diluted with pure unlabelled compounds to obtain 
the required specific activities. Nonradioactive reagents 
were from Sigma Chemical Ca (St. Louis, MO), Boehringer 
Mannheim (Mannheim, Germany) and E. Merck (Darm- 
stadt, Germany). 

Animals  and diets. White Leghorn male chicks (Gallus 
domesticus), 35-days-old, were used. Newborn animals 
were obtained from a commercial hatchery and fed ad 
libitum a commercial diet (Sanders A-00, Granada, Spain) 
which contained (w/w) 45.2% carbohydrate (mainly starch), 
3.5% fat and 20.5% protein. Chicks were maintained in 
a chamber with a light cycle from 0900 to 2100 h and a 
controlled temperature (28~ When required, cholesterol 
(5%, w/w) was added to the commercial diet and given to 
the animals for 5 d. Food consumption was similar in the 
three groups of chicks. 

Isolation of  epithelial cells. Chicks were killed by 
decapitation (at 2 pm). Intestines were removed, chilled 
and then divided into three segments designated as duo- 
denum (between gizzard and bile-duct junction), jejunum 
(a 12-cm region from 15 cm below the bile-duct junction) 
and ileum (a 12-cm region proximal to the ileo-caecal junc- 
tion). Isolated epithelial cells from different locations 
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along the villus-crypt axis were prepared according to 
Weiser (25) with the modifications suggested by Raul et at 
{26) consisting of the eversion of the intestinal fragment 
before incubation in the chelation buffer. 

The intestinal segments were immersed in Buffer A (pH 
7.3) containing 1.5 mM KC1, 96 mM NaC1, 27 mM sodium 
citrate, 8 mM KH~PO4, 5.6 mM Na2HPO4, 11.1 mM glu- 
cose and 1 mM dithiothreitol for 15 min and subsequently 
in Buffer B {pH 7.2) containing 2.7 mM KC1, 137 mM 
NaC1, 1.5 mM KH2PO4, 4.3 mM Na2HPO4, 1.5 mM eth- 
ylenediaminetetraacetic acid {EDTA), 11.1 mM glucose 
and 1 mM dithiothreitol for a series of 10-min intervals. 
After collection of the cell fractions in 15 mL of Buffer 
B in plastic tubes, they were immediately pelleted at 500 
X g for 5 min, resuspended in phosphat~buffered saline 
solution {PBS) and kept on ice until the final fraction was 
recovered. Aliquots were stained with 0.05% trypan blue 
in PBS. Cells excluding the dye were considered viable 
(90-95%). Other details of enterocyte isolation have been 
reported previously {24,27). Protein contents were deter- 
mined by the method of Lowry et  al. {28) with bovine 
albumin as standard. 

Assay  of  enzyme activities. HMG-CoA reductase activ- 
ity was measured essentially as described by Shapiro et at 
{29) with the modifications described by Alejandre et al. 
{30) for neonatal chicks. MVAPP decarboxylase activity 
was assayed using [2-~4C]MVAPP as substrate as previ- 
ously described (31,32). ACAT was measured as described 
by Goodman et  al. {33) with the modifications described 
by Iglesias et al. (34) for chick enterocytes. Acyl-CoA hy- 
drolase was measured using the same conditions as those 
employed for ACAT, but after chromatography the band 
of silica gel G containing free fatty acids was directly 
scraped into counting vials containing 10 mL of the same 
scintillation liquid used for transferase determination (34). 

Determinat ion of  free and esterified cholesterol. Lipids 
were extracted with chloroform]methanol (2:1, vol]vol) 
as described by Folch et al. (35). Total and free choles- 
erol contents were determined by enzymic colorimetric 
methods using "Test-Combination Cholesterol" or 
"Test-Combination Free Cholesterol" respectively, from 
Boehringer. 

RESULTS 

Initial studies were undertaken to determine the effects 
of both cholesterol and cholestyramine feeding on the 
major regulatory enzymes of cholesterol biosynthesis in 
isolated enterocytes obtained from chick duodenum, 
jejunum and ileum The different diets were used with the 
idea of affecting the flux of sterol across the intestinal 
mucosm As shown in Table 1, cholesterol feeding de- 
creased HMG-CoA reductase activity considerably in all 
the intestinal regions studied, but inhibition was maximal 
in ileum where activity in cholesterol fed animals was ap- 
proximately 30% of that of controls. Cholestyramine 
feeding increased reductase activity in all the intestinal 
segments, but the effect was greater in the enterocytes 
isolated from duodenurrL It is important to note that max- 
imal specific activity in controls was observed in jejunum, 
a region in which the changes induced by cholesterol or 
cholestyramine feeding were the smallest. 

The effects of the same dietary treatments on MVAPP 
decarboxylase are shown in Table 2. Cholesterol sup- 
plementation to the diet induced a significant decrease 
in decarboxylase activity. However, differences in values 
for duodenum, jejunum and ileum were less pronounced 
than those observed for HMG-CoA reductase Likewise, 
the effects found after cholestyramine feeding were similar 
to those found in reductase activity in duodenum. No 
significant changes occurred in jejunum and ileum. 

We have also studied the effect of different diets on ch~ 
lesterol esterification in chick enterocytes. Table 3 shows 
that  cholesterol feeding markedly increased ACAT activ- 
ity, the increase being similar in all the intestinal regions 
assayed. However, the effects of cholestyramine feeding 
on ACAT activity were less clear. As can be seen in Table 4, 
no significant differences were found in acyl-CoA hydro- 
lase activity after any of the dietary treatments. 

With regard to the cholesterol content of enterocytes 
isolated from the different regions, cholesterol feeding 
resulted in enhanced contents of total cholesterol in 
duodenum and jejunum, while in ileum this increase was 
smaller {Table 5}. In contrast, decreasing the sterol flux 
by cholestyramlne feeding had practically no effect on the 

TABLE 1 

Effects of Cholesterol and Cholestyramine Feeding on 3-Hydroxy-3-Methylglutaryl-CoA Reductase Activi- 
ty in Isolated Enterocytes from Chick Duodenum, Jejunum and Ileum a 

Intestinal Control Cholesterol Ch/C b Cholestyramine Ce/C c 
segment (C) (Ch) ratio (Ce) ratio 

Duodenum 88.85 • 4.27 48.27 • 3.86 d 0.54 321.47 • 10.40 d 3.62 
Jejunum 149.62 • 9.40 90.40 • 5.72 e 0.60 287.80 • 7.66 d 1.92 
Ileum 85.80 • 4.97 28.50 - 1.49 d 0.33 184.40 • 8.77 d 2.15 

aResults are expressed as mean values + SEM of the specific activity (pmol/mirgmg protein) obtained in 
three experiments carried out with enterocytes isolated by the method of Weiser (Ref. 25) from duodenum, 
jejunum and ileum of three animals. Cells from the same location were pooled. Three determinations were 
made in each cell pool. 

bCholesterol fed]control. 
c Cholestyramine fed]control. 
d, estatistical significance is indicated by dp < 0.001 or ep < 0.005 for the effect of the different dietary 

treatments. 
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TABLE 2 

Effects of Cholesterol and CholestyrRmlne Feeding on Mevalonate 5-Pyrophosphate Decarboxylase Activity 
in Isolated Enterocytes  from Chick Duodenum, Jejunum and Ileum a 

Intestinal Control Cholesterol ChIC b Cholestyramine Ce/C c 
segment (C) (Ch) ratio (Ce) ratio 

Duodenum 98.05 • 1.39 59.58 • 3.14 d 0.61 192.05 • 9.98 d 1.96 
Jejunum 62.57 • 3.56 29.25 • 0.82 d 0.47 68.10 • 1.99 1.09 
Ileum 63.07 • 4.48 36.70 • 2.28 e 0.58 75.45 • 3.05 1.20 

aResults  are expressed as mean values • SEM of the specific activity (pmol/min]mg protein) obtained in 
three experiments carried out with enterocytes isolated by the method of Weiser (Ref. 25) from duodenum, 
jejunum and ileum of three animals. Cells from the same location were pooled. Three determinations were 
made in each cell pool. 

bCholesterol fed/control. 
c Cholestyramine fed]control. 
d, estat ist ical  significance is indicated by dp < 0.001 or ep < 0.005 for the effect of the different dietary 

treatments. 

TABLE 3 

Effects of Cholesterol and Cholestyramlne Feeding on Acyl-CoA:Cholesterol Acyltransferase Activity 
in Isolated Enteroeytes  from Chick Duodenum, Jejunum and Ileum a 

Intestinal Control Cholesterol CIdC b Cholestyramine Ce/C c 
segment (C) (Ch) ratio {Ce) ratio 

Duodenum 215.45 + 3.28 544.12 • 27.65 d 2.53 129.42 • 2.57 d 0.60 
Jejunum 170.62 d- 3.15 487.40 • 23.00 d 2.66 145.57 • 3.14 e 0.85 
Ileum 172.47 • 10.36 470.05 • 9.44 d 2.73 254.00 • 7.81 d 1.47 

aResults  are expressed as mean values • SEM of the specific activity (pmol]min/mg protein) obtained in 
three experiments carried out with enterocytes isolated by the method of Weiser (Ref. 25) from duodenum, 
jejunum and ileum of three animals. Cells from the same location were pooled. Three determinations were 
made in each cell pool. 

bCholesterol fed]control. 
CCholestyramine fed]control. 
d, estat is t ical  significance is indicated by dp < 0.001 or ep < 0.005 for the effect of the different dietary 

treatments. 

TABLE 4 

Effects of Cholesterol and Cholestyramine Feeding on Acy l~oA Hydrolase Activity in Isolated Enterocytes 
from Chick Duodenum, Jejunum and Ileum a 

Intestinal Control Cholesterol Ch/C b Cholestyramine Ce/C c 
segment (C) {Ch) ratio (Ce) ratio 

Duodenum 9.13 +__ 0.24 7.85 • 0.73 0.86 9.69 • 0.35 1.06 
Jejunum 7.92 • 0.28 7.44 __ 0.42 0.94 6.94 • 0.48 0.88 
Ileum 6.67 • 0.37 7.01 _ 0.34 1.05 9.15 • 0.32 d 1.37 

a Results are expressed as mean values • SEM of the specific activity (nmol]min/mg protein) obtained in 
three experiments carried out with enterocytes isolated by the method of Weiser (Ref. 25) from duodenum, 
jejunum and ileum of three animals. Cells from the same location were pooled. Three determinations were 
made in each cell pool. 

bCholesterol fed/control. 
c Cholestyramine fed]control. 
dStatistical significance is indicated by P < 0.005 for the effect of the different dietary treatments. 
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TABLE 5 

Effects  of Cholesterol and Cholestyramine Feeding on Cholesterol Content in Isolated Enteroeytes 
from Chick Duodenum, Jejunum and Ileum a 

Intestinal Control Cholesterol Ch/C b Cholestyramine Ce/C c 
segment (C) (Ch) ratio (Ce) ratio 

Duodenum 22.22 _ 0.54 50.10 • 1.85 d 2.25 20.85 • 0.78 0.94 
Jejunum 25.97 • 0.73 44.90 • 1.18 d 1.73 27.40 • 0.57 1.06 
Ileum 20.67 • 0.32 26.30 • 0.96 e 1.27 19.85 • 0.59 0.96 

aResults are expressed as mean values + SEM of the specific activity (~g/mg protein) obtained in 
three experiments carried out with enterocytes isolated by the method of Weiser (Ref. 25) from duodenum, 
jejunum and ileum of three animals. Cells from the same location were pooled. Three determinations were 
made in each cell pool. 

bCholesterol fed/control. 
c Cholestyramine fed/control. 
d, estatistical significance is indicated by dp < 0.001 or ep < 0.005 for the effect of the different dietary 

treatments. 
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FIG. I. Effects  of cholesterol and cholestyramine feeding on percen- 
tage of esterified cholesterol in isolated enterocytes from chick 
duodenum, jejunum and ileum. Each bar represents the percentage 
of  esterified cholesterol in enterocytes from control (open bars), 
cholesterol fed {hatched bars} and cholestyramine fed (dotted bars} 
chicks. Results are expressed as mean values _ SEM of three ex- 
periments carried out with pools of three animals. Three determina- 
tions were made in each cell pool. Statistical significance is indicated 
by *P < 0.001 for the effect  of the different dietary treatments.  

cellular total  cholesterol content. As can be seen in 
Figure 1, the changes observed after cholesterol feeding 
were mainly due to an increase in the percentage of 
esterified cholesterol in all the intestinal regions assayed. 

DISCUSSION 

There is still an ongoing debate as to the role of dietary 
cholesterol in the regulation of cholesterol biosynthesis 
in in tes t ine  The reasons for the differences between 
hepatic and intestinal cholesterol metabolism are not  en- 
tirely clear, al though the modes of delivery of cholesterol 
to the two organs are considerably different (1). Various 
recent studies suggest  tha t  if sufficient cholesterol enters 
and is accumulated in the intestinal cells, down-regulation 
of cholesterol synthesis occurs. Our results are in agree- 
ment  with this fact and with the inhibition of HMG-CoA 

reductase (9) and MVAPP decarboxylase (21) from chick 
duodenal mucosa observed after cholesterol feeding. The 
observed inhibition of decarboxylase due to cholesterol 
feeding may suggest  tha t  a secondary site of regulation 
does exist  at the level of MVAPP decarboxylation. 

The location of cholesterol synthesis along the small in- 
testine appears to be dependent  on the species tha t  is 
being studied (1). In the rat, the rate of cholesterol biosyn- 
thesis is highest in the duodenum proximal to the ampulla 
of Vater and in the distal region of the ileum (36,37). 
Dietschy and Gamel (38) found threefold higher rates of 
cholesterol synthesis  in the human ileum as compared to 
the rates observed in the duodenum and jejunum. In con- 
trast,  the act ivi ty  of HMG-CoA reductase was shown to 
be higher in the rabbit jejunum than the activity observed 
in the ileum (7}. Our results are in agreement with those 
observed on the rabbit,  with HMG-CoA reductase activ- 
i ty  also being maximal in jejunum. 

In contrast  to the sterol synthet ic  enzymes, ACAT ac- 
tivity from chick enterocytes was markedly increased after 
cholesterol feeding. Our results are in agreement with the 
fact tha t  this enzyme activity was enhanced after feeding 
a diet rich in cholesterol to rats (3,39}, guinea pigs (40,41) 
and rabbits (42). The most  likely mechanism of stimula- 
tion of enzyme act ivi ty is an increase in the supply of 
substrate  to an enzyme tha t  is not  sa turated (23). The 
finding tha t  the percentage of esterified cholesterol into 
the chick enterocytes increased after cholesterol feeding 
(Fig. 1) would support  this. 

Cholestyramine feeding produced effects of a similar 
nature on both the HMG-CoA reductase and the MVAPP 
decarboxylase from chick duodenur~ The marked increase 
in HMG-CoA reductase act ivi ty would suggest  a de- 
creased cholesterol uptake given the fact tha t  cholesterol 
levels remain practically unaltered in cells from the cho- 
lestyramine fed animals. 

On the other  hand, the small differences found in acyl- 
CoA hydrolase activity after cholesterol or cholestyramine 
feeding suggest  tha t  differences in ACAT activi ty found 
after  the same dietary t rea tments  cannot  be due to a dif- 
ferent availability of acyl-CoA as exogenous substrate for 
transferase or to an inhibitory effect on this enzyme due 
to the presence of free fa t ty  acids (33). 
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Male C3H mice were fed a diet containing 2% squalene 
for 14 d prior to and 30 d subsequent to exposure to 6, 7 
or 8 Gy of whole body },-irradiation (Cesium-137). After 14 
d on squalene~supplemented diet, plasma and jejunal tissue 
squalene levels were 2X and 15X that of controls. Seven 
days after irradiation, total white cell counts and total lym- 
phocyte counts were substantially depressed in a radiation 
dose-dependent manner. Although counts in the squalene 
group were consistently (18-119%) higher than those in the 
corresponding dietary control group, the differences b~ 
tween dietary groups at any single dose were not signifi- 
cant. Nuclear area of villus cells in the jejunum of both 
dietary groups was significantly reduced (20%} by day 11 
post-irradiation but the nuclear area in squalene~fed mice 
was significantly greater (15%) than in controls, before and 
after irradiation. There were no differences in body weight 
as a function of either diet or radiation dose prior to the 
fwst observations of animal lethality. Animal survival was 
decreased from 100 to 0% at 30 d post-irradiation by radia- 
tion doses of 6-8 Gy, with the greatest difference between 
dietary groups being observed at 7 Gy (median survival 
times of 12 and 16 d for control and squalene groups, 
respectively}. Overall, survival of squalene-fed mice was 
significantly prolonged compared with control-fed mice 
(P -- 0.0054 by censored multiple regression analysis). It 
is concluded that squalene conferred some cellular and 
systemic radioprotection to mice receiving these lethal 
whole-body radiation doses. 
Lipids 28, 555-559 (1993). 

The consequences of exposure to ionizing radiation, and 
modifications of these effects, are of considerable interest 
given the ever-increasing radiation exposure to the popula- 
tion as a result of nuclear power productior~ energy conser ~ 
vation and radionuclide use It has been suggested that 
various chemical structures may protect against the acute 
cell and tissue toxicities and the delayed carcinogenesis that 
are induced by radiation v/a generation of free radicals and 
various ionic specie~ Among the agents with potential abili- 
ty to protect cells from radiation damage are those which 
scavenge or stabilize free radicals. One such compound,/b 
camten~ is known to offer some protection against radiation- 
induced toxicity and mortality in mice 11-3). Squalene is a 
30~arbon chain with 6 double bonds that is structurally 
similar to fl-carotene Squalene might also reduce radiation- 
induced damag~ based on the observation that squalene 
exhibits antioxidant activities (4) and stabilizes oxygen 
radicals (5). In additior~ dietary supplementation with 
squalene might alter cellular response to radiation v/a a 
mechanism of enhanced cholesterol metabolism pathways 
(6). 

In  humans, about 60% of dietary squa]ene is absorbed 
(6) wi th most serum equalene boing in association wi th the 
very low density lipoproteins (7). A squalene and sterol car- 

*To whom correspondence should be addressed at Department of 
Radiation Oncology, University of Kansas Medical Center, 3901 
Rainbow Boulevard, Kansas City, KS 66160-7321. 

rier protein then appears to carry the nonpolar squalene into 
the aqueous phase of cells where it is deposited and uti- 
lized for cholesterol synthesis (8). Distribution of squalene 
in human tissues is ubiquitous, with greatest concentrations 
occurring in the skin and adipose tissue In rats, dietary 
squalene supplementation results in an activation of the 
cholesterol synthesis pathways {9). In other reports, 1% 
squalens in the diet for periods of 10 to 21 d has been shown 
to increase tissue levels of squalen~ specifically in serum, 
intestinal mucosa, fiver and adipose tissue (10). In intestinal 
mucosa, squalene increased from an average of 11 ~mol]kg 
to over 1100 gmol]kg after 10 d of dietary supplementation 
(10). 

In the experiment described here, the potential radiopro- 
tective effect of dietary squalene was investigated in mice 
whose diet had been supplemented with 2% squalene start- 
ing 14 d prior to exposure to whole body irradiatior,- The 
endpoints examined included animal body weight, total 
white blood cell and lymphocyte counts, nuclear area of je- 
junal villus cells, plasma and intestinal mucosa levels of 
squalene and animal survival 

MATERIALS AND METHODS 

C3H, male mice aged 5 to 6 wks, weighing 20-25 g, were 
purchased from Charles River Laboratories (Madison, 
WI). Appropriate guidelines for humane animal use were 
followed throughout, after approval by the Institutional 
Animal Care and Use Committee of the University of Kan- 
sas Medical Center (Kansas City, KS). Animals were ran- 
domly assigned to receive control or squalene-supple- 
mented diets and within each group to be exposed to 6, 
7 or 8 Gy of ionizing radiation. Each of the six groups con- 
sisted of 15 mice Two additional groups of six animals 
each were randomized to the two diet groups but were not 
irradiated. These provided non-irradiated controls for the 
jejunal villus cell measurements and tissue squalene 
levels. Mice were housed in groups of five or six in plastic 
mouse cages with microisolation covers in a temperature- 
controlled facility with a 12-h light/dark cycle For cage 
changing, mice were transferred to sterile cages under an 
air flow hood to minimize the transfer of microorganisms 
from other mice in the facility. With the exception of cage 
changing, sterile procedures for animal handling were not 
followed. After a 3-d acclimation period on arrival, mice 
were fed, ad libitum for 14 d, powdered rodent chow No. 
5001 (Ralston Purina, St. Louis, MO) with 2% purified 
squalene (Sigma Corp., St. Louis, MO) or 2% cornstarch 
added for two weeks prior to irradiation. Following irradia- 
tion, the supplement to the rodent chow was continued 
for the remaining 30 d of the experiment. 

The radiation source was a Cesium-137 blood products 
irradiator (Model 143-45A, J.L. Shepherd Inc, San Fer- 
nand~ CA) The mice were irradiated in groups of five in 
a 10-cm diameter stainless-steel canister which was ro- 
tated at 6 rpm to produce a homogeneous dose distribu- 
tion. The dose rate was 6.2 Gy per minut~ The doses dr ~ 
livered to the irradiated mice closely approximated 6, 7 or 
8 Gy. All irradiated animals, not otherwise scheduled 
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for examination, were held for 30 d post-irradiation. The 
number of surviving mice in each group was recorded 
daily at 5:00 p.m. All animals were weighed prior to ir- 
radiation and then on post-irradiation days 2, 3, 4, 6, 8 
and 10. After post-irradiation day 10, survivors were 
weighed three times per week. 

Six mice from each irradiated group were selected for 
white blood cell count determinations. Blood (1 ~L) was 
taken from the tail (collecting tube applied directly to the 
cut end of the tail) for the analysis just prior to radiation 
exposure and then again on post-irradiation day 7. This 
day was chosen based on other studies of depression of 
white cell count following irradiation (11). Total white 
blood cells were counted in a Nebauer hemacytometer us- 
ing a light microscope at 400• magnification. The dif- 
ferential count for lymphocytes was performed on blood 
smears from a drop of tail blood stained with Wright's 
stain. 

The six control-fed and six squalene~fed mice in the non- 
irradiated group were killed after 14 d on the diets for 
squalene concentration analysis and to serve as controls 
for jejunal damage in the irradiated mice Proximal jejunal 
sections, pooled within diet groups, were frozen by dry 
ice/acetone immersion. Plasma and jejunal samples were 
stored at -20~ for later determination of squalene con- 
tent. Actual concentrations of squalene in the intestinal 
mucosa and pooled plasma of both groups of non-irradi- 
ated mice were determined by gas-liquid chromatography 
using the method described by Liu et al. (7). Pooled je- 
junal samples, weighing 4 g each in 10 mL of distilled 
water containing 200 ~g of 5a-cholestane as an internal 
standard, were homogenized using a Polytron Homo 
genizer (Brinkmann Instruments, Westbury, NY). The 
analytical procedures for squalene determination were 
identical for plasma and homogenized jejunum. The non- 
saponifiable lipids were recovered from the extraction 
mixture with petroleum ether. Squalene concentrations 
were determined using a gas chromatograph (model GC 
14A, Shimadzu, Kyot~ Japan), equipped with a sin- 
gle flame-ionization detector and a glass column 
(4 • =1/4" i.d.) packed with a Dexil 100 supelcoport 
(Supelco, Bellefonte, PA). A Shimadzu integrating unit 
(Chromatopac CR-601) was used to compute and record 
data. 

Six survivors from each irradiated group were random- 
ly selected, anesthetized with ether and decapitated on 
post-irradiation day 11 for study of gastrointestinal 
damage. This day was chosen as the time when half the 
animals in the most affected group (8 Gy, control diet) had 
died. A standard section of proximal jejunum was dis- 
sected from each animal and rinsed of residual luminal 
contents, using phosphate buffered saline After 4 d in 
neutral buffered formalin, the jejunal cross sections were 
processed for histological examination of 2/an thick plas- 
tic sections (L.R. White; Ernest F. Fullam, Inc, Latham, 
NY). To evaluate intestinal injury, the area of the cross 
section of nuclei of villus cells was measured using the 
Zidas digitizing pad at 400• magnification with a Zeiss 
microscope (Carl Zeiss, Thornwood, NY). The nuclear 
areas of 10 cells located on a single villus were deter- 
mined for each intestinal section. A representative villus 
was chosen, with no areas of significant necrosis or hemor- 
rhages, in which the nuclei of the villus cells were clearly 
identifiable. Large nuclei at the tips of the villus were 
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FIG. 1o Total white blood cell counts (circles) and total  lymphocyte 
counts (diamonds) seven days after radiation exposure to control 
(open symbols) and squalene-treated (closed symbols) animals. The 
error bars indicate standard errors. 

measured in cross section to obtain the maximum area 
through the center of the nucleus. 

For comparison of post-irradiation survival between 
groups, a Gehan-W/lcoxon test for single-censored samples 
was performed. To test for the effect of radiation dose and 
diet supplementation, a censored multiple regression 
analysis was conducted using the survival analysis pack- 
age of the Number Cruncher Statistical Software program 
(J.L. Hintze, Kaysvill~ UT). The data for total white blood 
cell counts, differential lymphocyte counts, body weights 
and villus nuclear areas all exhibited normal distributions 
and were analyzed by Analysis of Variance Blood cell 
counts were also subjected to linear regression analysis. 

RESULTS 

Tissue squalene concentrations. Concentrations of squa- 
lene in pooled samples of plasma and jejunal tissue of 
twelve non-irradiated mice, six fed the control diet and 
six fed the squalene~supplemented diet, were determined. 
The pooled plasma concentration of squalene in mice 
maintained on the diet supplemented with squalene was 
9.2 mg/dL, over twice the level of the squalene found in 
the pooled plasma of control animals (4.4 mg/dL). Pooled 
jejunal squalene concentrations in mice supplemented 
with squalene exceeded those of control-fed mice by more 
than 15-fold (squalene diet: 470/~g/g tissue weight, con- 
trol diet: 30 ~g/g). 

White blood cell counts. Prior to irradiation, the total 
white blood cell counts of squalene-supplemented mice 
were 18% higher than those from control mice, although 
this was not significantly different (Analysis of Variance, 
P = 0.21). Seven days after irradiation, total white blood 
cell counts had dropped to 10% or less of control, pre~ 
irradiation levels for all radiation doses (P < 0.0003). 
Squalene-treated mice had white blood cell counts 21-52% 
greater than did control mice at the same radiation doses, 
although these differences were again not statistically 
significant. While the reduction of total white blood cell 
count occurred in a log-linear fashion with increasing 
radiation dose (Fig. 1), there was no difference in the slopes 
of the regression lines between control-fed and squalene- 
fed groups. 
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TABLE 1 

Body Weights  (g, mean +__ SE) as a Function of Time Post-lrradiation 
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Treatment groups 
Dose: 6 Gy 7 Gy 8 Gy 

Diet: Control Squalene Control Squalene Control Squalene 

Day 
0 22.5 • 0.3 22.3 • 0.2 22.9 • 0.3 22.6 • 0.5 23.1 • 0.4 22.7 • 0.3 

n a 15 15 15 15 15 15 
6 22.9 • 0.2 22.6 • 0.2 22.9 • 0.3 22.5 • 0.5 23.2 • 0.4 22.5 • 0.4 
n 15 15 15 15 15 15 

10 24.0 + 0.3 23.2 • 0.4 23.3 • 0.3 23.0 • 0.5 23.0 • 0.5 22.7 • 0.5 
n 15 15 13 14 12 14 

16 23.3 • 0.6 22.8 • 0.3 D b 18.7 • 1.7 c D D 
n 8 9 0 5 0 0 

20 25.0 • 0.5 23.9 • 0.6 D 19.6 • 2.2 D D 
n 7 9 0 2 0 0 

aNumber of animals contributing to the values. 
bD, all animals in the group died from radiation. 
COn day 16, squalene~treated mice receiving 7 Gy had significantly lower body weights than control or squalene- 

treated mice receiving 6 Gy (P < 0.05). 

TABLE 2 

Nuclear Area of Villus Cells ~an 2 • SE) a in Mice Exposed 
to Graded Doses of Radiation and Maintained 
on Squalene-Supplemented or Control Diets 

Diet 
Dose Control Squalene 

0 Gy 14.85 +_ 0.62 17.14 + 1.00 b 
6 Gy 11.77 • 0.48 c 14.53 • 0.45 b,c 
7 Gy 11.77 • 0.33 c 12.63 • 0.45 c 
8 Gy 11.90 • 0.52 c 14.94 • 0.66 b,c 

aThe 160 nuclear measurements from six mice per group, with the 
exception of the control group exposed to 8 Gy, which had only 

bfive mice due to one early death. 
Significant difference between control and squalene-treated group 
(Analysis of Variance, P < 0.05). 

CSignificantly different from respective non-irradiated groups (0 Gy) 
(Analysis of Variance, P = 0.05). 

Similarly, to ta l  lymphocyte  counts  prior to irradiat ion 
were 20% higher in squalene~supplemented mice than  in 
control mice a l though the  difference was not  significant 
(P = 0.14). Seven days after exposure to ionizing radiation, 
to ta l  lymphocyte  counts  were profoundly lower in all 
animals  (Fig. 1). Squalene~treated mice had counts  55-  
119% greater  than  did control mice at  the same radiat ion 
doses (not s ta t is t ical ly  significant). Degree of lymphc~ 
cytopenia  again correlated with radiat ion dose delivered, 
wi th  lower counts  occurring following higher doses, bu t  
the slopes of the regression lines were not  significantly 
different. 

Thus, for both  total white blood cell count and total  lym- 
phocyte  count, there was a log-linear decrease as a func- 
tion of radiation dose received, but  no statistically signifi- 
can t  differences between blood counts  f rom control diet 
vs. squalene~fed mice. There was also no relat ionship be- 
tween animal survival  and individual blood counts, or b e  
tween those animals selected for blood drawing and those 
not. 

Body  weights. Weights  of control and squalene-sup- 
plemented mice exposed to 6 Gy or 7 Gy were compared  
on post- irradiat ion days 0, 6, 10, 16 and 20 (Table 1). On 

post-irradiation days 0, 6, 10, and 20, body weights of mice 
exposed to 6 or 7 Gy were not  significantly different. 
However, on post-irradiation day 16, weights of squalenc ~ 
treated mice exposed to 7 Gy were significantly lower than 
weights  of control or squalene-treated mice exposed to 6 
Gy (P < 0.05). At  day 16 post-irradiation, all animals  ex- 
posed to 8 Gy and mos t  control animals  exposed to 7 Gy 
were dead and thus could not be included in the statistical 
analysis  of weights  (Table 1). 

Nuclear area of  villus cells. The nuclear areas in cross 
sections of cells located at  the t ips of villi in the  proximal  
je junum were determined from histological preparat ions.  
In  bo th  squalene-treated and control mice, the villus 
nuclear area was significantly greater  in animals  not  ex- 
posed to radiat ion than  in animals  exposed to 6, 7 or 8 
Gy {P < 0.05} {Table 2). However, in bo th  control and 
squalenc=treated mice, no significant dose-related dif- 
ferences in nuclear area were found. Among  non-irradiated 
diet groups, nuclear areas were greater  in the squalene- 
supplemented  mice than  controls; similarly among  ir- 
radiated mice, groups supplemented with squalene ex- 
hibited greater  nuclear areas than  did control-fed groups 
(P = 0.02). Post-irradiation nuclear areas of squalene-fed 
mice approximated  those of non-irradiated mice on the 
control diet. 

Surv iva l  The mor ta l i ty  da ta  obta ined through post- 
irradiation day 30 for control and squalene-supplemented 
mice are presented in Figure 2. Survival  t imes were com- 
pared for the animals  in each diet/dose group (Table 3). 
With  increasing radiat ion dose, the survival  t imes of 
animals  decreased in bo th  control and squalene~supple ~ 
mented mice  The effect of irradiation in both  diet groups 
was marked,  wi th  the median survival  t ime following 8 
Gy less than  half tha t  for 6 Gy. In  bo th  diet groups, the 
survival following 6 Gy was statistically significantly dif- 
ferent IP < 0.002 by Gehan-Wilcoxon analysis) than  after  
ei ther 7 or 8 Gy. Overall, increasing radiat ion dose was 
a significant (P < 0.0001 by censored mult iple regression 
analysis) de te rminan t  of shorter  survival  t i m e  

The  d i f fe rence  in s u r v i v a l  b e t w e e n  squa lene-  
supplemented mice and controls was greatest  at  the radia- 
tion dose of 7 Gy {median survival  t imes of 16 vs. 12 d). 
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FIG.  2. Survival  as a function of post-irradiation time and radiation 
dose (6 Gy, O, e ;  7 Gy, A, A; 8 Gy, [~, . )  for mice on control {open 
symbols} or squalene-supplemented diets (closed symbols).  

TABLE 3 

Combined Effects  of Diet and Radiation Dose  
on Survival Post-lrradiation 

Median survival time (range) in days a 

Radiation dose Control diet Squalene diet 
6 Gy >30 (15-30+} <30 {30+) 
7 Gy 12 (4-15} 16 (7-30+) 
8 Gy 11 (6-14) 12 {9-14) 
a30+ Indicates animals sacrificed at 30 d post-irradiation. 

At 6 and 8 Gy, there was no difference in survival between 
the groups because there was minimal and total lethali- 
ty, respectively. None of the comparisons between control 
and squalene diet at individual radiation dose levels were 
statistically significant by the Gehan-Wilcoxon analysis. 
However, in a global analysis, supplementation with 
squalene was identified as a significant (P = 0.0054 by 
censored multiple regression analysis) determinant of 
greater survival t ime 

DISCUSSION 

The survival time of an animal following exposure to ioniz- 
ing radiation is related to the primary target tissues af- 
fected. The causes of radiation-induced lethality are gen- 
erally categorized as central nervous system, gastroin- 
testinal or hematopoietic syndromes. Of the animals ex- 
posed to radiation doses of 6, 7 or 8 Gy, most deaths oc- 
curred after 7 d in both diet groups, implicating death due 
to the hematopoietic syndrome A dose-dependent de- 
crease in survival time was observed overall, as well as 
individually for both diet groups. The greater survival 
among the squalene-supplemented mice compared with 
controls demonstrates a protective effect of squalene 
against lethal radiation-induced injury. Control and 
squalene=fed animals exposed to 6 Gy had similar survival 
times, because there was only minimal lethality pro- 
duced by this dose. Conversely, control and squalene-fed 
animals exposed to 8 Gy also had similar survival times, 
reflecting an inability of squalene to prevent or delay 
death at this lethal radiation dose. The survival rates 

achieved in the present investigation were similar to those 
reported for CBA mice given f~-carotene (90 mg/kg diet) 
immediately after exposure to 6 or 7 Gy (3). In that study, 
/~carotene was shown to prolong survival after radiation. 

Leukopenia was observed in all irradiated animals 7 d 
after radiation exposur~ Although not statistically 
significant, the total white blood cell and lymphocyte 
counts were consistently higher in the squalene-treated 
mice A similar finding of moderation of radiation-induced 
leukopenia was been reported (1) for C57 mice main- 
tained on diets supplemented with 90 mg/~carotene per 
kg diet and exposed to 6 Gy of whole body irradiation. 
The protective effect of dietary squalene on leukopenia 
in the present study was less pronounced than the pro- 
tective effect reported for ~carotene One mechanism sug- 
gested for protection from radiation-induced leukopenia 
was a stimulation of the immune system {12,13}. An alter- 
native suggestion is that ~carotene can scavenge free 
radicals (14) and a similar mechanism (4) may account for 
the effects of squalene observed here. 

After the two-week feeding period, pooled plasma and 
jejunal squalene concentrations were greater in squalene = 
fed mice than controls, as reflected by a twofold greater 
level in blood and an over 15-fold greater level in intestine 
in the squalene-fed animals. The greater tissue squalene 
concentrations were expected since squalene supplemen- 
tation with 1% squalene for 10 d in other studies also 
resulted in tissue increases (10,15}. In view of the greater 
squalene levels in non-irradiated, squalene-fed mice, it is 
expected that the irradiated squalene-supplemented mice 
would have had similar tissue squalene levels, especially 
at the time of irradiation (14 d after initiation of squalene 
diet}. 

Body weight loss and general wasting are important 
signs of radiation-induced toxicity {3). Based on the times 
of death in the present investigation, the animals suc- 
cumbed due to the hematopoietic syndrome and not as 
a result of gastrointestinal injury. This may explain the 
absence of weight loss in mice until 16 d post-irradiation. 
Also, once the smallest (weakest) animals died and were 
no longer included, the mean weight of the group would 
increase Overall, no protection for weight loss was af- 
forded by dietary squalene 

The nuclear area of villus cells in the jejunum of 
squalene-supplemented mice exceeded the nuclear areas 
of control-fed mice in both irradiated and non-irradiated 
groups. The greater villus nuclear area (most likely 
associated with an increase in nucleolar size) seen in 
animals supplemented with squalene compared to control- 
fed animals suggests an enhancement of cellular synthetic 
rates by squalene This increased synthetic activity may 
be specifically related to increased cholesterol synthesis 
which has been shown to result from increased plasma 
levels of squalene (16}, or may be a general metabolic ef- 
fect. A low concentration of peroxidized squalene, such 
as might be present after irradiation, has been shown to 
increase incorporation of amino acids (17). Other condi- 
tions that give rise to increases in nuclear area include 
normal synthetic activity (18,19) and synthesis prior to 
cell division (20). The positive relationship observed here 
for survival and nuclear area between diet groups sup- 
ports the speculation that squalene might exert an en- 
hancing effect on cellular metabolic processes that would 
ameliorate the damaging effects of radiation. 
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The da ta  obtained from this research suppor t  the con- 
clusion tha t  dietary squalene provides some protect ion 
from the adverse effects of whole-body ionizing radiation. 
This is expressed at  several levels: jejunal villus cell mor- 
phology, white blood cell counts  and animal  survival. 
However, the latter is demonstrated only at a specific dose, 
with the survival-prolonging protective effects of squalene 
greater  in mice exposed to a dose of 7 Gy than  in mice 
exposed to 6 or 8 Gy. The mechanisms by which squalene 
could protect  against  radiation-induced damage  remain 
speculative, bu t  include scavenging of free radicals or reac- 
t ive oxygen species, s t imula t ing  the immune response, 
protect ing cellular organelles or improving cellular re- 
pair  responses, or s imply s t imula t ing  cell proliferation. 
Whether  the high levels of squalene in certain diets 
already contr ibute  to a protect ion agains t  radiation- 
induced carcinogenesis, or whether  dietary supplementa-  
t ion of squalene migh t  have potent ia l  use in radiat ion 
therapy of malignancies, remains even more speculative~ 
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2-Alkenyl-4,4-dimethyloxazolines as Derivatives for the Structural 
Elucidation of Isomeric Unsaturated Fatty Acids 
Devanand L. Luthria and Howard Sprecher* 
Department of Medical Biochemistry, The Ohio State University, Columbus, Ohio 43210 

Several types of unsaturated fatty acid methyl esters 
were converted into 4,4-dlmethyloxazollne (DMOX) deriv- 
atives and analyzed by mass spectrometry to further 
evaluate the feasibility of using this derivative for lo- 
cating the positions of double bonds in isomeric fatty 
acids. Five isomeric 20-carbon tetraenoic acids were ana- 
lyzed in which the four c/s double bonds were systemati- 
cally moved from the 4,7,10,13, to the 8,11,14,17-positions. 
It was possible to locate the positions of all four double 
bonds in the 7,10,13,1~ and 8,11,14,17-isomers by ap- 
propriate ions differing by 12 atomic mass units. In a 
similar way the three terminal double bonds in the 
4,7,10,13-, 5,8,11,14- and 6,9,12,1~isomers could be as- 
signed. Odd-numbered ions at m/z 139, 153 and 167 which 
are accompanied by an even mass ion at 138, 152 and 166, 
respectively, are diagnostic for DMOX derivatives of 
acids with their first double bond, respectively, at posi- 
tions 4, 5 and 6. It was thus possible to assign the loca- 
tion of all four double bonds in these three isomers. A 
comparison of the spectra of the DMOX derivatives of 
17,17,18,18-d4 vs. 9,10,12,13-d 4 linoleic acid suggests that 
double bonds preferentially migrate toward the polar end 
of the molecule prior to fragmentation. The merit of us- 
ing DMOX derivatives to locate doubl~bond positions in 
monc~ and dicarboxylic acids, produced during/~oxidation 
of polyunsaturated fatty acids, was evaluated. The spec- 
tra of 3-cis- and 4-c/s-decenoic acids differ as do the spec- 
tra of 8~arbon dicarboxylic acids with their double bonds 
at positions 3 and 4. 
Lipids 28, 561-564 (1993). 

Several techniques have been used to locate the positions 
of double bonds in polyunsaturated fatty acids. Unsatu- 
rated acids may be treated with ozone, and the resulting 
ozonide may be either reduced or oxidized followed by 
characterization of the resulting fragments (1). Unsatu- 
rated fatty acids may also be cleaved, at the double bond, 
into short-chain mono- and dicarboxylic acids by treat- 
ment with periodate-permanganate (2). Alternatively, dou- 
ble bonds may be converted to osmate esters which, upon 
reduction, yield diols. Following silyation they are ana- 
lyzed by mass spectrometry. The fragments produced by 
cleavage between adjacent trimethylsilyl groups deter- 
mine the position of the double bonds in the original 
molecule (3,4). 

With the above methods it is often difficult to isolate 
and characterize all of the fragments produced when 
degradative techniques are used. The osmium technique 
determines the sites of unsaturation in the intact molecule, 
but the resulting silyl derivatives of polyunsaturated acids 

*To whom correspondence should be addressed at Department of 
Medical Biochemistry, The Ohio State University, 337 Hamilton 
Hall, 1645 Neff Avenue, Columbus, OH 43210. 

Abbreviations: AMP, 2-amino-2-methylpropanol; DMOX, 4,4-di- 
methyioxazolines; THP, tetrahydropyran. 

have long retention times when analyzed by gas chroma- 
tography. In addition, many of the smaller mass spectro- 
meters have upper mass limits too low to detect all the 
fragments produced from polyunsaturated fatty acids 
containing multiple sites of unsaturation. 

A third general method involves derivatizing fatty acids 
with agents that enhance charge stabilization to minimize 
double-bond migration. A number of reagents including 
pyrrolidine (4,5), 3-pyridylcarbinol (4,6) and 2-amino-2- 
methylpropanol (AMP) (7-11) have been employed as 
derivatizing agents. The 4,4-dimethyloxazoline (DMOX) 
derivatives, prepared by reacting either fatty acids (7) or 
methyl esters (8) with AMP have good chromatographic 
properties and in general provide definitive information 
about double bond positions. 

In the study reported here, we further evaluated the 
limitations of the current methodology by comparing the 
mass spectra of five isomeric 20-carbon acids in which the 
four cis-double bonds were moved from the 4,7,10,13- to 
the 8,11,14,17-position. The spectra of the DMOX deriva- 
tives of 17,17,18,18-d4 vs. 9,10,12,13-d4 linoleic acid were 
compared to further determine the mechanism of fragmen- 
tation with this derivativ~ The localization of double 
bonds in short-chain mona and dicarboxylic acids pro- 
duced during the abnormal/3-oxidation of unsaturated 
fatty acids is a difficult problem due to the relatively small 
amounts of materials produced (12). In the present study 
we have shown that the spectra of DMOX derivatives 
of 3-cis- vs. 4-cis-lO:l as well as of 3-cis- and 4-cis- 
1,8-octenedioic acids differ sufficiently to readily distin- 
guish these isomeric compounds. 

MATERIALS AND METHODS 

Materials. 2-Amino-2-methylpropanol was obtained from 
MTM Research Chemicals (Windham, NH). The methyl 
esters of 4,7,10,13-, 6,9,12,15-, 7,10,13,16- and 8,11,14,17- 
eicosatetraenoic acids were made by total synthesis (13}. 
Methyl 5,8,11,14-eicosatetraenoate was from Nu-Chek- 
Prep (Elysian, MN). Linoleic acid, labeled with deuterium 
at positions 9,10,12 and 13, was made by reducing 9,12- 
octadecadiynoic acid with deuterium gas in the presence 
of Lindlar's catalyst. In order to prepare 17,17,18,18-d4 
linoleic acid, the hydroxyl group of 4-pentyn-l-ol (MTM 
Research Chemicals) was blocked by reaction with ethyl 
vinyl ether (Aldrich Chemical Company, Milwaukee, WI). 
The triple bond was then reduced with deuterium gas in 
the presence of Wilkinson's catalyst (14). The blocking 
group was removed by refluxing with methanol in the 
presence of sulfuric acid (15). The deuterated 1-pentanol 
was converted to d4-pentyl bromide which in turn was 
used to synthesize 9,12-octadecadiynoic acid-17,17,18,18- 
d4 (16). Lindlar's reduction with hydrogen yielded the 
desired ethylenic acid. To determine the isotopic composi- 
tion of the deuterated linoleic acids, they were derivatized 
with N-methyl-N-(t-butyl-dimethylsilyI)-trifluoracetan~de 
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+ 1% t-butyl-dimethylchlorosilane (Regis Chemical Co., 
Morton Grove, IL) (17). The appropriate ion chromato- 
grams corresponding to the formation of ions at M-57 
were then integrated. The isotopic composition in percent 
of the 9,10,12,13-d4 and 17,17,18,18-d4 were d4, 95.9; d3, 
3.7; d2, 0.3; dl, 0.1 and d4, 94.8; d3, 3.1; d2, 2.1; dl, 0.0, 
respectively. 

4-cis-Decenoic acid was prepared by coupling 1-bromo- 
pentane with the sodium salt of the tetrahydropyran 
(THP) derivative of 3-butyn-l-ol in liquid ammonia. The 
blocking group was removed and the 3-nonyn-l-ol was re~ 
duced with Lindlar's catalyst. The 3-cis-nonen-l-ol was 
converted to the mesylate (18) which in turn was reacted 
with sodium cyanide in dimethyl sulfoxide (19). The result- 
ing nitrile was hydrolyzed to the methyl ester with 25% 
anhydrous HC1 in methanol. To make 3-cis-decenoic acid, 
the sodium salt of the THP derivative of 3-butyn-l-ol was 
coupled with 1-bromohexane After cleavage of the block- 
ing group, the alcohol was oxidized to 3-decynoic acid (20) 
which was then reduced to 3-cis-decenoic acid. To make 3- 
cis-l,8-octenedioic acid, the hydroxyl group of 5-hexyn-l-ol 
was blocked by reaction with dihydropyran. This com- 
pound was reacted with sodamide in liquid ammonia fol- 
lowed by addition of ethylene oxide (21). Following cleav- 
age of the blocking group, the 1,8-dihydroxy-3-octyne was 
oxidized to the acetylenic dicarboxylic acid which in turn 
was reduced with Lindlar's catalyst to give 3-cis-octene~ 
dioic acid. To prepare 4-cis-octenedioic acid, the sodium 
salt of the THP derivative of 3-butyn-l-ol was reacted with 
ethylene oxide in liquid ammonia (21). Following cleavage 
of the blocking group, the 3-hexyn-l,6-diol was reduced 
with Lindlar's catalyst. The diol was converted to the 
dimesylate which in turn was reacted with sodium cyanide 
in dimethyl sulfoxide Hydrolysis with 25% anhydrous 
HC1 in methanol yielded dimethyl 4-cis-octenedioate~ 

Analysis of DMOX. The DMOX derivatives were pre- 
pared by adding 250 ~L of AMP to 500 ~g of the fatty 
acid methyl ester in screw<ap vials. The vials were flushed 
with N 2, capped and heated at 180~ for 18 h {8). The 
reaction mixture was cooled and dissolved in 3 mL of 
dichloromethane which was washed twice with 1 mL of 
water. After drying the organic phase with anhydrous 
Na2SO 4, the dichloromethane was removed under a 
stream of N 2. The samples were dissolved in iso-octane 
for analysis by gas chromatography/mass spectrometry. 

Mass specctrometry was carried out with a Hewlett- 
Packard model 5970A mass selective detector and a 5790 
gas chromatograph (Palo Alto, CA). For the analysis of 
the five 20-carbon DMOX derivatives, the oven contained 
a 30 m • 0.25 mm DB-1 capillary column with a film 
thickness of 0.25 ~m~ (J&W Scientific, Rancho Cordova, 
CA). All injections were carried out in the splitless mode 
at 70~ After 1 min the oven was programmed at 
30 ~ to 240~ All other DMOX derivatives were in- 
jected in the split mode at 170~ using a 30 m by 0.25 mm 
DB-225 capillary column {J&W Scientific) with a film 
thickness of 0.25 ~m. Spectra were recorded at an ioniza- 
tion energy of 70 eV. The Y-axis in all spectra shown repre ~ 
sents relative percentage abundance of the ions. 

R E S U L T S  A N D  D I S C U S S I O N  

The spectra of the five 20-carbon DMOX derivative all 
showed major ions at m/z 113 and 126 as well as a parent 

ion at m/z 357. The ion at m/z 113 is in essence a McLaf- 
ferty rearrangement ion formed by migration of the ),- 
hydrogen followed by cleavage between carbon atoms 2 
and 3 while the ion at m/z 126 is probably a cyclic ion 
formed by cleavage between carbons 4 and 5 (7). In their 
analysis of pyrrolidide derivatives of fatty acids, Anders- 
son and Holman (5) observed that  the location of double 
bonds could be determined when an interval of 12 atomic 
mass units rather than 14 is observed between the most 
intense peak in a cluster of fragments containing n 
and n - 1 carbon atoms. The double bond is then located 
between n and n + 1 carbon atoms in the molecule. The 
partial mass spectra of the DMOX derivative of 
8,11,14,17-20:4 is similar to that published by Yu et aL (9) 
and is shown in Figure 1 along with the spectrum of the 
7,10,13,16-20:4 isomer. From these spectra it is clear that 
all four double bonds in both isomers can be located by 
the fragmentation pattern. The ions at m/z 182 and 194 
(Fig. 1A) show that the first double bond is at position 
8 in the 8,11,14,17-20:4 isomer (9) while the ions at m/z 
168 and 180 (Fig. 1B) define that  the position of the first 
double bond of the second isomer is at the 7-positiorL Dou- 
ble bonds at the other sites were determined in a similar 
way as shown in Figure 1. 

The mass spectrum of the 6,9,12,15-isomer as shown in 
Figure 2A is similar to that published by Yu et al. (9). Ac- 
cording to the rule of Andersson and Holman (5), the spec- 
trum should contain an ion at m/z 154, which would be 
formed by cleavage between carbons 5 and 6 while 
cleavage between carbons 6 and 7 would be expected to 
produce an ion at m/z 166. The spectrum of the DMOX 
derivative of 6,9,12,15-20:4 had an intense ion at m/z 152 
as well as ions of about equal intensity at m/z 166 and 
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FIG. 1. Mass spectra of the 4,4-dimethyloxazoline derivatives of 
8,11,14,17- (A) and 7,10,13,16-eicosatetraenoic acids (B). 
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FIG. 3. Mass spectra of the 4,4-dimethyloxazoline derivatives of 
17,17,18,18-d 4 (A) and 9,10,12,13-d 4 linoleic acids (B). 

167. A similar type of fragmentation pattern has been 
reported for mono- and polyunsaturated fat ty acids with 
their first double bond at position 6 {7-9). The other three 
double bonds in the molecule were clearly located by ions 
which differed by 12 mass units. The spectrum of the 
DMOX of 5,8,11,14-20:4 was similar to that  reported 
previously in that  it had a base peak at m/z 113 and an 
intense odd-numbered ion m/z 153 (31% of the base peak) 
(7). The mechanism for the formation of this ion has not 
been explained (9). Similar to the DMOX derivative of 
4,7,10,13,16,19-22:6 (7), the spectrum of the 4,7,10,13- 
isomer had an ion at m/z 126 and a pair of ions of about 
equal intensity at m/z 138 and 139 {Fig. 2B). Again, the 
location of the double bonds at positions 7, 10 and 13 
could be deduced from the spectra_ These results, together 
with those reported in the literature {7-9), show that the 
location of all double bonds in a fat ty acid can be deter- 
mined by the interval of 12 mass units between ap- 
propriate ion clusters when the first double bond is at posi- 
tion 7 or further down the carbon chain. When the first 
double bond in the molecule is at carbons 4, 5 or 6, it is 
possible to locate the position of the three terminal dou- 
ble bonds by the 12 mass unit rule The location of the 
first double bond however cannot be defined by an em- 
pirical rule The presence of odd-numbered ions at m/z 167, 
153 and 139, which are accompanied by m/z 166, 152 and 
138, respectively, is diagnostic ions in the spectra of 
DMOX derivatives of acids with their first double bond, 
respectively, at carbons 6, 5 and 4. 

The mass spectra of the DMOX derivative of both 
17,17,18,18-d4 and 9,10,12,13-d4 linoleic acid had molecu- 
lar ions at rn/z 337 {Fig. 3). The introduction of deuterium 
at carbons 17 and 18 did not alter the ion composition 
in the low mass region vs. that reported for the DMOX 

derivative of unlabeled linoleate (7). Cleavage between ca~ 
bons 16 and 17 of both labeled 17,17,18,18-d4 and un- 
labeled linoleate (7) gave an ion at rn/z 304. The presence 
of an ion at m/z 322 in the undeuterated derivative could 
arise either by cleavage between carbons 17 and 18 or by 
loss of a methyl group from the oxazoline ring. The pres- 
ence of an ion at m/z 322 in the DMOX derivative of 
17,17,18,18-d4 linoleate (Fig. 3A) shows that  this ion is 
formed by loss of a methyl group from the ring rather than 
by cleavage between carbons 17 and 18 which would have 
resulted in the loss of 17 mass units, i.e., loss of CHD2". 

The fragmentation pattern at sites of unsaturation may 
be visualized as requiring the movement of double bonds 
one position toward the polar end of the molecule prior 
to fragmentation (5,9). Cleavage between carbons 9 and 
10 of the DMOX derivative of unlabeled or 17,17,18,18- 
d4 linoleic acid yields a cluster of small ions, the major 
one of which is at mYz 208 (7). With the 9,10,12,13-d4 
isomer, a small ion peak at m/z 209 was detected, but this 
cluster contained other ions of low intensity (Fig. 3B). 
Cleavage between carbons 10 and 11 of the 17,17,18,18- 
d4 analog yielded an ion at m/z 222 vs. at 224 for the 
9,10,12,13-d4 isomer thus establishing that  carbons 9 
and 10 contain deuterium atoms. Cleavage between car- 
bons 12 and 13 of the 17,17,18,18-d4 linoleate derivative 
gave an ion at m/z 248 which increased to 251 when the 
acid was labeled with deuterium at the double bonds. 
Clearly then the major ion formed by cleavage at double 
bonds can be visualized primarily as requiring the move- 
ment of double bonds toward the polar end of the molecule 
prior to fragmentation as has previously been sug- 
gested (5,9). 

The D M O X  derivatives of both 3- and 4-cis-decenoic 
acids had molecular ions at m/z 223 (Fig. 4). The base peak 
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FIG. 4. Mass spectra of the 4,4-dimethyloxazoline derivatives of 3-c/s- 
(A) and 4-c/s-deeenoic acids (]3). 

for the 3-cis isomer was at m/z 208 which may be due to 
the loss of methyl group from the ring. The only other ion 
of high intensity was one of unknown composition at m/z 
110. Conversely, the spectrum of 4-cis isomer had a base 
peak at rn/z 166, and an ion of unknown composition at 
m/z 152 which is characteristic of acids with double bond 
at position 4 {7-9). The ion at  m/z 98 corresponds to the 
fragment formed by the cleavage between carbons 1 and 
2 with a positive charge on the heterocyclic ring. 

The mass spectra of DMOX derivatives of oct-3-ene- 
1,8-dicarboxylic acid and oct-4-ene-l,8-dicarboxylic acid 
are similar in tha t  both had small molecular ion peaks at 
m/z 278 and as well as at 263 (M-15) {Fig. 5). The base peak 
for both  derivatives was at m/z 166. The spectrum of the 
4-cis isomer (Fig. 5B) differs from that  of the 3-cis isomer 
in tha t  the ion intensity at  rn/z 113 is almost twice that  
observed for the 3-cis isomer. Most  important ly the 4-cis 
isomer had ions at m/z 152 and 153 as is observed for other 
fa t ty  acids with a double bond at position 4 {7-9). The 
presence of these two ions can readily distinguish the 3-cis 
from the 4-cis isomer. 
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Acidic Hydrolysis of Plasmalogens Followed by High.Performance 
Liquid Chromatography 
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A simple, quantitative method for determining the plas- 
malogen content of small samples is reported here. The 
method uses the different susceptibility to acid~atalyzed 
hydrolysis of the alkyl, alkenyl and acyl linkages to sepam 
ate the plasmalogen subclass from the other two non-labile 
subclasses. Hydrolysis of plasmenylethanolamlne and 
plasmenylcholine was complete after 4 and I rain of acid 
treatment, respectively. The acid~catalyzed hydrolysis did 
not alter the phospholipid fatty acid composition, making 
this method useful for fatty acid compositional analysis 
of the plasmalogen subclass. High-performance liquid 
chromatography was used for separations, and phospho- 
lipids were quantitated by assay of lipid phosphorus or by 
direct quantitation of peak area. Using this method, small 
amounts (10 nmol) of ethanolamine glycerophospholipid 
and choline glycerophosphollpid are subjected to acid- 
catalyzed hydrolysis and subsequent separation of the 
resulting lysocompounds obtained from plasmalogens 
from the more acid~stable alk-ylacyl and diacyl glycerophos- 
phollpid fractions. Our values for plasmalogens from com- 
mercial preparations of choline and ethanolamlne glycero- 
phospholipids agree with literature values. The usefulness 
of the method is demonstrated for small glycerophospho- 
lipid samples that are equivalent to samples from cultured 
neural cells. 
Lipids 28, 565-568 (1993). 

Plasmalogens are important components of cellular mem- 
branes and may be involved in signal transduction follow- 
ing agenist-receptor binding (1,2). Recently a plasmalogen 
specific phospholipid A 2 has been isolated from bovine 
brain (3). This enzyme may have an important role in releas- 
ing arachidonic acid from the sn-2 position of the plasmalc~ 
gt~s during receptor mediated events Plasmalogens are also 
elevated during and following differentiation of N1E-115 
cells suggesting plasmalogens have a role in cellular differen- 
tiation (4). 

Current methods for the quantitation of ethanolamine and 
choline plasmalogens are not suitable for the limited sam- 
ple size obtained from cell cultures. Previous methodology 
has included iodine addition (5,6), alkaline hydrolysis fol- 
lowed by acid hydrolysis {7), mercuric chloride hydrolysis (8) 
and acidic hydrolysis (9-13). Most of these methods utilize 
the acid lability of the alkenyl ether linkage at the sn-1 posi- 
tion of the plasmalogens. This bond is quantitatively hy- 
drolyzed by HC1 fumes (14). The method described here is 
a modification of the Horrecks and Sun (15) method replac- 

*To whom correspondence should be addressed at The Ohio State 
University, Medical Biochemistry, 1645 Neff Avenue, Rrm 471, Col- 
umbus, OH 43210. 
Abbreviations: ChoGpl, choline glycerophospholipid; EtnGp~ ethanol- 
amine glycerophosphoh'pid; FAME, fatty acid methyl esters; GLC, 
gas-liquid chromatography; HPLC, high-performance liquid chroma- 
tography; HUVE, human umbilical vein endothelial; PBS, phosphate 
buffered saline; PlsCho, choline plasmalogen; PlsEtn, ethanolamine 
plasmalogen; TLC, thin-layer chromatography. 

ing two<limensional thin-layer chromatography {TLC) with 
two high-performance liquid chromatography (HPLC) 
separations. This method has increased sensitivity, reliabili- 
ty and is less time-consuming than the traditional two- 
dimensional TLC methocL 

MATERIALS AND METHODS 

Ethanolamine glycerophospholipid (EtnGpl) from bovine 
brain and choline glycerophospholipid (ChoGpl) from 
bovine heart were purchased from Serdary (London, 
Canada). Primary cultures of human umbilical vein en- 
dothelial cells (HUVE) were used to test the procedur~ 
HUVE cells were collected by treating the luminal sur- 
face of the umbilical vein with 0.1% type II collagenase 
(16). The cells were plated upon human flbronectin-coated 
glass tissue culture flask. Upon reaching confluency, the 
cells were replated on 100-mm fibronectin-coated glass 
tissue culture plates. The endothelial origin was con- 
firmed by the presence of factor VIII  antigen (17). 

Confluent cells were extracted using n-hexane]2-pro- 
panol (3:2, vol]vol) (18). Prior to extraction, the medium 
was removed and the cells were washed with two 3-mL 
portions of cold phosphate buffered saline (PBS). The 
plates were then placed immediately on solid CO 2 to 
minimize damage during extraction (19). Two 3-mL ali- 
quots of n-hexane/2-propanol (3:2, vol/vol) were used to ex- 
tract the cells. Cellular debris was removed by filtration 
through glass wool. Nitrogen was placed over the extracts 
to minimize autoxidation of lipids. The extracts were 
stored at -20~ 

Male Wistar rat (300 g, Harlan, Indianapolis, IN) spinal 
cords were removed after surgically cutting the dorsal 
roots followed by hydrostatic expulsion of the spinal cord 
(20). The spinal cords were immediately frozen in liquid 
nitrogen. The heads of decapitated rats were frozen in li- 
quid nitrogen and the brains removed on ice in a - 4 ~  
cold room. The samples were extracted with n-hexane/2- 
propanol (3:2, vol]vol, 18 mL/g tissue) (21). The lipid ex- 
tracts were filtered using sintered glass funnels to remove 
cellular debris. 

Prior to phospholipid separation, the lipid extracts were 
filtered using a Rainin 0.2 ~n  Nylon filter {Woburn, MA). 
The sample was dried under nitrogen and redissolved in 
a known volume of n-hexane/2-propanol/water 
(56.7:37.8:5.5, by vol) prior to HPLC. 

The lipid extracts were separated into major phospho- 
lipid classes by HPLC. Solvents used were HPLC grade 
n-hexane and 2-propanol from E.M. Science (Cherry Hill, 
N J). Solvents were filtered through a 0.5 ~ Millipore FH- 
type Nylon filter (Bedford, MA) and degassed. Solvent 
A was n-hexane/2-propanol (3:2, vol/vol) and solvent B was 
n-hexane/2-propanol]water (56.7:37.8:5.5, by vol). Water 
was purified using a Millipore water purification system 
{Bedford, MA). The HPLC instrument consisted of two 
Altex 100~ pumps (Berkeley, CA), an Altex 420/421 con- 
troller and an Altex model 210 injection port. The Dupont 
(Wilmington, DE) Zorbax Silica column (4.6 m m •  250 
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ram, 5-6 ~m) was maintained at a constant temperature 
of 34~ with a Jones Chromatography heating block (Lit- 
tleton, CO). An ISCO (Lincoln, NE) V4 UV variable wave 
length detector was used to detect peaks at 205 nm. 

Two HPLC separations were used for this method. The 
first separation resolved all of the major phospholipids 
(22). This permitted the resolution of the EtnGpl and 
ChoGpl peaks, which were then collected for hydrolysis. 
The solvent was removed under nitrogen and then the test 
tubes were inverted over five drops of cona HCI in a test 
tube cap for 5 min. This caused the complete hydrolysis 
of the alkenyl ether bond of the plasmalogens while the 
alkyl ether, acyl ester and diacyl ester bonds remained in- 
tact. The sample was reextracted with n-hexane]2-prc, 
panol (3:2, vol/vol) and rechromatographed using the se- 
cond separation system. 

The second separation was used to separate the 1-1yso- 
phospholipids from the acid-stable fractions of EtnGpl 
and ChoGpl (Fig. 1). Initial conditions were: column 
temperature 34~ flowrate 1.8 mL/min; and solvent 
composition 55% A/45% B. At 0 min the solvent was 
changed to 24% A/76% B over a 3-rain period. At 8 min 
the solvent was changed to 100% B over a 3-min period. 
This separation completely resolved the lysophospholipids 
from the remaining EtnGpl and ChoGpl. The fractions 
were collected and quantitated by measuring lipid phos- 
phorus {23). We also used peak area as integrated by a 
Nelson Analytical 760 series interface {Cupertino, CA) to 
calculate peak areas and subsequent determination of the 
plasmalogen proportion with respect to its glycero- 
phospholipid class. 

To determine the effect of mild acidic hydrolysis of the 
alkenyl ether linkage on phospholipid fatty acid composi- 
tion, ethanolamine glycerophospholipids from astrocytes 
were subjected to mild acidic hydrolysis for 15 rain. The 
fatty acid compositions of acidic hydrolyzed and 
nonhydrolyzed EtnGpls were compared. 

Phospholipid acyl chains were converted to fatty acid 
methyl esters (FAME) through base-catalyzed transesteri- 
fication (24). This method, unlike the method with BF 3 
for transesterification, avoids oxidative side reactions and 
the formation of dimethylacetals from the plasmalogens. 
FAME were extracted with 2 mL of hexan~ The upper 
phase was pipetted off and the remaining methanol phase 
washed with two 2-mL aliquots of hexan~ FAME were 
stored in a nitrogen atmosphere at -20~ 

FAME were separated and quantitated by gas-liquid 
chromatography (GLC). A set of standards (Nu-Chek-Prel~ 
Elysian, MN) were used to establish relative retention 
times and relative correction factors for each FAME. The 
internal standard was 17:0 methyl ester. The detector 
response was linear within the concentration range of the 
samples for all identified fatty acids of varying chain 
lengths and degrees of unsaturation with correlation coef- 
ficients of 0.985 or greater. This standard was used for 
the standard curves and for each sample run. 

The GLC system was comprised of a Shimadzu (Kyot~ 
Japan) GC-14A, a Supelco (Bellefonte" PA) SP-2330 capil- 
lary column (30-m long) and a flame-ionization de- 
tector. Column temperature was maintained at 190~ with 
nitrogen as the carrier gas at a pressure of 0.5 kg/cm 2. 
Detector and injector temperatures were maintained at 
220~ A split ratio of 50:1 was used. Peak area data 
were collected with a Nelson Analytical 760 series in- 

Neutral lipids 

EtnGpl 

---) ' ChoGpt 
lysoPtdCho 

1'0 2'0 3'0 ;0 Time (rain) 
FIG. 1. ttlgb-pedormance liquid d~omatol~apbJc separation of com- 
mercially prepared ethanolamine and choline glyceropho~pholipid 
(EtnGpl and ChoGpl) fractions following acidic hydrolysis. The acid- 
stable ethanolarnine and choline glycerophospholipids were separated 
from the lysopbospbatidylethanolamines and cholines (lysoPtdEtn 
and iysoPtdCho) resulting from the acid labile plasmalogen 
subclasses. The small peak at =35 rain represents slight 
sphingomyelin contamination in the choline glycerophospholipid. The 
multiple peaks in the fractions are characteristic of the separation 
and represent partial resolution of molecular species. 

telligent interface and computed with Nelson model 2600 
software 

RESULTS 

Initially we tried to use the method of Renkonen (25) as 
modified by Yeo and Horrocks (13) with HUVE cell culture 
samples. In this method the EtnGpl and ChoGpl fractions 
were collected, solvent removed under a stream of N2 and 
dissolved in 1.5 mL CHCI3. Then 1.5 mL of 0.1 M HC1 in 
95% CH3OH was added, and the tube was flushed with 
N 2, capped and vortexed. The sample was incubated at 
room temperature for 40 min. The ethanolamine plasma- 
logen (PlsEtn) content ranged from 0 to 100% of EtnGpl 
for n = 5. The choline plasmalogen (PlsCho) content 
ranged from 23 to 85% of ChoGpl for n = 3. Such vari- 
ability suggested this method was unsuitable for samples 
with EtnGpl or ChoGpl levels at or below 100 nmol. 

We used EtnGpl and ChoGpl standards to evaluate the 
method reported her~ The sample sizes were equivalent 
to cell culture size samples (10-60 nmol) and were sub- 
jected to acidic hydrolysis for 1 to 20 min (Fig. 2). PlsCho 
hydrolysis was complete after 1 min of exposure and 
PlsEtn hydrolysis was complete after 4 min. No further 
hydrolysis occurred within the time span of the experi- 
ment. 

There was little effect of acidic hydrolysis on the fat ty 
acid composition of EtnGpl (Table 1). There was no effect 
on 20:4n-6 or 22:6n-3 proportions; however, 20:3n-9 pro- 
portions were slightly decreased in treated as compared 
to untreated EtnGpl. Proportions of 18:0 were slightly in- 
creased in treated as compared to untreated EtnGpl. 
These slight alterations, in our experience, would not pro- 
duce statistically significant alterations. 
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FIG. 2. Concentrated HCI hydrolysis of commercially prepared 
ethanolamine glycerophospholipid and choline glycerophospholipid. 
Values are p lasmalogen  mole  % +__ SD of the respect ive 
glycerophospholipid class and n = 3. For ethanolamine plasmalogen 
the mole % following 1 min of acidic hydrolysis was less than all 
other times, P < 0.05, Gpl, glycerophospholipid. 

TABLE 1 

Fatty Acid Composition of Acid-Treated and Untreated 
Ethanolamine Glycerophospholipid a 

Fatty acid Untreated Treated 

16:0 4.1 5.0 
16:1 0.6 0.6 
18:0 17.5 19.4 
18:1 25.0 26.2 
18:2 0.3 0.3 
20:1 0.4 1.3 
20:3n-9 7.1 4.7 
20:3n-6 0.4 0.2 
20:4n-6 22.0 21.4 
20:5n-3 0.8 0.2 
22:4n-6 2.4 2.9 
22:5n-3 4.7 2.6 
22:6n-3 14.7 15.1 

aValues are fatty acid mole % of ethanolamine glycerophospholipid 
from non-dibutyryl cyclic adenosine monophosphate treated 
astrocyte cell cultures in culture for 21 d. Values are n = i for each 
group. 

Hydrolysis  was quant i ta ted  by  measur ing  lipid phos- 
phorus  and by peak area integration. Plasmalogen con- 
ten t  quan t i t a ted  by either method produced consis tent  
results {Table 2). The results  were not  significantly dif- 
ferent when compar ing  between the amount  of phospho- 
lipid used or by  the quant i ta t ion  me thod  used to deter- 
mine percent plasmalogen.  The plasmalogen contents  of 
H U V E  cells, ra t  spinal cord and ra t  brain were deter- 
mined to tes t  the effectiveness of the method on tissue, 
as well as cell culture size samples  {Table 3). 

DISCUSSION 

A mild acidic hydrolysis procedure for the quant i ta t ion  
of cell culture size samples  of p lasmalogens  is reported 
h e m  The procedure is a modification of the Horrocks  and 

TABLE 2 

Comparison of Phosphorus and Peak Area Values 
for the Quantitation of Plasmalogens a 

Total Phosphorus (mole %) Peak area (mole %) 

nmol • SD RSD • SD RSD 

37.00 82.7 • 2.5 3.0 76.6 • 5.9 7.7 
18.50 84.7 • 3.1 3.6 82.9 • 1.2 1.4 
9.25 86.9 • 4.0 4.6 82.8 • 3.1 3.7 

avalues are expressed as mole % • SD of glycerophospholipid class 
of semi-purified ethanolamlne plasmalogen. Total nmoles represents 
the total number of nmoles used for the acidic hydrolysis. For each 
value (n = 3) with analysis done in triplicate. The relative stan- 
dard deviation (RSD) represents both inter- and intra-sample 
variability. 

TABLE 3 

Mole % of Plasmalogen in EtnGpl and ChoGpl a 

% EtnGpl % ChoGpl 

Rat spinal cord 73.56 ___ 1.43 5.7 __- 0.2 
Rat brain 55.94 __ 2.64 12.5 --- 1.9 
HUVE cells b 40.5 • 1.90 11.6 • 0.9 

aValues are mole % of glycerophospholipid class lipid phosphorus. 
For rat spinal cord and brain values, n = 3. For HUVE cell values 
are for n = 4. EtnGpl, ethanolamine glycerophospholipid; ChoGpl, 
choline glycerophospholipid; HUVE, human umbilical vein edc~ 
thelial. 

bRefer to Reference 31. 

Sun procedure (15) and utilizes the acid labili ty of the 
alkenyl ether  linkage in the sn-1 position. H P L C  was 
used to separa te  the phospholipids. Using H P L C  to 
separate  phospholipids permi ts  good recovery of all 
phospholipids, improved phosphorus  determinat ion and 
detection of smaller changes in phospholipid composit ion 
with s tat is t ical  significance due to a lower variance than  
with TLC (26). The method  of Rotstein et  aL (10) involves 
the use of a two-phase sys tem to extract  the lipids follow- 
ing hydrolysis. Using n-hexanel2-propanol (3:2, vol/vol) for 
all extract ion procedures avoids the need for a two-phase 
sys tem with the losses of lysoglycerophospholipids into 
the water  phase  (27). Thus,  this  procedure optimizes con- 
ditions for the separation and quant i ta t ion of cell culture 
size samples  of E tnGp l  and ChoGpl for p lasmalogen 
content.  

Initially, we used the method  of Yeo and Horrocks  (13) 
for the hydrolysis of the alkenyl ether. This procedure ap- 
peared to completely hydrolyze the f a t t y  acids f rom the 
phospholipid, p resumably  because the samples sizes were 
very small. The method reported here caused the complete 
hydrolysis of the plasmalogen linkage while the alkylacyl 
and diacyl fractions remained intact.  After  1 and 4 rain, 
hydrolysis was completed for ChoGpl and EtnGpl ,  respec- 
tively. No more hydrolysis occurred between 4 and 20 min 
of exposure to acid fumes. Acidic hydrolysis of E t n G p l  
fraction from ast rocytes  for 15 min did not  significantly 
alter the phospholipid f a t ty  acid composition. 

Li terature  values were obtained using E t n G p l  from 
bovine brain (28) and ChoGpl from bovine hear t  (29) over 
this t ime period. We used this method  to determine the 
plasmalogen content  of E t n G p l  and ChoGpl in H U V E  
cells, ra t  spinal cord and ra t  brain. Blank et  al. (30) found 
the same plasmalogen content  in H U V E  cells as we did 
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with  42.5% P l sE tn  in E t n G p l  and 6.8% PlsCho in ChoGpl. 
Us ing  our  method,  we ob ta ined  l i terature values for 
p la smalogens  f rom several different sources and  species 
w i thou t  a l ter ing the  f a t t y  acid composi t ion.  The  rapidi- 
t y  of the  method,  analysis  t ime of approx ima te ly  2-3  h 
depend ing  u p o n  the  resolut ion needed in the  f irst  separa- 
tion, is superior  to two-dimensional  T L C methods .  Fur- 
thermore,  there  are no effects of h u m i d i t y  on the  day-to- 
day  separa t ion  as  seen in TLC. This  simple m e t h o d  is 
sui table for use  wi th  cell cul tures  and  for following 
p la smalogen  metabol ism.  
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Time Response of Cholesterol Synthesis Inhibition 
by Compactin-Related Compounds. In vitro Quantitation 
of the "Escape Phenomenon" 
Dmitri D. Sviridova, *, Akira Endo b, Michael Y. Parlor a and Vadim S. Repin a 
alnstitute of Experimental Cardiology, Cardiology Research Center, Moscow 121552, Russia and bDepartment of Applied Biological 
Science, Tokyo NoKo University, Tokyo 183, Japan 

The time course of the inhibition of cholesterol synthesis 
by low and high doses of mevinolin and monacolin X were 
studied in normal human skin fibroblasts, fibroblasts with- 
out low density lipoprotein receptor and HepG2 hepatoma 
cells. Low doses of the inhibitors (0.2 ng/mL) caused a sharp 
decrease in the rate of cholesterol synthesis during the rwst 
2-3 h, which gradually increased to about 40% during the 
next 6 h. Further incubation led to a decrease or stabiliza- 
tion of the cholesterol synthesis rate. High doses of the 
drugs (100 mg/mL) strongly inhibited cholesterol synthesis 
during the first 2-3 h, followed by a moderate increase du~ 
ing the next 20 h. No drug or tissue selectivity was ob- 
served. 
Lipids 28, 569-571 (1993). 

Compactin-related compounds are competitive inhibitors of 
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc- 
tas~ a key enzyme in cholesterol synthesis (1). Associated 
with the inhibition of cholesterol synthesis by these com- 
pounds is an interesting response called "escape phenom- 
enon" (2,3) which is characterized by a many-fold increase 
in HMG-CoA reductase and HMG-CoA synthase activity 
in cultured cells. The phenomenon is mainly due to the ac- 
tivation of HMG-CoA reductase and HMG-CoA synthase 
genes in response to the lowering of the regulatory sterol 
concentration (4). Although the molecular mechanisms of 
this phenomenon are being studied intensively, only limited 
information is available about the time course the dose 
dependence and the possible tissue selectivity associated 
with the drug's actiorL These parameters may provide im- 
portant clues as to the events associated with the "escape 
phenomenorL" 

MATERIALS AND METHODS 

Cells. Human skin fibroblasts from healthy donors and 
from donors affected by homozygous familial hypercho- 
lesterolemia (FH) (the FH fibroblasts were a kind gift from 
Dr. I.V. Fuki), and human hepatoma cells HepG2 were 
maintained as previously described (5). Cells were grown 
to confluency in 24-well multidishes (Costar, Cambridg~ 
MA); average protein concentration was about 100 ~g per 
well. 

Cholesterol synthesis. At the beginning of the experi- 
ment the medium was changed and replaced with medium 
(final volume 0.5 mL) containing a low (final concentra- 

*To whom correspondence should be addressed at the Baker Medical 
Research Institute, Commercial Road, P.O. Box 348, Prahran, 
Victoria 3181, Australia. 

Abbreviations: FH, familial hypercholesterolemia; HMG-CoA, 3-hy- 
droxy-3-methylglutaryl coenzyme A; LDL, low-density lipoproteins. 

tion 0.2 ng/mL) or high (final concentration 100 ng/mL) 
dose of mevino[in or monaco[in X (6). The rate of cho- 
lesterol synthesis was determined by measuring incor- 
poration of sodium [2-14C]acetate (Amersham, Bucks, 
England; specific activity 40-60 mCi/mmol; final concen- 
tration 6 FCi/mL, 0.12 nM) into digitonin precipitable 
sterols during a 2-h incubation as previously described (5). 
Incubation time is defined as the total time of incubation 
in the presence of the drug (i.e., time of incubation with 
the drug alone plus 2 h incubation with the drug and 
[14C]acetate). The zero time point refers to the cholesterol 
synthesis rate in the absence of the drugs. Statistical 
significance was calculated using Student's t-test. 

RESULTS 

The time course of inhibition of cholesterol synthesis by 
mevinolin in healthy human skin fibroblasts is shown in 
Figure 1. The low dose of mevino[in (0.2 ng/mL) after 2 
h incubation caused an inhibition of cholesterol synthesis 
by about 25% (P < 0.01). Longer incubation in the pre- 
sence of mevinolin caused a pronounced increase in cho- 
lesterol synthesis rate~ After 3 h, the rate had returned 
to control levels. Comparison of the cholesterol synthesis 
rate after 2 and 8 h of incubation with a low dose of 
mevinolin gave a 39% stimulation of cholesterol synthesis 
during this time period. A high dose of mevinolin (100 
ng/mL) caused a 76% inhibition of cholesterol synthesis 
after 2 h of incubation (P < 0.001). Further incubation of 
the cells with mevinolin at this dose did not cause sta- 
tistically significant changes in cholesterol synthesis rat~ 

Exposure to a low dose of mevino[in for 3 h inhibited 
cholesterol synthesis in human skin fibroblasts lacking 
low density lipoprotein (LDL) receptors by 36% (P < 0.01) 
(Fig. 2). Longer incubation led to a return of the choles- 
terol synthesis rate to the control level by the eighth hour; 
however, by the twentieth hour the rate decreased again 
(37% inhibition; P < 0.01 vs. control). Incubation with a 
high dose of mevinolin for 3 h inhibited cholesterol syn- 
thesis by 86% (P < 0.001), which was followed by a grad- 
ual but statistically significant increase of this rate 
(P < 0.001 2 h vs. 24th h). It should be noted that  the ab- 
solute rate of cholesterol synthesis in FH fibroblasts was 
fivefold higher than in healthy cells. 

The response to mevino[in by HepG2 cells (Fig. 3A) was 
quantitatively similar to that  in skin fibroblasts without 
LDL receptors. Low doses of monaco[in X, another less 
potent compactin-related compound, caused 10% inhibi- 
tion (P < 0.05) of cholesterol synthesis during the initial 
2-3 h, followed by an increase in the cholesterol synthesis 
rate up to 123% of the control after 8 h of incubation 
(P < 0.01) (Fig. 3B). A total increase by 37% was ob- 
served from the second to the eighth hour of incubation. 
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FIG. L Time response of cholesterol synthesis inhibition by mevinolin 
in healthy human skin fibroblasts. Cells were incubated at 37~ for 
the indicated periods of time in the absence or presence of mevinolin 
added at a final concentration 0.2 nglmL (&) or 100 ng/mL ( �9 ). Two 
hours before the end of the incubation, sodium [14C]acetate was add- 
ed to the incubation mixture at a final concentration of  6 pCi/mL. 
After incubation, cells were washed and incorporation of  
[14C]acetate into digitonin precipitable sterois was determined. Each 
point represents the mean • SE of the mean of triplicate or 
quadruplicate determinations. 
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FIG. 2. Time response of cholesterol synthesis inhibition by mevinolin 
in skin fibroblasts from a patient affected by homozygous familial 
hypereholesterolemi~L Cells were incubated at 37~ for the indicated 
periods of time in the absence or presence of mevinolin added at a 
final concentration 0.2 ng/mL (&) or 100 mg/mL (�9 Two hours before 
the end of the incubation, sodium [14C]acetate was added to the in- 
cubation mixture at a final concentration 6 pCi/mL. After incuba- 
tion, cells were washed and incorporation of [14C]acetate into 
digitonin preclpitable sterols was determined. Each point represents 
the mean • SE of the mean of triplicate or quadruplicate dete~ 
minations. 

Fur ther  incubation of the  cells with monacolin X resulted 
in a gradual decrease of the cholesterol synthesis rate back 
to the control level. A high dose of monacolin X inhibited 
cholesterol synthesis  by 53% after  a 2-h incubation 
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FIG. 3. Time response of cholesterol synthesis inhibition by mevinolin 
(A) and monacolin X (B) in HepG2 cells. Cells were incubated at 37~ 
for the indicated periods of time in the absence or presence of 
mevinolin (A) or monacolin X (B) added at a final concentration 0.2 
ng/mL (&) or I00 nghnL (o). Two hours before the end of the incuba- 
tion, sodium [14C]acetate was added to the incubation mixture at 
a final concentration 6,Ci /mL.  After incubation, cells were washed 
and incorporation of [t4C]acetate into digitonin precipitable sterois 
was determined. Each point represents the mean • SE of the mean 
of triplicate or quadruplicate determinations. 

(P < 0.01) followed by a subsequent  increase of the choles- 
terol synthesis rate (38% inhibition after 24 h incubation). 
A similar response of the other  two cell types  on the  in- 
hibition of cholesterol synthesis  by monacolin X was 
observed (data not  shown). 

DISCUSSION 

In  this study, we compared  the inhibition of cholesterol 
synthesis  in three human cell types  tha t  had been t reated 
for various t ime periods with two compactin-related com- 
pounds at  different doses. The low dose (0.2 ng/mL) cor- 
responded to the nonsa tura t ing  active dose of compactin- 
related compounds  on the cell types  chosen (5). The high 
dose (100 ng/mL) corresponded to the concentrat ion of 
Mevacor {trade name of mevinolin) in the  p l a sma  of pa- 
t ients treated with this drug {60-100 mg]d) {7,8}. Mevinolin 
is the stronger cholesterol synthesis inhibitor, while mona- 
colin X is a less po ten t  inhibitor. The cells were from 
heal thy humans  and F H  pat ients ,  viz. healthy and LDL- 
receptor  defective fibroblasts;  HepG2 cells were used as 
a model derived from the major  cholesterol producing 
organ. Drugs were present in the incubation mixture while 
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the cholesterol synthesis rate was measured, thus  model- 
ing the situation of continuous administration of the drug. 

In the experiments with a low dose of the drug, cho- 
lesterol synthesis inhibition reached a maximum in all cell 
types after  2-3 h of incubation. Fur ther  incubation, how- 
ever, resulted in an increase of the cholesterol synthesis  
rate. This allows the assumption tha t  it  takes 2-3 h for 
the drug to penetrate  into the cell, to activate feedback 
mechanism(s) and to stimulate the rebound of HMG-CoA 
reductase and HMG-CoA syn thase  This is consistent  
with the rebound activation t ime found by Stone et  aL 
(3) in mononuclear leukocytes of pat ients  t reated with 
lovastatin. The growth of cholesterol synthesis rate con- 
tinued up to the eighth hour of incubation, similar to what 
was observed by Hagemenas and Illingworth (8) and 
Stone e t  aI. {3). Very similar increases in cholesterol syn- 
thesis rates were noted between the third and eight hour 
of incubation in all experiments, Le., 25-39%. The rates 
did not  depend on either the level of inhibition during the 
first 2-3 h of incubation nor on the basal rate of choles- 
terol synthesis. While in absolute terms, the effect of 
mevinolin on cholesterol synthesis in FH fibroblasts was 
much more pronounced than  in healthy cells, the relative 
effects were very similar. I t  should be noted, however, tha t  
while incubation with the drugs should provide a s teady 
supply of the drugs to the cells, it cannot be excluded that  
the drugs metabolize, which would change their  effective 
concentration. 

Analysis of the time response of inhibition of cholesterol 
synthesis  by the high drug dose showed a rapid inhibi- 
t ion of cholesterol synthesis  after  2-3 h of incubation 
followed by a gradual increase in the cholesterol synthesis 

rate. This is consistent  with a rebound of HMG-CoA 
reductase in an excess of free inhibitor. The only difference 
was observed in LDL-receptor defective fibroblasts where 
the increase in cholesterol synthesis  rate was more rapid 
than in the other  cells. The cause of this effect could be 
associated with the relatively higher absolute rate of 
cholesterol synthesis in these cells as demonstrated in this 
s tudy  and earlier by Shireman et  al. (9}. The results are 
also consistent  with the notion tha t  continuous ad- 
ministrat ion of a high dose of the drug may be less effec- 
tive in FH patients than low doses {7,8}. No tissue or drug 
selectivity was observed. 
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Oxidative Modification of Triglyceride.Rich Lipoproteins 
in Hypertriglyceridemic Rats Following Magnesium Deficiency 
Elyett Gueux, Christine Cubizolles, Laurence Bussk~re, Andrzej Mazur and Yves Rayssiguier* 
Centre de Recherches en Nutrition Humaine, Laboratoire des Maladies M~taboliques, INRA, Theix, 
63122 St-Gen~s-Champanelle, France 

Hypertriglyceridemia observed in magnesium (Mg)-defi- 
cient rats was associated with a significant increase in the 
very low-density lipoprotein (VLDL) plus low-density lipo- 
protein (LDL) fractions. The results from in vitro coppe~ 
induced lipid peroxidation, expressed in terms of con- 
jugated dienes and thiobarbituric acid reactive substances 
content, showed that VLDL Jr LDL particles from Mg- 
deficient rats were more susceptible to oxidative damage 
than lipoproteins from control rats. These results suggest 
that the mechanism responsible for the atherogenicity and 
tissue damage characteristic of Mg deficiency may be 
mediated by an increased susceptibility of triglyceride-rich 
lipoproteins to peroxidation in hypertriglyceridemic ani- 
mals. 
Lipids 28, 573-575 (1993). 

Several studies have provided evidence that magnesium 
(Mg) deficiency affects lipid metabolism (1,2) and is ass~ 
ciated with tissue injury affecting the physical state of 
bilayer membrane lipids (3). Mg deficiency has been im- 
plicated as a risk factor in the development of ather(~ 
sclerosis. Early studies indicate that Mg deficiency enhances 
vascular lipid infiltration in rats, rabbits and monkeys fed 
atherogenic diets (4). Recent studies have confirmed that 
Mg deficiency can intensify cardiovascular lipid deposition 
and formation of lesions in animals on atherogenic diets and 
that dietary Mg supplementation can prevent atheroscler~ 
sis (5). Mg deficiency affects lipoprotein metabolism (4,6); 
however, there has not been agreement that formation of 
cardiovascular lesions is necessarily correlated with cho- 
lesterolemia in Mg-deficient animals (5). The mechanism 
causing vascular lesions has yet to be identifiee[ An impor- 
tant characteristic of hyperlipemia associated with Mg defi- 
ciency in rats is the post prandial accumulation of trigly- 
ceride-rich llpoproteins (TGRLP) (7). The relationship bo  
tween hypertriglyceridemia, TGRLP and atherosclerosis re- 
mains obscure, but data suggest that the mechanism respon- 
sible for the atherogenicity of the hypertriglyceridemic state 
may be related to the increased susceptibility of TGRLP 
to peroxidation (8). The apoprotein B (apoB) molecules con- 
tained in TGRLP of hypertriglyceridemic subjects may 
become partially degraded and such alterations could pro- 
mote binding to macrophages which act as scavenger cells. 
The uptake of oxidized lipoproteins by macrophages would 
lead to accumulation of esterified cholesterol and formation 
of foam cells (9). Several previous studies have shown that 
Mg deficiency increased lipid peroxidation (2,10,11). Mg- 

*To whom correspondence should be addressed at Laboratoire des 
Maladies M~taboliques, INRA, Clermont-Fd/Theix 63122 St-Gen6s- 
Champanelle, France. 

Abbreviations: AAS, atomic absorption spectrophotometry; apo, 
apoprotein; BHT, butylated hydroxytoluene; EDTA, ethylenedi- 
aminetetraacetic acid; HDL, high-density lipoprotein; LDL, low- 
density lipoprotein; Mg, magnesium; TBARS, thiobarbituric acid reac- 
tive substances; TGRLP, triglyceride-rich lipoproteins; VLDL, very 
low density lipoprotein. 

deficient animals had lower levels of vitamin E in plasma 
and tissues, and the protection by vitamin E of myocardial 
necrosis induced by Mg deficiency, as shown recently would 
suggest that free radicals participate in Mg deprivation- 
induced injury (12). The present investigation was under- 
taken to determine the effect of Mg deficiency in rats on 
the susceptibility of TGRLP to peroxidation. 

MATERIALS AND METHODS 
Thirty-six weanling male Wistar rats (Iffa-Credo, Uarbre- 
sle, France) (=60 g;, 3-wks-old) were divided randomly in- 
to Mg-deficient and control groups (18 animals per group). 
The institution's guide for the care and use of laboratory 
animals was followed. The animals were pair-fed with the 
appropriate diets for 8 d using an automatic feeding ap- 
paratus. Distilled water was provided ad libiturn. Diets 
contained (g/kg) 200 casein, 3 DL-methionine" 702 sucrose, 
50 corn oil, 35 mineral mixture and 10 vitamin mixture 
as described previously (13). Mg levels determined by 
flame atomic absorption spectrophotometric analysis 
(model 400, Perkin Elmer, Norwalk, CT) were 30 (deficient) 
and 990 mg/kg (control). Experiments were performed in 
nonfasting rats. Plasma from 18 animals per group were 
obtained from rats anesthetized with sodium pentobar- 
bital (40 mg/kg of body weight). Equal volumes of plasma 
samples from three animals were pooled for blood analysis 
and lipoprotein separations. 

Ultracentrifugation was performed (14) at 15~ in a 
Beckman L5-50 model ultracentrifuge (Beckman Instru- 
ments Inc, Palo Alt(~ CA) with a Ti-50 titanium rotor. 
Ethylenediaminetetraacetic acid (EDTA) (1 mg/mL), and 
butylated hydroxytoluene (BHT) (4.4/~g/mL) were added 
immediately before lipoprotein separation. Samples were 
overlayered with 0.15 M NaCl (d = 1.006 g/mL), and 
chylomicrons were discarded following two centrifuga- 
tions for 30 rain at 12,000 • g. In order to isolate the 
VLDL + LDL (very low density lipoproteins and low- 
density lipoprotein) fraction, the infranatant was adjusted 
to density 1.050 g/mL with solid KBr. The centrifugation 
was done at 100,000 • g for 20 h. The VLDL + LDL frac- 
tions were then washed by a further period of ultracen- 
trifugation at the same density. Before oxidation experi- 
ments, the purified lipoprotein fractions were dialyzed 
against 0.01 M phosphate buffer (pH 7.4) containing 0.15 
M NaC1, which was made oxygen-free by vacuum de- 
gassing followed by purging with nitrogen. 

Oxidation experiments were performed as described by 
Esterbauer et  al. (15). The EDTA/BHT-free dialyzed lipo- 
proteins were diluted with dialysis buffer to a final con- 
centration of 0.2 mg proteirdmL. The same concentrations 
were used for both experimental groups. Oxidation was 
initiated by addition of freshly prepared CuSO4 solution 
at various concentrations (5, 25 and 50 ~M). The kinetics 
of the oxidation of lipoproteins were determined by moni- 
toring the change in the 234 nm absorbance at 37~ on 
a spectrophotometer Uvikon 820 (Kontron, St-Quentin- 
en-Yvelines, France) using appropriate dilutions. The in- 
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itial absorbance at 234 nm was set to zero and the increase 
in absorbance was recorded. Thiobarbituric acid reactive 
substances (TBARS) were determined in lipoproteins (16) 
after  lipid peroxidation with 50 ~M CuSO4. Plasma Mg 
was determined with a Perkin-Elmer model 400 AAS after 
dilution in lan thanum chloride solution containing 1 g/L 
La. Triglycerides (Biotrol, Paris, France), cholesterol and 
phospholipids (Biombrieux, Charbonni~res-les-Bains, 
France} were determined in plasma by enzymatic  pro- 
cedures (17-19). Protein concentration of isolated lipopro- 
teins was determined by a modified Lowry method using 
bovine serum albumin, fraction V (Sigma, UIsle d'Abeau, 
France) as a standard {20). 

Results are expressed as means +_ SEM. Statistical 
significance of differences between means was assessed 
by Student's t-test. 

RESULTS A N D  DISCUSSION 

Mean final body weights of Mg-deficient and pair-fed con- 
trol rats  were 87 _ 3 and 96 +_ 2 g {mean +_ SEM; n -- 18; 
P < 0.01), respectively. Hypomagnesemia was usually ob- 
served in Mg-deficient rats  {0.13 _ 0.01 vs. 0.83 _ 0.03 
mM in control rats, P < 0.001). Triglyceride plasma levels 
were significantly higher in Mg-deficient rats than in con- 
trols, whereas plasma cholesterol was not  altered {Table 
1}. Hypertriglyceridemia observed in Mg-deficient animals 
was associated with a significant increase in the VLDL + 
LDL fraction levels {Table 1}. VLDL + LDL fractions 
from Mg-deficient ra ts  as compared to control rats  ex- 
hibited increased oxidation in vitro as monitored by con- 
jugated diene formation {Fig. 1) and by TBARS activi ty 
{Fig. 2). 

Previous studies from our laboratory have provided 
evidence that  experimental Mg deficiency in rats produced 
a dyslipoproteinemia characterized by increased plasma 
levels of VLDL and LDL and decreased plasma high-den- 
si ty lipoprotein (HDL) (13). The mechanisms behind the 
hyperlipemia of Mg-deficient rats have been addressed in 
several studies {6). A recent s tudy indicated that  decreased 
clearance of circulating triglycerides is a major mechanism 
contr ibuting to hyperlipemia in Mg-deficient rats (7}. The 
hypertriglyceridemic s ta te  in humans may act indirectly 
on the processes leading to atherosclerosis by influencing 
the metabolism and composition of intermediate densi ty 

lipoproteins, LDL and H D L (8). There are data  tha t  sug- 
gest tha t  delayed removal of TG RLP  in the hypertrigly- 
ceridemic state  might  contr ibute to development of car- 
diovascular disease by uptake of these particles by macro- 
phages (21). 

Our results demonstrate  tha t  Mg deficiency affects the 
susceptibility of TGRLP to in vitro peroxidation. Because 
both  LDL and VLDL undergo lipid peroxidation and rats 
have a relatively small amount  of LDL, we chose to in- 
vestigate the effect of Mg deficiency in rats  on in vitro 
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Effect  of Dietary Magnesium (Mg) on Concentrations of Plasma 
r  

Lipids and Lipoproteins a 
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Control Mg-deficient 
{mgllO0 mL) {mg/lO0 mL) 

Plasma a 
Triglycerides 76 • 8 290 _ 46 c 
Total cholesterol 44 • 4 47 • 8 

VLDL + LDL a 
Triglycerides 54 • 6 179 • 20 c 
Total cholesterol 14 • 1 30 • 3 c 
Phospholipids 20 • 2 56 -+ 6 c 
Proteins 15 • 2 30 • 4 b 
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aMeans of six determinations per group +_ SEM, VLDL, very low 
density lipoproteins; LDL, low-density lipoproteins. 

bSignificant difference from control rats, P < 0.01. 
CSignificant difference from control rats, P < 0.001. 
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FIG. 1. Rate of  formation of conjugated dienes during Cu ++ 
stimulated oxidation of very low density lipoprotein + low-density 
lipoprotein fractions isolated from control and magnesium (Mg)- 
deficient rats. The results represent the mean ( •  SEM) of s ix deter- 
minations per group. Those points that were significantly different 
between control and Mg-deficient rats are designated with an 
asterisk. *P < 0.01; **P < 0.001). 
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FIG. 2. Production of thiobarbiturie acid reactive substances 
(TBARS) during Cu ++ (50 ~M) stimulated oxidation of very low 
density lipoproteins -F low~lensity lipoprotein fractions isolated from 
control and magnesium (Mg)-deficient rats. The results represent the 
mean (__. SEM) of six determinations per group. Those points that 
were significantly different between control and Mg-deficient rats 
are designated with an asterisk. **P<0.001.  MDA, malondi- 
aldehyde. 

oxidation of the lipoprotein fraction containing both  LDL 
and V L D L  (22). P lasma  lipid peroxides have also been 
reported to be elevated in diabetic ra ts  when p lasma  
triglycerides are increased, with TBARS levels being 
elevated in lipoprotein fractions containing bo th  V L D L  
and LDL (23). Enhanced production of lipid peroxides may  
be a t t r ibutable  either to changes in the lipid composit ion 
or to a depleted lipoprotein ant ioxidant  sys tem (24). In  
l ipoproteins from Mg-deficient animals, there is an in- 
crease in triglyceride]protein and phospholipicYprotein 
rat ios (25) which could theoretically explain the higher 
rate of oxidation of llpopmteins. Other studies have shown 
changes in fa t ty  acid metabolism (2) and in fa t ty  acid com- 
posit ion of l ipoproteins in Mg-deficient ra t s  as compared 
to controls, i.e., an increased percent composit ion of 
linoleic acid (25). As no information is available concern- 
ing the influence of Mg on ant ioxidant  concentrat ion in 
lipoproteins, fur ther  studies will be  required to pinpoint  
the mechanism by which lipoprotein oxidation increases 
in Mg-deficient animals. 

Several studies indicate t ha t  TGRLP, when oxidized, 
become toxic to cells in culture and t h a t  oxidat ively 
modified apoB-containing lipoproteins play a role in t h e  
recrui tment  and retention of macrophages.  Macrophages 
themselves are responsible for oxidation and resultant tox- 
ici ty because of their  highly developed oxidation capaci- 
t y  (21,26). Recent studies have demons t ra ted  t ha t  such 
macrophages  are more abundant  in animals  fed diets low 
in magnes ium (5). Thus, increased oxidation of T G R L P  
combined with the increased abundance of macrophages  
in Mg-deficient animals  may  result  in excessive up take  
of the modified lipoproteins by the scavenger receptor, 

converting macrophages into foam cells. The results of 
this study suggest that the mechanism responsible for the 
atherogenicity and tissue damage characteristic of Mg 
deficiency may be mediated by increased susceptibility 
of TGRLP to peroxidation in hypertriglyceridemic ani- 
mals. 
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Inositol 1,4,5-Trisphosphate Accumulation in Brain 
of Lithium-Treated Rats 
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aDepartment of Neuropsychiatry, Ibaraki Prefectural Hospital, Tomobe, Ibaraki 309-17 and bFaculty of Pharmaceutical Sciences, 
Teikyo University, Sagamiko, Kanagawa 199-01, Japan 

The mechanism of action of lithium as a drug for patients 
with affective disorders was investigated. Three-week~ld 
male rats were orally administered 2.7 mEq Li2CO3/kg/d 
for 1 or 3 wk, and phosphatidylinositol (PI), phosphatidyl- 
inositol 4-phosphate (PIP), phosphatidylinositol 4,5- 
bisphosphate (PIP2), inositol phosphate (IP), inositol 
diphosphate (IP2) and inositol triphosphate (IP 3) levels in 
brain were measured. The levels of IP were increased 1.7 
and 2.4 times after 1 wk and 3 wk of lithium administra- 
tion, respectively, while PI, PIP, PIP 2, IP 2 and IP3 levels 
were not altered. IP 3 was further fractionated by high- 
performance liquid chromatography into I-1,3,4-P 3 and 
I-1,4,5-P3. In the control rat brain, the relative percent- 
ages of I-1,3,4-P 3 and I-1,4,5-P 3 were 95.8 and 4.2, respec- 
tively. However, after 3 wk of lithium administration, the 
values were changed to 69.6 and 30.3%, respectively. This 
increase in the neurotransducer I-1,4,5-P 3 in the brain 
may be relevant to the mechanism of action in the lithium 
treatment of patients with manic-depressive disorders. 
Lipids 28, 577-581 (1993). 

Lithium is used for the treatment of manic-depressive ill- 
ness and other psychiatric disorders (1). Although the 
mechanisms of the therapeutic action of lithium is not 
known, this treatment has various endocrine and meta- 
bolic effects on the brain (2). The effects of lithium on the 
metabolism of inositol phosphates (IPs) and inositol 
phospholipids (3) are among the possible mechanisms in- 
volved in the pharmacological action of lithium, since 
breakdown of inositol phospholipids plays a role in the 
transducing mechanism of receptor occupation by several 
neurotransmitters (4). Sherman et al. (5) discovered that  
lithium is a strong inhibitor of inositol phosphate 1-phos- 
phatase. Through this action, lithium administration 
causes the accumulation of inositol monophosphate and 
a decrease in the myoinositol level in rat brain (6). These 
findings suggest that lithium may inhibit the resynthesis 
of inositol phospholipids resulting in gradual depletion of 
the inositol phospholipids of the membrane. This might 
also gradually decrease the levels of IPs, which play an 
important role in signal transducing mechanisms (7). 
Clinical observations indicate that at least 2 to 3 wk of 
lithium treatment is required to achieve an effect in pa- 
tients with affective disorders (1). 

1Present address: Ishima Institute for Neurosciences, 11-7 Higashi- 
Sanchome, Kunitachi-Shi, Tokyo 186, Japan. 
*To whom correspondence should be addressed. 
Abbreviations: DPO, 2,5-diphenyloxazole; HPLC, high-performance 
liquid chromatography; HPTLC, high-performance thin-layer chro- 
matography; I-1,3,4-P 3, inositol 1,3,4-trisphosphate; I-1,4,5-P 3, 
inositol 1,4,5-trisphosphate; IP, inositol phosphate; I-l-P, inositol 
1-phosphate; IP 2, inositol diphosphate(s); IP 3, inositol triphos- 
phate(s); IP 4, inositol tetraphosphate(s); PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; PI, phosphatidylinositol; PIP, 
phosphatidylinositol 4-phosphate; PIP 2, phosphatidylinositol 4,5- 
bisphosphate; POPOP, 1,4-bis[2-(5-phenyloxazolyl)]benzene; TLC, 
thin-layer chromatography. 

The effects of chronic lithium administration on the 
levels of several phospholipids and inositol 1-phosphate 
(I-l-P), as well as an I-1-P phosphatase activity, in rat brain 
have previously been investigated (5). On the other hand, 
inositol triphosphate (IP3) levels have not yet been 
reported. Inositol-l,4,5-trisphosphate (I-1,4,5-P3) is known 
as a key transducer of input signals to output transmit- 
ters (8). We therefore estimated the levels of inositol 
phospholipids, i.e., phosphatidylinositol (PI), phospha- 
tidylinositol 4-phosphate (PIP) and phosphatidylinositol 
4,5-bisphosphate (PIP2) and of IPs, i.e. IP, inositol di- 
phosphates (IP2) and IP 3 in rat brain after chronic 
lithium administration. In particular, we examined the 
change in the ratio of I-1,4,5-P8 to I-1,3,4-P3 in IP3. A 
preliminary report has been published (9). 

MATERIALS AND METHODS 
Chemicals. Myo-[~H]inositol (2.96 TBq/mmol), D-myo- 
[2-3H]I-1-P (37 GBq/mmol), D-myo-[2-3H]inositol 1,4-bis- 
phosphate (37 GBq/mmol), and D-[2-3H]inositol 1,3,4,5- 
tetrakisphosphate (37 GBq/mmol) were purchased from 
Amersham (Buckinghamshire United Kingdom). I-1,3,4-P3 
(370 GBq/mmol), [2-3H-inositol]PIP (74-370 GBq/mmol), 
and [2-3H-inositol]PIP2 (74-370 GBq/mmol) were pur- 
chased from Dupont/New England Nuclear (Boston, MA). 
Precoated silica gel thin-layer chromatography (TLC) 
plates were purchased from Merck (Darmstadt, Germany). 
All other chemicals were of reagent grade; solvents were 
distilled before use. 

Chronic lithium administration. Three-week-old male 
Sprague-Dawley rats (eight rats per group) were orally ad- 
ministered with 2.7 mEq Li2CO3Jkg/d for one week or 
three weeks. At 24 h after the last administration, the rats 
were decapitated, and the brains were removed as soon 
as possible (within 15 s) and cooled in an ice-cold isotonic 
saline solution. After being blotted dry, the brains (1.5 to 
2.0 g) were weighed and homogenized in 4 mL of 5% 
(wt/vol) trichloroacetic acid for measurement of IPs or 4 
mL of 0.25 M sucrose for measurement of PI phosphates. 
A control group of eight rats was fed the same diet 
without lithium. 

Inositol polyphosphate analysis. The homogenized 
brains in 5% trichloroacetic acid were centrifuged for 5 
min at 1000 • g. Aliquots (1 mL) of supernatant solution 
were supplemented with 185 Bq of [3H]IP, [3H]IP2 and 
[3H]IP3. [3H]Inositol tetraphosphates (IP4) were also 
added for high-performance liquid chromatography 
(HPLC). Then the samples were extracted three times 
with 5 mL each of diethyl ether to remove the trichloro- 
acetic acid. 

Separation of inositol polyphosphates by ion exchange 
resin column chromatography. The samples were diluted 
with 5 mL of water for application to a Dowex-l-8X ion 
exchange column (Dow Chemical Co., Midland, MI) as 
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described by Downes and Michell (10). The column was 
eluted with 15 mL of water, 15 mL of 0.2 M ammonium 
formate/0.1 M formic acid (IP), 15 mL of 0.4 M ammonium 
formate]0.1 M formic acid (IP2) and 15 mL of 1 M am- 
monium formate]0.1 M formic acid (IPa, IP4). Aliquots 
were dissolved in scintillation fluid [Triton X-100/toluene 
(1:2, vol]vol) containing 8.6 g of 2,5-diphenyloxazole (DPO) 
and 0.26 g of 1,4-bis[2-(5-phenyloxazolyl)]benzene 
(POPOP)/2.4 L of Triton/toluene] and radioactivity was 
counted. The remainder was lyophilized and fractionated 
by HPLC. 

Separation of inositol polyphosphates by HPLC The 
lyophilized samples containing IP were diluted to 1 mL, 
and one-third was injected into the HPLC. A precolumn 
of silicic acid (4 X 250 mm; mounted before the injector 
loop), a Partisil SAX guard column (Whatman, Clifton, 
NJ; 4.6 • 50 mm) and a Partisil SAX HPLC separating 
column (4.6 • 250 mm; Cobert Associates, St. Louis, MO) 
were used as described by Wilson et al. (11). The column 
was eluted with a gradient system of (A) 50 mM am- 
monium formate, pH 3.8 and (B) 2.7 M ammonium for- 
mate" pH 3.8, as follows: 0 rain, 0% B; 10 min, 0% B; 30 
rain, 70% B; 50 min, 100% B; 70 min, 100% B; 70.01 min, 
0% B; flow rate 1 mL/min; fractions of 1 mL were collecteck 
Aliquots (0.5 mL) of each fraction were removed and to 
each aliquot was added 1 mL of water and 10 mL of scin- 
tillation fluid for radioactivity counting. Xylitol (20 umol) 
was added to the remainder of the samples to check 
recovery; then the samples were lyophilized. 

Digestion of inositol polyphosphates. After lyophiliza- 
tion, the dried residues were digested by alkaline phos- 
phatase (from bovine intestinal mucosa, Type 7-N, Sigma, 
St. Louis, MO) as described by Rittenhouse and Sasson 
(12). The incubation conditions were 20 mM ethanolamine" 
5 mM MgC12, 76 unit/mL of enzyme, pH 9.6, total 
volume ~L/tube at 37~ for 5 h. The samples were then 
desalted with Amberlite MB-2 (mixed ion exchange resin), 
and inositol was eluted with water. 

Derivatization and gas chromatography. The resulting 
inositol samples were dried under vacuum and 10 nmol 
of mannitol was added as an internal standard. Then half 
the sample was removed for radioactivity counting to 
check the recovery. The remainder was dried under N2. 
At this step, the recovery of [aH]inositol was 40-60%. 
Then 100 ~L of a mixture of dry pyridine, trimethylchloro- 
silane and hexamethyldisilazane (5:2:1, by vol) was added 
to each sample The samples were capped and heated for 
30 min at 55-60~ Then 3 mL of water and 3 mL of 
chloroform were added to each sample to extract the 
pyridine with water. The water phase was removed, and 
the chloroform phase was dried under an N2 flow. The 
residue was taken up in 2-3 ~L of hexane and 1 FL was 
injected at 260~ onto a 25-m capillary fused silica CBP-5 
column (Shimadzu Co., Tokyo, Japan) using He as carrier 
gas (column temperature, 210~ Inositol, xylitol and 
mannitol were quantitated by integration of the flame~ 
ionization detector peak areas. Final results were calcu- 
lated by considering separately the recoveries of xylitol, 
mannitol and [aH]inositol. 

PI extraction. Total lipids were extracted from the 
homogenate (0.8 mL), including 185 ~Bq of [aH]PI, with 
chloroform]methanol (1:2, vol/vol). The mixture was stir- 
red for 20 min, then 1 mL of chloroform and 1 mL of water 
were added to each sample The lower phase was collected, 

and the upper phase was reextracted twice with I mL of 
chloroform as described by Bligh and Dyer (13). 

PI separation~ The chloroform layer was evaporated, and 
the lipids were analyzed by two-dimensional TLC as 
described by Rouser et al. (14). The lipid fractions were 
detected under ultraviolet light after spraying the plate 
with 0.001% primuline in acetone]water {4:1, vol/vol). The 
PI fractions were scraped off the plate and placed into 
vials for radioactivity counting or into tubes to measure 
phosphorus content (14). 

PIP and PIP2 extraction. The homogenates including 
185 ~Bq of [3H]PIP and [3H]PIP 2 were washed twice 
with 7.5 mL of chloroform]methanol (1:1, vol/vol), (contain- 
ing 60 ~mol]g tissue of CaC12) to remove other major 
phospholipids [phosphatidylcholine (PC), phosphatidyl- 
ethanolamine (PE), etc.]. Then 5 mL of chloroform]meth- 
anol]cone HC1 (200:100:1, by vol) was added, and the sam- 
ples were stirred for 1 h. One mL of 1 N HC1 was added, 
and the mixture was stirred and centrifuged. The lower 
phase was collected and the upper phase and interface 
were reextracted twice with 3.5 mL of fresh lower phase. 

PIP and PIPe separation. The extract was dried under 
a stream of nitrogen and applied to high-performance thin- 
layer chromatography (HPTLC) plates which had been 
treated with oxalate and heated at 110~ for 30 min as 
described by Schacht (15). The developing solvent was 
chloroform]methanol]ammonia]water (90:70:5:15, by vol). 
The adsorbent bands were scraped off, and the phos- 
phorus contents or radioactivities were estimated as 
described above. 

Lithium analysis. Lithium concentration in blood sera 
and tissues was determined with a modified atomic ab- 
sorption spectrophotometric method developed for deter- 
mining lithium in blood serum (16). The atomic absorp- 
tion spectrophotometer used was a Model 703 (Perkin- 
Elmer Corp., Norwalk, CT) with either a single slot burner 
or a thre~slot burner. The lithium hollow-cathode lamp 
was obtained from Perkin-Elmer Corp. It was used at a 
wavelength of 668 nm, a slit width of 2, a scale expan- 
sion of 1 and a source current of 15 mA. The gas pressure 
was 8.5 lbs/in for N2, and the flow rate was 9 mL/s. Stan- 
dards were analyzed by adding lithium to control tissues 
and following the same procedure. 

Student's t-test. All experiments were repeated several 
times (n -- 3-8) and analyzed by Student's t-test. 

RESULTS 

The lithium content of rat brain after oral administration 
(2.7 mEq/kg/d) of lithium carbonate is shown in Table 1. 
The results are in excellent agreement with those of Sher- 
man et aL (5). The lithium content in the serum was ca. 
0.10 mEq/kg throughout the experiment. 

The levels of phosphoinositides were estimated relative 
to normal control levels after the 1st and 3rd wk of lithium 
administration. The results are shown in Figure 1. There 
was no significant difference in PI, PIP or PIP2 when 
compared with the normal levels in the brains at 1 wk and 
3 wk after initiation of lithium treatment. This result is 
in conflict with that of a previous report (17), but in agree- 
ment with the result of another (18). Though the turnover 
rates of PI, PIP and PIP2 were not determined, the rates 
of hydrolysis of inositol phospholipids seemed not to be 
significantly affected by lithium. 
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TABLE 1 

Lithium Content in Rat Brain After the Indicated Days 
of Administration a 

Days after Number Li in brain 
start of Li of rats (mEq/kg) 

1 4 0.337 _+ 0.11 
3 6 0.321 +__ 0.03 
5 5 0.213 +_ 0.03 
7 3 0.256 +- 0.05 

11 3 0.243 ___ 0.03 
15 3 0.293 +_ 0.01 
22 3 0.228 +- 0.02 

aThree-week-old male Spraque-Dawley rats were administered 
lithium carbonate at 2.7 mEq Li2CO3/kg/d. At 24 h after admin- 
istration, the rats were decapitated and the brains were removed 
immediately. Lithium content was estimated by atomic absorption 
spectrophotometry (Perkin-Elrner, Norwalk, CT, Model 703). Values 
represent the mean _ SEM. 

FIG. 2. The effect  of lithium on the levels of inositol phosphates 
(IP) in rat brain. Open bars, control; gray bars, Li-treated. IP, inositol 
diphosphate (IP 2) and inositol triphosphate (IP 3) were analyzed in 
rat brain homogenates as described in Materials and Methods. The 
different control levels of IP at 1 wk and 3 wk seem to reflect the 
developmental  s ta tes  of & and 6-wk-old rats. Results  are 
mean +--- SEM from 32 rats. Statist ical  significance is indicated by 
* P < 0.01 (Student's two sample t-test). 

FIG. 1. The effect of lithium on the levels of inositol phospholipids 
in rat brain. Open bars, control; gray bars, Li-treated. The methods 
for estimation of phosphatidylinositol (PI), phosphatidylinositol 
4-phosphate (PIP) and phosphatidylinositol 4,5-bisphosphate (PIP 2) 
in rat brain homogenates are described in Materials and Methods. 
Results are mean ___ SEM from 32 rats. Treated groups show no 
significant difference from the control by Student's two sample t- 
test,  P > 0.1. 

Furthermore~ we tested the effect of lithium on the IP, 
IP2 and IPs contents  of the rat brains (Fig. 2). The level 
of I-1-P rose about  1.7-fold from 109 • 29.2 to 187 • 9.7 
nmol/g tissue in rats after 1 wk of lithium administration 
and about 2.4-fold from 199 • 46.3 to 483 • 108.6 umol/g 
tissue after 3 wk of lithium administration. An  increase 
in I-1-P by chronic lithium t reatment  of the rats for 10 d 
was also observed by Sherman et  aL (5). IP2 showed no 
significant change {Fig. 2) in response to lithium. 

The level of IP  3 at  1 wk was increased from 9.7 • 1.4 
nmol/g tissue to 11.3 • 3.8 in the lithium group, while at 
3 wk, it was decreased from 10.4 • 0.4 to 7.9 • 1.0 umol/g 
tissue. However, the apparent decrease of IP3 upon 
chronic administration of lithium was not statistically 
significant {Student's t-test, P > 0.1). 

Next, IP  3 was fractionated into I-1,3,4-P3 and I-1,4,5-P3 
by HPLC {Fig. 3). As shown in Figure 3, the separation 
of these two IP3 was satisfactory. I-1,3,4-P3 accounted for 
95.8 +_ 2.7% of IP  3 in the control. On the other hand, 
after 3 wk of lithium administration, the proportion of 
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FIG. 3. Fraetionation of radioactive inositol phosphates on Partisil 
SAX high-performance liquid chromatography, a: Inositol; b: inositol 
1-phosphate; c inositol 4-phosphate; d: inositol 1,4-diphosphate; e: 
inositol 1,3,4-triphosphate; f: inositol 1,4,5-triphosphate; g: inositol 
1,3,4,5-tetraphosphate. The details of the experiment are described 
in Materials and Methods. 

I-1,3,4-P 3 in IP3 was decreased to 69.6 • 11.8%. Our ex- 
periments thus showed tha t  the proportion of I-1,4,5-P3 
in IP3 was increased from 4.2 to 30.4% of total IP  3 in the 
chronically lithium-administered rat brains, al though 
the total quant i ty  of IP  3 was not  significantly altered 
(Fig. 4). 

No significant amounts  of IP4 were detected in the 
normal or lithium-treated rat  brains. 

DISCUSSION 

Lithium carbonate was given orally to rats, mimicking the 
route by which patients with affective disorders are 
treated. The dose of 100 mg/kg/d of lithium carbonate~ 
amount ing to 2.7 mEq/kg/d, was a little smaller than 
that  used by other authors, such as Sherman et  as (5) 
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FIG. 4. The effect  of lithium on the inositol triphosphate composi- 
tion. Dotted bars: inositol 1,3,4~triphosphate (1,3,4-P3); gray bars: in- 
ositol 1,4,5-triphosphate (1,4,5-P3). I-1,3,4-P 3 and I-1,4,5-P 3 were frao 
tionated on a Partisil SAX high-performance liquid chromatography 
column as described in Materials and Methods. Inositol phosphates 
were digested with alkaline phosphatase and analyzed by gas-liquid 
chromatography as described in Materials and Methods. Results are 
mean +__ SEM from 24 rats. Statist ical  significance is indicated by 
*, P < 0.01 (Student's two sample t-test). 

(3.6 mEq/kg/d). Nevertheless, the distribution and concen- 
trat ions of lithium in the rat  were in excellent agreement 
with the results of Sherman e t  al. (5). Further, our routine 
clinical experience suggested tha t  this dose is sufficient 
for the effective long-term t rea tment  of pat ients  with af- 
fective disorders (19). 

Initially, we measured the contents of phosphoinositides 
in the rat  brains after  1 wk and 3 wk of lithium admin- 
istration as compared with those of normal rats and found 
no significant differences in the quantities of PI, P IP  and 
P IP  2. Previous studies on inositol phospholipid levels 
have yielded inconsistent  results. Joseph e t  al. (17) esti- 
mated a decrease in PI  from 3.8 to 2.9% in lithium- 
administered rat  brain, while Honchar  et  al. (18) found no 
significant change Although the turnover rates of PI, P IP  
and PIP2 were not  estimated, our data  are in agreement 
with those of Honchar  e t  aL (18). We intend to examine 
the metabolic rates of all inositol phospholipids as a next  
step for clarifying the lack of a decrease of PI, P IP  
and P I P  2. 

When we est imated the quantit ies of IP, IP2 and IP~, 
we found that  the quanti ty of IP rose about 1.7 times after 
1 wk and about  2.4 t imes after 3 wk of lithium admin- 
istration compared with the levels of normally fed rats. 
Renshaw e t  al. (20) and Honchar  e t  al. (18) reported in- 
consistent results concerning the effect of lithium ions on 
IP  phosphatase. Renshaw e t  al. (20) observed a doubling 
of IP  phosphatase act ivi ty after 24 d of lithium ad- 
ministrat ion to rats, while Honchar  e t  al. (18) found no 
significant increase in this enzyme in rat  cerebral cortex. 
This discrepancy is ra ther  difficult to explain. However, 
our experiments clearly showed a remarkable accumula- 
tion of IP  with chronic lithium administration (see Fig. 2). 

Then we fractionated IP  3 by HPLC into I-1,3,4-P3 and 
I-1,4,5-P 3. Meek (21) had reported tha t  in normal ra t  
brain, I-1,4,5-P a accounted for 80.5% of IP  3 after  decapi- 
tation, but  our results showed tha t  95.8% of IP3 was 
I-1,3,4-P 3. In platelets (22,23) and in pancreatic islets 
(24), most  of the IP 3 is present as I-1,3,4-P 3, which is in 
accordance with our result. Our key finding was that  after 
21 d of l i thium administration, the proportion of I-1,4,5- 
P~ in IP  3 had increased from 4.2 to 30.3%. This is a 
7.2-fold increase when compared with controls (Fig. 4). 
This increase in the physiologically active neurotransducer, 

I-1,4,5-P3, may play a key role in the therapeutic action 
of lithium in pat ients  with affective disorders. 

Our finding tha t  long-term administrat ion of lithium 
increased I-1,4,5-P3 and decreased I-1,3,4-P3, while the 
total  amount  of IP3 was unchanged, may imply tha t  
l i thium inhibits the conversion of I-1,4,5-P 3 to I-1,3,4-P3. 
Accumulation of I-1,4,5-P3 inside nerve cells causes the 
release of calcium ions from the endoplasmic reticulum 
of the cells into the inside of the axon terminals (4), which 
in turn causes the release of neurotransmitters  contained 
in the synaptic vesicles of the nerve ending into the synap- 
tic gaps (25,26). On the other hand, I-1,3,4-P 3 has a much 
weaker ability (co- 1/30) to mobilize the calcium ions from 
intracellular stores than does I-1,4,5-P3 (27). Worley e t  al. 
(28) demonstra ted the presence of high-affinity selective 
binding sites for I-1,4,5-P3 in rat  brain at a level 100-300 
times higher than in other  tissues. Moreover, they found 
heterogeneous localizations of the I-1,4,5-P 3 receptor in 
rat  brain, with particularly high concentrations of binding 
sites in the molecular layer of the cerebellum, prefrontal 
cortex, hippocampus and the superficial layers of the 
cerebral cortex. This could explain why lithium is so ef- 
fective in t reat ing depressive as well as manic disorders. 
The role of the cortex is commonly believed to be the in- 
tegration of sensory input information and modulation 
of ou tput  signals along the pathways (29,30). The lower 
basal ganglia of the brain, which influence emotions when 
st imulated directly (31), require integrative control from 
the upper cortex (32). Affective disorders may be at- 
tr ibuted to disorders derived from the cerebrum, especially 
the prefrontal cortex, leading to failure to control the basal 
ganglia adequately. An increased I-1,4,5-P 3 level might  
help to amplify the signals in a disordered patient to levels 
similar to those in normal individuals. Thus, disturbed 
neurons may recover normal functions. 
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In an attempt to clarify the mechanism of lipid accumula- 
tion in Mortierella ramanniana var. angulispora, diacyl- 
glycerol acyltransferase (DGAT) in the membrane frac- 
tion from this fungus was characterized. The enzyme had 
an optimum pH of 7.0-7.5, and enzyme activity was 
blocked by SH-reagents. Metal ions were not  essential 
for maintaining DGAT activity, n-Octyl-f3-~glucoside, 
3-[(~cholamidopropyl)dimethylammonio]-l-propanesulfo- 
nate and Tween 80 were found to preserve activity, while 
Triton X-100 and sucrose monolaurate inhibited it. As the 
inhibition of DGAT activity by Triton X-100 was overcome 
by the addition of diacylglycerol (DG), the dependency of 
DGAT activity on exogenous DG was determined in the 
presence of 0.1% Triton X-100. DGAT activity in the mem- 
brane fraction was traced in fungi cultured for different 
time periods or in media at different carbon to nitrogen 
(C/N) ratios. Al though the increase in total  lipid content 
with culture time was accompanied by an increase in 
DGAT activity, total  lipid changes related to changes in 
C/N ratio did not  correlate with DGAT activity. Factors 
other than DGAT activity in the membrane fraction 
would appear to be involved in the regulation of total lipid 
content  in this fungus.  
Lipids 28, 583-587 (1993). 

The enzyme" diacylglycerol acyltransferase (DGAT) cata- 
lyzes the final step in triacylglycerol (TG) biosynthesis. 
Although the enzyme activity has been studied in animal 
cells (1), higher plants (2,3) and in microorganisms (4), the 
physiological role of DGAT still remains unclear. One 
problem is to determine which enzyme is the rate-limiting 
step in TG synthesis, as DGAT (5-7) and phosphatidate 
phosphohydrolase (8-10) have been shown to play a rate- 
limiting role Another problem is to show how DGAT con- 
tributes to the fatty acid composition of TG. Some reports 
have shown that  DGAT has a broad acyl-donor specific- 
ity and that  the fatty acid incorporated at sn-3 position 
is dependent on the fat ty acid pool available to the en- 
zyme (3,11). Other reports have shown that some fat ty 
acids are preferentially incorporated into TG via DGAT 
in plants (12,13). 

MortiereUa genus has been found to have a high lipid 
content and to contain polyunsaturated fatty acids, such 
as y-linolenic acid (14-16). rLinolenic acid production by 
the fungus is so efficient that it has become an industrial 
method (14). Previous studies have characterized the fat- 
ty  acid incorporation into the lipids of Mortierella genus 
(17,18). It was shown that the fatty acids were effectively 
incorporated into TG of this fungus. Fatty acid incorpora- 
tion into TG may be partly mediated via phospholipids, 

*To whom correspondence should be addressed at Biological 
Chemistry Division, National Chemical Laboratory for Industry, 
Higashi 1-1, Tsukuba, Ibaraki 305, Japan. 
Abbreviations: CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]- 
1-propanesulfonate; C/N ratio, carbon to nitrogen ratio; DG, diacyl- 
glycerol; DGAT, diacylglycerol acyltransferase; EDTA, 
ethylenediaminetetraacetic acid; TG, triacylglycerol; TLC, thin-layer 
chromatography. 
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such as phosphatidylcholine, phosphatidylethanolamine 
and phosphatidylserine, as well as phosphatidic acid. 
DGAT is unique to TG biosynthesis; hence the properties 
of DGAT and the possible involvement of DGAT in the 
lipid accumulation in this fungus were examined. 

MATERIALS AND METHODS 

Materials. [1-14C]Oleoyl-CoA (58 mCi]mmol) was obtained 
from New England Nuclear Corporation (Boston, MA). 
Oleoyl-CoA was purchased from Sigma Chemical Co. 
(St. Louis, MO). Triton X-100 and Tween 80 were from 
Nacalai Tesque (Kyot~ Japan). n-Octyl-f3-D-glucoside and 
3-[(3-cholamidopropyl)dimethylammonio)-l-propanesulfo- 
nate (CHAPS) were from Dojin Pure Chemical Industries 
(Kumamot~ Japan). Sucrose monolaurate was obtained 
from Mitsubishi-Kasei Food Corp. (Tokyo, Japan). Silica 
gel G thin-layer chromatography (TLC) plates were ob- 
tained from Merck (Darmstadt, Germany). All other rea- 
gents were of analytical grade. 

Microorganisms. Mortierella ramanniana var. 
angulispora (IFO 8187) was obtained from the culture col- 
lection of the Institute of Fermentation (Osaka, Japan). 
The fungi were maintained on a yeast-extract/malt-extract 
agar medium. The liquid medium was basically as de- 
scribed previously (15), La, it contained 30 g glucose, 1.5 g 
(NH4)2SO4, 3 g K2HPO4, 0.3 g MgSO4"7H20, 0.1 g NaC1, 
5 g CH3COONa'3H20, 10 mg FeSO4"7H20, 1.2 mg 
CaCI2"2H20, 0.2 mg CuSO4"5H20, 1.0 mg ZnSO4"7H20, 
1.0 mg MnC12"4H20, 2 mg thiamine-HC1 and 0.02 mg 
biotin in 1 L of distilled water (pH 5.7). Cultures were 
grown in rotary shakers (180 rpm) at 30~ for specified 
periods. The carbon to nitrogen (C/N) molar ratio was 38. 
Different C/N ratios were attained by varying the amount 
of (NH4)2SO4 added to the medium. 

Preparation of membrane fractions. Fungal cells 
(100-300 mg dry cell weight) suspended in 20 mL of 10 
mM phosphate buffer (pH 7.0) containing 0.25 M sucrose 
and 1 mM ethylenediaminetetraacetic acid (EDTA) were 
homogenized with a Braun Homogenizer (Melsungen, 
Germany) together with 20 mL of glass beads (0.45-0.50 
mm diameters). The homogenates were centrifuged at 
1500 • g for 5 rain to remove cell debris and nuclei. The 
supernatant was centrifuged at 100,000 X g for 1 h. The 
pellet thus obtained was dissolved in 10 mM phosphate 
buffer (pH 7.0) containing 0.25 M sucrose, and again cen- 
trifuged at 100,000 • g for 1 h. The pellet was suspended 
in 10 mM phosphate buffer (pH 7.0) containing 0.25 M 
sucrose, and all suspensions were stored at -20~ until 
use This membrane fraction served as the enzyme source 

DGATassay. The assay mixture contained 10 mM phos- 
phate buffer (pH 7.0), 150 mM KC1, 3.4 ~M (0.2 ~Ci/mL) 
[1-14C]oleoyl-CoA, 1 mM 1,2-diolein, 0.1% Triton X-100 
and appropriate amounts of the membrane fraction in a 
final volume of 100 ~L. In initial experiments, no 1,2- 
diolein or Triton X-100 was added to the reaction mixtur~ 
When necessary, 10 mM acetate buffer or 10 mM Tris buf- 
fer was used to adjust the pH of the assay mixture The 
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reaction was carried out at 30~ for 5 min unless other- 
wise stated, and was stopped by the addition of 3 mL of 
chloroform]methanol (1:2, vol]vol). Lipids were extracted 
by the method of Bligh and Dyer (19) and separated by 
TLC on Silica gel 60 plates with benzene/diethyl ether/ 
ethanol/NH 3 (50:40:2:0.5, by vol} as the first solvent, and 
hexane/diethyl ether (94:6, vol/vol) as the second solvent 
for developing the plates from the bottom up both times 
in the same direction (20). Radioactivity in TG was deter- 
mined with a Beckman (Fullerton, CA) liquid scintilla- 
tion system (model LS1701) with automatic quenching 
correction. 

Other methods. Dry cell and total lipid content were 
measured and expressed in weight units as described 
previously (15). Protein was measured by the method of 
Bradford (21). The amount of each lipid class was deter- 
mined from its fatty acid content measured by gas-liquid 
chromatography using heptadecanoic acid methyl esters 
as internal standards (17). 

RESULTS AND DISCUSSION 

In the present study we characterized DGAT activity in 
membrane fractions of Mortierella rarnanniana var. 
angulispora. Although DGAT has been extensively 
studied in mammalian and plant cells, information on 
DGAT in fungi is quite limited. 

The time course of radioactive TG formation from ex- 
ogenous [1-14C]oleoyl-CoA was measured in the mem- 
brane fraction {Fig. 1). The TG formation was linear for 
5 min when using at least 20 pg protein. Figure 1 also 
shows that TG formation is dependent on the amount of 
protein at a fixed time of 5 rain. The optimum pH for the 
DGAT activity was 7.0-7.5, this being essentially the 
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FIG.  1. Time course of the incorporation of olcate from [1-14C] - 
oleoyl-CoA into triacylglycerol by a membrane fraction obtained from 
fungai cells cultured for 5 d. Membrane fractions containing 10 ;~g 
protein (O), 20/~g protein ( �9 ) or 40 ~g protein (A) were incubated with 
[l-14C]oleoyl-CoA for the t ime periods indicated. The assay mixture 
did not contain exogenous diacylglycerol or Triton X-100, as described 
in Materials and Methods. Data are presented as means of duplicates. 
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FIG. 2. Effect  of oleoyl-CoA concentration on the incorporation of 
oleate from [1-14C]oleoyl-CoA into triacylglycerol. Diacylglycerol 
acyltransferase (DGAT) activity was  assayed using the membrane 
fraction (20 ~g protein) which was obtained from fungal cells cultured 
for 5 d. The assay mixture  did not contain exogenous diacylglycerol 
or Triton X-100 as described in Materials and Methods. Data  are 
presented as means of duplicates. 

same as the optimum pH range previously reported 
(2,22,23). The effect of oleoyl-CoA concentration on the 
incorporation of oleate from [1-~4C]oleoyl-CoA into TG is 
shown in Figure 2. Substrate saturation was reached at 
about 200 ~M. 

The effects of reagents on DGAT activity are shown in 
Table 1. There was neither stimulation of DGAT activity 
by Mg 2+ nor inhibition by EDTA. DGAT activity de- 
creased by about one-half by the addition of SH-reagents, 
as previously described (24,25). 2~ifluoperazine, which 
caused a decrease in [1-14C]fatty acid incorporation into 
TG in the intact fungal cells (18), did not change the 

TABLE 1 

Effect  of Addit ives  on Diacylglycerol  Acyltransferase (DGAT) 
Act iv i ty  in the Membrane Fraction from Mortierella ramanniana 
vat. angulispora 

DGAT act ivi ty ~ 
Addit ives (% of control) 

Mg 2+ (5 mM) 104 
EDTA (5 raM) 93 
N-Ethylmaleimide (i mM) 66 
Dithiothrei tol  (1 mM) 45 
Ethanol  (2%) 102 
Trifluoperazine (0.5 mM) in 2% ethanol  98 

aThe membrane fraction (20 ~g protein) obtained from fungal cells 
cultured for 5 d was incubated for 5 rain with [1J4C]oleoyl-CoA 
without addition of exogenous diacylglycerol or Triton X-100. EDTA, 
ethylenediaminetetr aacetic acid. 
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TABLE 2 

Effect of Detergents on DGAT Activity in the Membrane Fraction 
from Mortierel la ramanniana  vat. angulispora 

DGAT activity a 
Detergents (% of control) 

n-Octylglucoside (0.1%) 117 
(0.2%) 96 

CHAPS {0.05%) 128 
(0.1%) 72 

Tween 80 (0.05%) 87 
(0.1%) 91 

Triton X-100 (0.05%) 25 
(o.1%) 28 

Sucrose monolaurate (0.05%) 15 
(0.1%) 10 

aThe membrane fraction (20 ~g protein) obtained from fungal cells 
cultured for 5 d was incubated for 5 min with [1-14C]oleoyl-CoA 
without addition of exogenous diacylglycerol or Triton X-100. 
DGAT, diacylglycerol acyltransferase; CHAPS, 3-[(3-cholamido- 
propyl)dimethylammonion]- 1-propanesulfonate. 

activity. This is consistent with the interpretation tha t  
phospholipid acylation, rather than diacylglycerol (DG) 
acylation, is affected by trifluoperazine" which eventually 
leads to inhibition of TG biosynthesis. 

While searching for a suitable detergent for solubiliz- 
ing the enzyme, the effects of various detergents on DGAT 
activity were tested (Table 2). n-Octyl-/3-D-glucoside, 
C H A P S  and Tween 80 did not  inhibit DGAT activity, 
whereas Triton X-100 and sucrose monolaurate greatly in- 
hibited this activity. Inhibition of DGAT activity by 
Triton X-100 has been reported for preparations from 
higher plants (2,3). DGAT activity from rat liver has been 
solubilized with Triton X-100 (26) and DGAT from soy- 
bean cotyledons with C H A P S  (27). 
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FIG. 3. Diacylglycerol (DG) dependency of DG acyltransferase 
(DGAT) activity in the presence of 0.1% Triton X-100. DGAT activi- 
ty was assayed using a membrane fraction (20 ~g protein) which was 
obtained from fungal cells cultured for 5 d. The assay was done in 
the presence of 0.1% Triton X-100 with increasing concentrations of 
exogenous 1,2-diolein as described in Materials and Methods. Data 
are presented as means of duplicates. 

In the DGAT assay systems used, DGAT activity could 
not  be shown to be dependent on exogenously added 
1,2-diolein, possibly because exogenous DG had no access 
to the enzym~ This interpretation is consistent with the 
results of other studies in which it was difficult to show 
tha t  exogenous DG was a substrate of the enzyme (2,24). 
Neither could DG dependency of the enzyme activi ty be 
demonstrated when DG was administered as ethanol solu- 
tion. However, DG dependency of DGAT could be demon- 
strated in the presence of detergents (28). 

As is evident from Table 2, Triton X-100 and sucrose 
monolaurate inhibited DGAT activity. To determine 
whether exogenous DG could overcome the inhibition of 
DGAT by Triton X-100, DGAT activity was measured at 
various concentrations of 1,2-diolein in the presence of 
0.1% Triton X-100 (Fig. 3). Figure 3 shows tha t  DGAT 
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FIG. 4. Diacylglycerol acyltransferase (DGAT) activity in the mem- 
brane fraction and lipid accumulation during culture. DGAT activi- 
ty shown in the lower panel was assayed for 5 min in the presence 
of 0.1% Triton X-100, 1 mM 1,2<liolein and 3.4 ~M (0.2 ~Ci/mL) 
[l-14C]oleoyl-CoA using a membrane fraction (20 ~g protein) obtained 
from fungal cells cultured for the time periods indicated (means of 
duplicates). Triacylglycerol formation was linear for 5 min in all the 
assays. Dry cell weights (o) and total lipids (O) from fungal cells 
cultured for the indicated time periods are shown in the center panel 
(means of duplicates). Lipid content (total lipids/dry cell weight) is 
shown in the upper panel (means of duplicates). 
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act ivi ty increased with the amount  of exogenous DG 
added and reached a plateau at  1 mM 1,2-diolein. This 
could be interpreted to mean tha t  Triton X-100 disperses 
both  endogenous and exogenous DG and makes them ac- 
cessible as substrates. To improve the DGAT assay so that  
DGAT act ivi ty would not  be dependent  on the amount  
of endogenous DG in the membrane fraction, 0.1% Triton 
X-100 and I mM 1,2-diolein were therefore included in the 
assay system. 

The effect of culture t ime on DGAT activi ty is shown 
in Figure 4. Fungal cells proliferated throughout  the 
incubation period of 5 d. Lipid synthesis  followed with a 
slight delay. The lipid content measured as total lipids/dry 
cell weight was highest in the early s ta t ionary growth 
phase, as is typical for lipid accumulation in oleaginous 
fungi {29}. Lipid accumulation, which is associated with 
increased conversion of carbon substrate  into lipids, may 
be par t ly  due to the depletion of nitrogen in the media 
(29}. Figure 4 shows tha t  DGAT act ivi ty  increased with 
culture time, which was accompanied by an increase in 
total  lipid content,  which peaked at  day 4. The increase 
in total  lipid content  was primarily due to TG formation 
{Table 3), suggesting tha t  DGAT activity could be related 
to the amount of TG produced. DGAT activity in the solu- 
ble fraction (supernatant  of 100,000 X g centrifugation) 
on day 5 was 8.4% of the DGAT activity in the membrane 
fraction on day 5, indicating that  membrane-bound DGAT 
act ivi ty was essential to TG formation in this fungus. 

To shed light on the possible relationship between 
DGAT activi ty and lipid accumulation, DGAT act ivi ty 
under modified culture conditions tha t  could affect lipid 
accumulation was also followed. When the C/N ratio of 
the culture medium was increased, which is known to af- 
fect lipid accumulation {29-31}, it also resulted in lipid ac- 
cumulation in our system {Fig. 5). The increase in C/N 
ratio in the medium also changed DGAT activity. How- 

TABLE 3 

Changes in Lipid Class Distribution as Function of Culture Time 
in Mortierel la ramanniana  vat.  angulispora 

Amount of each lipid class a 
(~mol/g dry cell weight) 

Lipids b 1 Day 5 Days 8 Days 

TG 83.7 (55.6%) 330.3 (82.8%) 344.6 (82.2%) 
DG 5.7 (3.8%) 30.6 (7.7%) 31.2 (7.4%) 
SE 8.1 (5.3%) 7.1 (1.8%) 13.0 (3.1%) 
FFA 4.3 (2.8%) 5.3 (1.3%) 4.8 (1.1%) 
PC 13.3 (8.8%) 6.6 (1.6%) 6.8 (1.6%) 
PE 18.6 (12.4%) 8.1 (2.0%} 7.5 (1.8%) 
PS 4.7 (3.1%) 2.1 (0.5%) 1.8 (0.4%) 
PI 2.2 (1.5%) 2.4 (0.6%) 2.8 (0.7%} 
GL c 10.1 (6.7%) 6.9 (1.7%) 6.9 (1.6%) 

Total 150.8 399.0 419.7 

aValues for 1 d and 8 d were calculated from data previously 
reported by us {Ref. 18). Values are expressed as means of triplicates. 
bTG, triacylglycerol; DG, diacylglycerol; SE, steryl ester; FFA, free 
fatty acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; 
PS, phosphatidylserine; PI, phosphatidylinositol; GL, glycolipids. 
Free sterol was also detected in the fungal lipids. 
CThe GL fraction was composed of a major unidentified GL and 
several minor fractions. The amount of GL was calculated on the 
assumption that GL had one fatty acid moiety. 
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FIG. 5. Effect of carbon to nitrogen (C/N) ratio on diacylglycerol 
acyltrausferase (DGAT) activity in the membrane fraction and on 
lipid accumulation. DGAT activity shown in the lower panel was 
assayed for 5 min in the presence of 0.1% Triton X-100, 1 mM 
1,2-diolein and 3.4 ~/1 (0.2 ~Ci/mL) [1-14C]oleoyl-CoA using a mem- 
brane fraction (20 pg protein) obtained from fungni cells cultured 
for 4 d (o) or 5 d (O) at the indicated C/N ratios (means of duplicates). 
Triacylglycerol formation was linear for 5 rain in all the assays. Dry 
cell weight ( �9 ) and total lipids (O) from fungal cells cultured for 5 
d at the indicated C/N ratio are shown in the center panel (means 
of duplicates). Lipid content (total lipids/dry cell weight) is shown 
in the upper panel (means of duplicates). 

ever, the pa t te rn  of changes in lipid content  did not  
necessarily correlate with DGAT activity, indicating tha t  
the relationship is not  necessarily direct, but  seems more 
complex. 

In the present study, a crude membrane fraction served 
as the enzyme source The amount  of lipid in the mem- 
brane fraction was 1.5 - 0.5 mg lipids/mg protein (n -- 3). 
TG and DG amounted to about  70 and 7% of total  lipids, 
respectively, as es t imated by TLC densi tometry  (32). 
Taken together, it  appears tha t  DGAT act ivi ty in the 
membrane fraction does not  directly correlate with ac- 
cumulation of TG in the fungus. How DGAT act ivi ty is 
regulated by  membranes rich in neutral  Upids will still 
need to be determined. 
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Lipid Biosynthesis in Cultured Arterial Smooth Muscle Cells 
Is Related to Their Phenotype 
Eric Dusserre, Marie.Claude Bourdillon*, Maryvonne Ciavatti, Chantal Covacho and Serge Renaud 
National Institute of Health and Medical Research, INSERM U63, Nutrition and Vascular Pathophysiology Unit, F-69675 
Bron-Lyon, France 

During the atherogenic process in vivo, arterial smooth 
muscle cells (SMC) undergo changes in their phenotype. 
In the present study, rat SMC from primary cultures and 
from subcultures before 10 and after 200 passages, show- 
ing contractile4ike, synthetic and transformed phenotypes, 
respectively, were compared in regard to their lipid con- 
tent and biosynthesis. The rationale for comparing these 
phenotypes rests in the similar changes in phenotype of 
SMC that occur in the formation and progression of 
atherosclerotic lesions. Phenotype changes were shown to 
be associated with changes in the phospholipid content of 
SMC. Phospholipid levels increased, but not as signifi- 
cantly as did cholesterol levels when passing from contrac- 
tile to synthetic and transformed cells (1.23+---0.18, 
2.28-----0.26 and 3.25 +_ 0.23 ~g/10 ~ cells, respectively). 
Cholesterol normalized in respect to cell protein was in- 
creased to the same extent. Lipid synthesis as judged by 
[14C]acetate incorporation was increased 3- to 12-fold in 
the synthetic and transformed cells, respectively, compared 
to contractile cells. After thin-layer chromatography, 
radioactivity was shown to be markedly increased in most 
of the lipid fractions, but label in the cholesterol fraction 
of synthetic and transformed cells was increased by 7- and 
21-fold, respectively. Thus, SMC in vitro were shown to 
drastically increase cholesterol biosynthesis associated 
with phenotype changes. Such changes are known to oc- 
cur/n v/vo and might represent a critical step in the deposi- 
tion of excess cholesterol within foam cells. 
Lipids 28, 589-592 (1993). 

Arterial smooth muscle cells (SMC) play a key role in atherc~ 
genesis (1-4). During the initial stages of the process, SMC 
migrate into the intima, proliferate and produce abundant 
extracellular matrix components (5,6). Later on, SMC are 
transformed into foam cells by accumulating lipids. These 
processes are conditioned by the change in the SMC 
phenotypic state (7,8). The adult contractile phenotype 
"dedifferentiates" into a synthetic phenotype expressed in 
both atherogenic and remodeling processes. Conversely, dtm 
Lug the normal organogenesis, the fetal "primary" synthetic 
SMC differentiate into a contractile state in adult artery (9). 
Arterial SMC in vitro undergo similar changes from the 
contractile4ike to the synthetic stat~ which is characterized 
by changes in cytoskeletal and cytoenzymatic features 
(5,7,10). 

Because an important characteristic of the foam cell 
transformation in vivo is the accumulation of cholesterol, 
it seems of interest to determine whether the in vitro 
transformed SMC would exhibit similar characteristics. The 
lipid metabolism of cultured SMC has previously been re  

*To whom correspondence should be addressed at INSERM, Unit 
63, 22 Ave. Doyen I_hpine, C.P. 18, F-69675 BRON Cedex, France. 
Abbreviations: 1,2-DG, 1,2<liacylglycerols; 1,3-DG, 1,3-diacylglycerols; 
FFA, flee fatty acids; HMG-CoA, 3-hydroxy-3-methyl glutaryl coen- 
zyme A; MEM, minimum essential medium; PDGF, platelet-derived 
growth factor; SMC, smooth muscle cells; TG, triacylglycerols. 

ported to be related to regulating factors, such as athero- 
genic lipoproteins (11,12), eicosanoids (13) or tumor necrosis 
factor (14). Only a few studies have correlated SMC in the 
contractile or synthetic state with changes in lipid metab~ 
lism (11,13). Rat aortic SMC have been shown to generate 
a transformed phenotype which expresses tumorigenic p~ 
tential as well as some similarities with rapidly proliferating 
cells (15). This transformed cell model is remarkable in the 
light of the transforming elements detected in arterio- 
sclerotic plaques (16), and accounts for Benditt's atherogenic 
monoclonal hypothesis (17). 

The aim of the present study was to compare the phos- 
pholipid and cholesterol contents and lipid biosynthesis in 
"contractile-like, . . . .  synthetic" and "transformed" SMC 
phenotypes in culture 

MATERIALS AND METHODS 
General [U-14C]Acetic acid, sodium salt (95mCi]mmol) 
was purchased from the Commissariat & rEnergie Atomi- 
que (Saclay, France). Minimum essential medium (MEM) 
with Earle's salts, antibiotics and L-glutamine were ob- 
tained from BioM~rieux (Marcy l'Etoile, France). Calf 
serum and trypsin were from GIBCO (Life Technologies 
Ltd., Paisley, Scotland). Silica gel plates (G60, 20 • 20 cm) 
were obtained from Merck (Darmstadt, Germany). Radio- 
activity was scanned with an Intertechnique liquid scin- 
tillation scanner, model SL 3000 (Kontron, St. Quentin 
Yvelines, France). Cells were counted in a Coulter counter 
(ZBI Coulter, Coultronics, Margeney, France). Protein con- 
tent was measured according to Lowry et  al. (18). 

Cell culture. Aortic SMC were obtained from 6- to 10- 
week-old rats (19). Thoracic aorta was dissected and SMC 
dispersed into single cells by collagenase (2 mg/mL, CLSI 
from Worthington Biochemical Corp., Freehold, N J) and 
elastase (0.4 mg/mL, type III  from Biosys, Compi~gne, 
France). Cells were seeded in Petri dishes (35 mm) or 6-well 
plates (3-5 • 104 cells/cm2). Cells were grown in MEM 
medium supplemented with 10% newborn calf serum, 
penicillin/streptomycin (100 units/mL and 50 ~g/mL, 
respectively) and glutamine (2 mM). Medium was renewed 
three times a week. Secondary cultures were initiated after 
either low or high passages using trypsin (0.08%). 

SMC in vitro showed numerous morphological and func- 
tional changes characteristic of the modulation from the 
contractile to the synthetic phenotype. Cells in primary 
culture (Fig. 1A) exhibited "contractile-like" properties. 
Thus, they were considered as the contractile SMC model 
of normal adult aorta. Subcultured vascular SMC from 
the second to the seventh passage (Fig. 1B) displayed the 
same "synthetic state" as SMC from the diffuse intimal 
thickening or the embryonic aorta (9,10). They retained 
several important features of vascular SMC in situ, Le., 
a well-developed microfilament system, vimentin-type in- 
termediate filaments, desmin and a-actin cytoskeletal 
markers. In the present study, synthetic state cells at 5-10 
passages were used. The third SMC model described 
as "transformed phenotype" was obtained from two 
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Cholesterol and phospholipid analysis. Cells were sam- 
pied in the confluent state, after trypsinization and cell 
counting. The cell numbers in contractile, synthetic and 
t ransformed cells were 175+_11, 170+_ 19 and 
257 +_ 16 X 103 cells/cm ~, respectively. Lipids were ex- 
tracted according to a modification of the Folch et al. (20) 
method: 1 mL of the cell suspension was added to 25 mL 
of dichloromethane/methanol (2:1, vol/vol) and 5 mL of 
NaC1. After decantation, the organic phase was evapor- 
ated. Total phospholipids were assayed by the colorimetric 
method according to Stewart (21). Free cholesterol was 
assayed using the Omodeo-Sale et al. (22) method. 

Cholesterol biosynthesis.  At confluence, SMC cultures 
from the three different phenotypes were labeled during 
60 min ~vith [U14C]acetic acid (2 ~CiImL) in MEM § 10% 
newborn calf serurrL Lipids were extracted by the modified 
Folch method and analyzed. The radioactivity of the total 
lipid fraction was measured on a sample of the lipid ex- 
tract (20 ~L), which was added to 8 mL of scintillating 
mixture composed of 4 g of diphenyloxazole (J.T. Baker 
Chemicals, Deventer, Holland), 0.2 g of 1,4 di(2-(5phenyl- 
oxazolyl)benzene) (Koch Light Laboratories Ltd., Coin- 
brook, Bucks, England) and toluene (1000 mL). 

The different lipid fractions were separated according 
to Kunz (23) by one-step one-dimensional thin-layer chro- 
matography using silica gel plates. After development, the 
plates were air-dried and the lipid fractions were stained 
with I2. Radiolabelled fractions were detected by auto- 
radiography (Film Kodak, XRay, Eastman Kodak Co., 
Rochester, NY). Silica gel bands were scraped off and 
radioactivity was quantitated by liquid scintillation 
counting. 

Statist ical  analysis. The significance of differences be- 
tween the SMC phenotypes were computed using the un- 
paired Student's t-test. Results are presented as means 
+_ SEM. 

FIG. 1. Phase-contrast micrographs of the three cell phenotypes, ex- 
hibiting monc~ and multi-layered areas ("hill and valley pattern"), 
typical of arterial smooth muscle cell growth (Refs. 1,15). At con- 
fluency, the elongated "contractUe-like" cells in primary cultures (A) 
are clearly distinct from the spreaded "synthetic" cells of secondary 
cultures (Passage 6, B) and packed "transformed" cells displaying 
scattered giant cells (Passage 215, C}. Magnification, X229.6. 

established cell lines originating from high-passaged rat 
aortic SMC (Fig. 1C). In addition to their synthetic fea- 
tures, these two cell lines exhibit immortalized and 
tumorigenic properties (15). The cells presently used were 
over 200 passages old. 

RESULTS 

The different phenotypes (contractile-like, synthetic and 
transformed cells) exhibited three distinct morphological 
patterns (Fig. 1). In contractile cells, the protein mass 
seemed mainly associated with the myofilament compart- 
ment (Fig. 1A), whereas there were large amounts of rough 
endoplasmic reticulum in synthetic and transformed cells 
(Fig. 1B and 1C). The cholesterol content of contractile- 
like SMC was extremely low (1.23 +_ 0.18 ~g/106 cells). It 
increased approximately two- to threefold in synthetic and 
transformed cells, respectively (Fig. 2). The contractile- 
like cells were richer in phospholipids (8.0 - 0.5 ~g/106 
cells, Fig. 2) than in cholesterol. The phospholipid content 
was moderately increased to 10.1 + 0.9 and 13.2 +_ 1.7 
~g/106 cells in synthetic and transformed cells, respec- 
tively (Fig. 2). This increase was significant only in trans- 
formed SMC (P < 0.05). The protein content of contrac- 
tile, synthetic and transformed cells was 53 +- 3.7, 58.7 
+- 7.5 and 55 _ 3.8 /~g/106 cells, respectively (n -- 6). 
When cholesterol was normalized in respect to the cell pro- 
tein content, the cholesterolIprotein ratio was increased 
1.7-fold in synthetic and 2.6-fold in transformed cells, vs. 
1.8- and 2.7-fold, when normalized in respect to cell num- 
ber as shown in Figure 2. 

Lipid synthesis followed by [14C]acetic acid incorpora- 
tion into total lipids was particularly low (2236 +_ 362 
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CHOLESTEROL AND SMOOTH MUSCLE CELL MODULATION 
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FIG.  2. Changes  in free cholesterol  and phosphol ip id  content  in 
contractile-l ike (full bars, n --- 7), synthet i c  (hatched bars, n = 7} and 
transformed (open bars, n -- 8) s m o o t h  musc le  cel l  p h e n o t y p e s  in 
culture. Values are means  • SEM.  Significance: P < 0.05 (*); P < 0.01 
(**); P <  0.001 (***). NS,  not  s ignif icant .  
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FIG.  3. [14C]Acetic acid incorporat ion into  the tota l  l ipids of  
contractile-like (full bars, n = 5), synthet ic  (hatched bars, n = 11) and 
trans formed (open bars, n = 12) s m o o t h  musc le  cel l  p h e n o t y p e s  in 
culture. Values are means  • SEM.  Signif icance:  P < 0.01 (**). 
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FIG.  4. [14C]Acetic acid incorporation into  di f ferent  l ipid fract ions  
of  contracti le- l ike (full bars, n = 5), s y n t h e t i c  (hatched bars, n --  11) 
and transformed (open bars, n = 12) smooth  muscle  cell  phenotypes  
in culture. PL, phosphol ipids;  MG,  monoacylg lycero ls ;  CHOL, 
cholesterol;  DG 1,2, 1,2-diacylglycerols; DG 1,3, 1,3-diacylglycerois; 
FFA, free fa t ty  acids; TG + CE, triacylglycerols + cholesteryl esters. 
Values are means  ___ SEM.  Signif icance:  P < 0.05 (*); P < 0.01 (**); 
P <  0.001 (***}. 

cpm/h/106 cells) in slowly proliferating contractile-like 
SMC (Fig. 3). Total lipid synthesis was increased threefold 
in the synthetic SMC {P < 0.01) and twelvefold in the 
transformed cells (P < 0.01). Lipid synthesis associated 
with various lipid fractions, namely mono- and diacyl- 
glycerols, phospholipids, fatty acids, free and esterified 
cholesterol (+ triacylglycerols), was low in contractile-like 

cells, but was much greater in actively proliferating modu- 
lated SMC (Fig. 4). In transformed cells, the biosynthesis 
was increased 12-fold for phospholipids (P < 0.01), 21-fold 
for free cholesterol (P < 0.05) and 7-fold for cholesteryl 
esters and triacylglycerols (P < 0.001). In synthetic SMC, 
[14C]acetate incorporation was enhanced 7-fold in the free 
cholesterol fraction. In the present experiments, [14C]- 
acetate incorporation predominantly occurred into the free 
cholesterol fraction, which reached 25.4% (+_6.6) in con- 
tractile-like cells, but 51.7% (+_3.4) and 42.6% (+_3.5) in syn- 
thetic and transformed cells, respectively. 

DISCUSSION 

The present study clearly indicates that cultured SMC of 
different phenotypes, namely contractile synthetic and 
transformed, exhibit marked differences in their lipid con- 
tent, especially cholesterol, apparently owing to a large 
increase in lipid biosynthesis. Of interest is that an in vivo 
phenotype modification of SMC in arteries, similar to that 
observed here in rat aortic cultures after numerous pass- 
ages, seems to be one of the primary events in athero- 
genesis (1-3,5,7). A spontaneous change in cell phenotypes 
was also observed in long-term culture SMC lines originat- 
ing from bovine carotid artery (24). Of additional interest 
is that in SMC in atherosclerotic plaques, it is also cho- 
lesterol and cholesteryl esters that  primarily accumulate 
(25), rather than phospholipids. Therefore, it would seem 
that  the accumulation of cholesterol shown in SMC, 
without increased levels of cholesterol in its environment, 
could result from the proliferation and transformation of 
these cells, at least as concluded from the present in vitro 
experiments on rat aortic SMC. 

To date very few studies have examined the conse- 
quences of in vitro SMC dedifferentiation on cellular lipid 
metabolism (11-13). The present findings in rat confirm 
the previous work of Tabacik et  al. (26) in SMC from rab- 
bits that  indicated that cholesterol biosynthesis was 
markedly increased in synthetic cells compared to con- 
tractile cells. Nevertheless, near the end of the culture life 
i.a, at 16 passages, the authors observed a drastic decrease 
in cholesterol production that was not noted under our 
conditions. This could be explained either by the fact that 
we used cells before 10 or after 200 passages, but not at 
16 passages, or that  we used cell numbers as the quan- 
titative reference instead of protein mass (26). Cellular and 
matrix proteins are known to be increased with increas- 
ing passages (4,8). For these reasons, as did Campbell et  
al. (11), the results have been expressed on the basis of 
cell number rather than cell protein, because of the marked 
changes that  occur in the type of cellular organelles with 
changes in the SMC phenotyp~ Nevertheless, when cells 
passed from the contractile to the synthetic and the 
transformed states, normalization of cholesterol in respect 
to either cell protein or cell count showed a similar increase 
{1.7 and 2.6, vs. 1.8 and 2.7, respectively). 

We noted a low turnover of triacylglycerols (TG) in con- 
tractile cells, as was observed in myotubes during 
myogenic differentiation, contrasting with a large store 
of TG in myoblasts (27). Thus, in spite of their different 
structure and function, synthetic SMC and mononucleate 
myoblasts seem to share enhanced neutral lipid accumula- 
tion. The diacylglycerol {DG) turnover was greater than 
that  of TG in the synthetic and transformed phenotypes. 
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This could be explained by a s t imulat ion of the phospho- 
inositol cycle under our culture conditions. This would be 
in accordance with the known act ivat ion of inositol tri- 
phosphate,  DG and protein Kinase C, in response to 
platelet-derived growth factor (PDGF) (28). P D G F  is 
expressed during the  SMC phenotype  changes and could 
be self-amplified in an autocrine way (1,5), par t icular ly  in 
the rapidly replicating SMC (4) and in the t ransformed 
cells (15). 

A question tha t  can be raised is whether  the trans- 
formed SMC used in our studies have any relevance to the 
atherogenic SMC in human arteries. In  this context, it has 
been postula ted  tha t  only a small group of ceils with pro- 
liferative properties enters into the formation of an a ther~ 
sclerotic plaque (17). I t  seems tha t  these selected ceils, 
known to t ransform readily into foam cells, could have, 
in regard to cholesterol biosynthesis,  propert ies  similar 
to those of the transformed ceils used in the present study, 
namely  a huge increase in cholesterol biosynthesis.  How- 
ever, under  our present  experimental  conditions, a lmost  
solely free cholesterol accumulated in the cultured SMC. 
By contrast ,  in atherosclerotic plaques, bo th  free and 
esterified cholesterol can be found (25). However, i t  can 
be pos tu la ted  tha t  the format ion of cholesterol esters 
depends on the environment,  namely  the supply  of f a t ty  
acid and part icular ly oleate, as shown by previous in- 
vest igators  (12,29,30). 

As to the mechanisms involved in the increased cho- 
lesterol biosynthesis,  these may  be related to several 
different processes. One of them may  be increased cell 
proliferation. Both  enhanced [3H]thymidine incorpora- 
tion and cholesterol levels have been observed in cultured 
aortic SMC from human  atherosclerotic lesions (31), 
suggest ing a close relationship between intracellular lipid 
accumulat ion and cell proliferation. In  addition, it seems 
tha t  i t  is mainly cholesterol biosynthesis tha t  is associated 
with cell proliferation, since specific inhibitors of cho- 
lesterol synthesis  reduce cellular proliferative act ivi ty  
(32). HMG-CoA reductase is known to be one of the 
first dysregulated enzyme in neoplasic proliferating cens. 
Another  possibil i ty is tha t  the increase in the lipid mass  
of p la sma  membranes  might  be related to changes in 
size and shape  of cultured ceils (Fig. 1A, B, C). Moreover, 
cholesterol plays a role in the regulation of ionic pumps  
and the  maintenance of enzymat ic  functional capa- 
cities (33). I t  has been shown tha t  hydrolase enzymat ic  
activities, such as acid phosphatase and esterase, are more 
expressed in proliferative SMC (10); cholesterol enrich- 
men t  migh t  influence this regulation. Finally, choles- 
terol accumulat ion in cells in v i t ro  could depend on 
enhanced secretory activit ies of modula ted  SMC. Syn- 
thetic (5,8) and t ransformed (15) cells are known to 
show extensive intraceilular membrane-rich endoplasmic 
reticula. 

In conclusion, the results of the present s tudy show tha t  
dedifferentiation in cultured arterial  SMC, which is 
characterized by enhanced proliferative capacity, is 
associated with marked  increases in cholesterol biosyn- 
thesis and cholesterol accumulation. As it is known tha t  
such modulated cells have an increased capaci ty  to 
metabolize low-density lipoproteins and, particularly, very 
low densi ty lipoproteins (11), the process could const i tute  
one of the early events  in the t ransformat ion  of SMC in- 
to foam cells. 
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Previous studies have shown that  alterations in micro- 
nutrient uti l ization occur in patients with Acquired Im- 
mune Deficiency Syndrome. In this study, total  plasma 
fat ty  acid composit ion was measured in 36 homosexual  
men infected with the Human Immunodeficiency Virus 
1 (HIV-1) and in 17 HIV-1 seronegative homosexual  men 
in order to evaluate differences associated with early 
HIV-1 infection. Immunologic assessment included CD4 
cell number count and lymphocyte  blastogenesis  in re- 
sponse to the mitogens phytohemagglut inin (PHA) and 
pokeweed (PWM). The mean total  amount of r polyun- 
saturated fat ty  acids (18:2 and 20:4) was significantly 
lower in the HIV-1 seropositive subjects (38 __. 8.1% SD) 
as compared to HIV-1 seronegative subjects (43 ----. 4.2%; 
P = 0.0027). This was also reflected in a higher level of 
total  saturated fatty  acids (16:0 and 18:0) in HIV-1 sero- 
positive subjects (30 +-- 2.2% vs. 26 ___ 2.8%; P = 0.0001). 
The ratio of linoleic to arachidonic acid (18:2 to 20:4) was 
higher in the HIV-1 seropositive group (6.76 +-- 4.88) com- 
pared to the HIV-1 seronegative group (4.86 +_ 1.37; P = 
0.0213). The response to P H A  in seropositive subjects cor- 
related inversely with total  plasma w6 fatty  acids (r = 
--0.36; P = 0.027), and directly with the 18:2 to 20:4 ratio 
(r = 0.33; P -- 0.046). CD4 cell counts and the response 
to PWM did not  correlate with plasma fat ty  acid levels 
in HIV-1 seropositive subjects. We conclude that  early 
HIV-1 infection is associated with lower plasma r poly- 
unsaturated fatty  acids, notably arachidonic acid, than 
are controls, and that the changes in the plasma fatty acid 
profile correlate with some indices of immune function. 
Lipids 28, 593-597 (1993). 

The clinical course of infection with the Human Immuno- 
deficiency Virus 1 (HIV-1) varies, but its manifestations 
include many symptoms or signs that may affect food in- 
take and/or nutritional status (1). In addition, energy re- 
quirements may be increased by infectious processes. Oral 
intake may be adversely affected by mucosal lesions, and 
absorption may be limited by intestinal infections and 
other lesions which may lead to diarrhea and malabsorp- 
tion. Drug treatments may interfere with nutrient ab- 
sorption and/or metabolism. As a result, many patients 
with HIV-1 infection suffer from weight loss, various 
forms of undernutrition and, eventually, severe metabolic 
wasting. Indeed, many patients appear to die from the 
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mitogen. 
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consequences of progressive wasting rather than from the 
viral infection itself. 

Regarding studies in subjects with Acquired Immune 
Deficiency Syndrome (AIDS}, there is limited evidence to 
indicate an association between lipid alteration and 
disease manifestations of this syndrome. Patients with 
AIDS exhibit lower total plasma lipid levels and lower 
levels of individual fat ty acids along with higher propor- 
tions of the metabolites of arachidonic acid (22:4co6 and 
22:5co6) (2). While dramatic nutritional consequences are 
most apparent in the later stages of HIV-1 infection, 
relatively little is known regarding the nutritional changes 
that  occur during earlier stages of HIV-1 infection. Our 
research group has recently documented multiple nutri- 
tional abnormalities, in association with immune dysfunc- 
tion, in early HIV-1 infection (3-5). Investigation of the 
nutritional aspects of HIV-1 infection has been oriented 
largely toward the clinically advanced stages of HIV-1 in- 
fection (that is, AIDS). Clinical nutrition intervention 
strategies oriented toward earlier stages of the disease 
might be utilized to delay disease progression. Moreover, 
they may allow for optimal use of anti-viral chemotherapy, 
such as zidovudine, dideoxycytidine and soluble CD4. 

In this report, a comparison of total plasma fat ty acid 
profiles between HIV-1 seronegative and HIV-1 sero- 
positive asymptomatic homosexual men is documented 
in order to establish whether changes in plasma fatty acid 
profiles occur in asymptomatic HIV-1 infection and, if s~ 
whether any of these changes are associated with immune 
processes. 

MATERIALS AND METHODS 
Subjects. Subjects recruited for the present investigation 
were 36 male homosexuals aged a mean of 30.8 years 
(range 23-45 yr) who were documented to be HIV-1 sero- 
positive (confirmed by Western Blot technique}, but who 
were asymptomatic other than for persistent generalized 
lymphadenopathy (CDC Stage III) (6,7}. 

No subject admitted to other risk factors for HIV-1 in- 
fection (for example, intravenous drug abuse}. All 36 sub- 
jects were free of significant past medical history that  
might influence nutritional status (for example, diabetes 
mellitus, inflammatory bowel disease} and were not taking 
any medications known to interfere with nutritional 
status (for example, isoniazid or cycloserine). Moreover, 
no subject was or had been involved in any anti-viral 
chemotherapy protocol (for example, zidovudine, ribavirin, 
interferon). 

The control subjects (n -- 17) in the first population were 
17 homosexual males aged a mean of 37.7 yr (range 
25-64 yr) and were documented to be HIV-1 seronegative. 
Other than the HIV-1 seronegativity and lack of evidence 
for persistent generalized lymphadenopathy, this group 
of controls was matched to the HIV-1 seropositive study 
subjects. They were of similar age, socio-economic and 

LIPIDS, Vol. 28, no. 7 (1993) 

7 - 



594 

M.D. PECK ET AL. 

ethnic characteristics, and had a similar aggregate level 
of education. 

Dietary history. All subjects were questioned with re- 
spect to their dietary intake by means of WiUett's semi- 
quantitative food frequency questionnaire, currently 
widely employed in epidemiological investigations examin- 
ing nutritional variables (8}. 

Clinical examination. All subjects were administered a 
complete medical history and general physical examina- 
tion. Subjects were examined for any evidence of nutri- 
tional deficiencies or excesses. The comprehensive results 
of these examinations have been reported elsewhere (5). 
Self-report measures were recorded for current and his- 
torical alcohol use, recreational use of illicit substances 
(marijuana, cocaine, amphetamines, amyl nitrates, eta} 
and smoking (estimated pack use). 

Biochemical determinations. Venous blood samples 
were obtained at 0800 hours for all subjects from the 
left antecubital vein after a 12-h fast. The schedule was 
adhered to rigidly, in order to minimize the influence 
of the last meal and diurnal biochemical variation. Blood 
was collected in heparinized tubes that  were centrifuged 
immediately at 2000 • g. Both the bully coat and plasma 
were removed after centrifugation. All plasma samples 
were stored at -70~ until ready for analysis. 

Total plasma lipids were extracted utilizing the Bligh 
and Dyer method (9). The lipid extracts were dried by flash 
evaporator and reconstituted in 2 mL methanol and I mL 
benzene containing a 17:0 fatty acid standard and 0.2 mL 
acetylchloride as catalyst. The tubes were allowed to 
stand overnight to quantitatively convert all fat ty acids 
to their methyl esters (FAME). After adding 5 mL 
chilled phosphate buffer (final pH 5.0}, the benzene layer 
containing FAME rose to the top and was transferred 
to small conical test tubes, and dried in a stream of N2 
at 50~ The residual FAMEs were reconstituted in 25 ~L 
hexane and injected into 1-~L aliquots. FAME were 
separated and quantified by gas-liquid chromatography 
(GLC Model 5880 with a flame-ionization detector 
Hewlett-Packard, Palo Alto, CA}, with a 17:0 fatty acid 
used as an internal standard. The temperature program 
used was 160-260~ increasing at 4~ The carrier 
gas was nitrogen with a flow rate of 20 mL/min. The peaks 
were resolved by use of a 2.5-m glass column packed 
with 10% ethylene glycol succinate on 100 supelcoport 
(Supelco In~, Bellefonte, PA}. Individual fatty acids 
were identified and quantified by comparison of retention 
time against known standards (Sigma Chemical Co., St. 
Louis, MOt. 

Immunological determinations. Heparinized blood sam- 
ples were drawn for lymphocyte surface markers (CD4 and 
CD8), assays of lymphocyte blastogenesis and of natural 
killer (NKI cell cytotoxicity. Flow cytometry and mono- 
clonal antibodies were employed to quantitate members 
of circulating T helper/inducer {CD4) and T suppressor/ 
cytotoxic (CD8} cell number (101. These studies were per- 
formed using two-color direct immunofluorescence with 
monoclonal antibodies conjugated to phycoerythrin to 
measure the CD4 population or to fluorescein isothio- 
cyanate to measure the CD8 cell population. Both mono- 
clonal antibodies were obtained from Coulter Immunology 
(Miami, FL). 

Lymphocyte blastogenesis in response to the mitogen 
phytohemagglutinin (PHA), a T cell mitogen, and 

pokeweed mitogen (PWM), a T cell dependent B cell 
mitogen, was assessed in triplicate 72-h cultures (11). 
Assessment of tritiated thymidine incorporation during 
an additional 6 h of incubation was used to determine the 
degree of lymphocyte transformation, such transforma- 
tion serving as an in vitro correlate of in vivo functional 
immunocompetence The appropriate dilution of each 
mitogen was dispensed in 100-~L aliquots in triplicate to 
wells of a U-bottom microtiter plate (Costar, Cambridge, 
MA). Each mitogen was tested at three levels as follows: 
PHA (Wellcome Diagnostics, Dartford, England) 0.5, 5 
and 10 ~g/mL; and PWM (GIBCO Laboratories, Chagrin 
Falls, OH) diluted 1:40, 1:20 and 1:10. Three wells per each 
sample row received only growth medium of RPMI 1640 
containing 100 units penicillin and 50 units streptomycin 
and 1 mM I~glutamine (GIBCO, Grand Island, NY). 
Heparinized peripheral blood was diluted 1:5, or 1:10, 1:20, 
1:40 and 1:80 in some experiments, with growth medium, 
and 100 v_L of the diluted blood was dispensed to all wells. 
PHA cultures were incubated for 72 h, and PWM cultures 
were incubated for 168 h (+2 h) in a humidified atmo- 
sphere of 5% CO2 at 37~ After the appropriate incuba- 
tion time, 25 ~L of tritiated thymidine was added to each 
well (1 ~Ci per well) and cultures were returned to incuba- 
tion for an additional 6 h (+_2 h). At the end of incubation, 
cultures were placed in the refrigerator at 4~ and 
harvested after 2 d. Cultures were harvested (Titertek Cell 
Harvester, Flow Laboratories, McLean, VA) onto glass 
filter paper disks that were dried, immersed in scintilla- 
tion cocktail and counted on a beta scintillation counter 
(LKB Instruments, Rockville, MD) to determine counts 
per minute (cpm) of incorporated tritiated thymidine 
Results were expressed as mean of net cpm of triplicate 
cultures. The number of lymphocytes present in the cul- 
tures was determined from total leukocyte count times 
percent lymphocytes observed from differential blood 
smear analyses. Mean of net cpm was transformed to 
mean cpm/100,000 lymphocytes. Calculations were done 
by using an MBasic program and an Apple II Plus 
microcomputer. 

NK cell function was evaluated by assays of cytotox- 
icity. NK cell activity was assessed on a true effector cell 
basis, thereby minimizing the influence of changes in cell 
number upon assays of cell function (12). The technique 
is based upon a 51Cr-release assay, using a K562 tumor 
target cell line The assay was performed utilizing whole 
blood, thereby creating an in vitro environment closer to 
that  in which the cell must function in vivo, than would 
be possible employing fractionated mononuclear cells. NK 
effector cell number was measured using the monoclonal 
antibody NKH.1 and fluorocytometry. 

One-color indirect immunofluorescence surface marker 
analysis was performed using NKH.1 (Coulter Immunol- 
ogy, Hialeah, FL). Aliquots of 150 ~L well-mixed hepa- 
rinized peripheral blood were incubated with the appro- 
priate monoclonal antibody or isotype control for 15 min 
at 4~ with shaking. Erythrocytes were lysed with 3 mL 
lysing buffer (0.155 M NaC1, 0.01 M KHCO3, 0.1 mM 
ethylenediaminetetraacetic acid) for 10 min. The residual 
cells were washed two times with phosphate-buffered 
saline (PBS) and incubated with fluorescein isothio- 
cyanate-conjugated goat antimouse IgG antibody for 15 
min at 4~ on ice The stained cells were washed two times 
with RPMI 1640 (GIBCO) and resuspended in 1 mL of 
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PBS and analyzed on the flow cytometer  as above The 
percent positively stained cells was determined using the 
Immunohis togram subtract  software {Coulter, Hialeah). 

A whole blood 5tChromium release assay was used to 
determine cell-mediated cytotoxici ty (CYT) to the NK- 
sensitive erythroleukemic K562 cell l ine Briefly, triplicate 
aliquots of 150 ~.L heparinized peripheral blood from each 
sample were dispensed into wells of 96-well f lat-bottom 
tissue culture t rays (Costar, Cambridge, MA). 5~Cr- 
labeled (New England Nuclear, Boston, MA) log-phase 
K562 target  cells at several dilutions, including 2 • 206 
cells/mL, 1 X 106 cells/mL, 0.5 X 106 cells/mL were in- 
cubated with the blood samples. After  4 h incubation in 
a humidified atmosphere of 5% CO2 at  37~ cell-free 
supernatants  were removed and counted on a gamma 
counter (LKB Instruments).  Natural  CYT was expressed 
as % CYT. 

Vt - (Vb x H) 
(ER --  b) X vt  -- (SR - b) 

%CYT = X 100 [1] 
( T R -  b ) -  ( S R -  b) 

where ER  is the mean cpm of experimental  release of the 
specimen, SR is the mean cpm spontaneous release, TR 
is the mean cpm total  release, Vt  is the total  volume in 
well, Vb is the volume of blood in well, H is the specimen 
hematocrit  and b is instrument  background. Calculations 
were done using an MBasic program on an Apple II  Plus 
microcomputer. Percent spontaneous release was less 
than  20%. 

S t a t i s t i c a l  m e t h o d s .  Comparisons of fa t ty  acid profiles 
in the HIV-1 seropositive and seronegative groups were 
made using Wilcoxon rank sums test  for independent 
samples. Most  of the immunologic parameters  had non- 
normal distributions. Simple associations between mea- 
sures of plasma fa t ty  acids and immune parameters (CD4 
cell,number, CD8 cell number, CD4/CD8 rat i~ P H A  and 
PWM response and NK cell cytotoxicity) were determined 
using Spearman rank order correlations with P < 0.05 con- 
sidered statist ically significant for all measurements.  
Base ten (log10) logarithmic transformations successfully 
normalized the distributions of these measures, and the 
log10 t ransformed values were used in all mult ivariate 
analyses. Transformed measures are noted wherever used. 

RESULTS 

The relative amount  of each of the fa t ty  acids measured, 
expressed as percent of total  plasma fa t ty  acids, is de- 
scribed in Table 1. Both  palmitic (16:0) and stearic (18:0) 
acids were significantly higher in the HIV-1 seropositive 
group (P --- 0.002). Arachidonic acid (20:4) was signifi- 
cant ly lower in the HIV-1 seropositive group (P = 0.001). 

Comparisons were also made of fa t ty  acids with similar 
co unsaturat ion s t ructure  (Table 2). Total saturated fa t ty  
acids (16:0 and 18:0) were significantly higher in the HIV-1 
seropositive men (P = 0.0001). Total co6 polyunsatura ted 
f a t ty  acids (18:2 and 20:4) were significantly lower in the 
HIV-1 seropositive group (P = 0.0027). There were no 
statist ically significant differences in the amounts  of 
monounsaturated (16:1 and 18:1) and co3 polyunsaturated 
(18:3, 20:5 and 22:6) f a t ty  acids between the two groups 
of subjects. 

TABLE 1 

F a t t y  Ac id  Prof i les  a 

HIV- HIV+ 
(n = 17) {n = 36) 

16:0 20.3 • 1.86 b 22.2 __ 1.96 b 
16:1co7 2.7 • 0.698 3.0 +_ 0.99 
18:0 6.6 • 0.54 b 7.4 • 0.86 b 
18:1co9 23.6 + 2.31 24.4 + 3.23 
18:2r 35.5 + 3.53 33.4 + 4.55 
18:3co3 0.6 __- 0.34 0.6 • 0.75 
20:4o~6 7.7 • 1.73 c 5.9 • 1.89 c 
20:5w3 0.4 • 0.24 0.6 • 0.57 
22:6w3 1.9 • 1.50 1.6 • 4.74 

aValues  are  e x p r e s s e d  as  m e a n  % to ta l  p l a s m a  f a t t y  ac ids  _ SD. 
C o m p a r i s o n s  were m a d e  be tween  H I V -  sub j ec t s  a n d  H I V +  sub-  
j ec t s  u s i n g  t he  Wi lcoxon  R a n k  S u m  tes t .  
bp _-- 0.001. 
cp = 0.0008. 

The ratios of the elongation and desaturat ion products  
of the essential f a t ty  acids were compared (Table 3). The 
ratio of linoleic to arachidonic acid was significantly 
higher in the HIV-1 seropositive group (P -- 0.0213). There 
were no differences in the ratios of either linolenic to 
eicosapentaenoic acids, nor in eicosapentaenoic to docosa- 
hexaenoic acids. 

Both  groups consumed a similar amount  of calories 
(3297 kcal -!"_ 1399.6 in the seropositive vs.  2549 kcal • 
1144.9 in the seronegative) as well as total  fat  (65.9 g +_ 
43.41 vs.  38.7 g • 17.64) and polyunsatura ted fats (6.3 
en% • 1.80 vs .  6.1 en% • 2.32). The percentage polyun- 
saturated fat in the diet correlated with the 18:2 to 20:4 
ratio in seronegative subjects (r = 0.6526; P = 0.0114). 
I t  also was inversely related to plasma total  saturated 
fa t ty  acids in seropositive subjects (r = -0.3326; P = 
0.0443). No significant associations between plasma levels 
of total co6 polyunsaturated fa t ty  acids and caloric intake, 
or total  fat  consumed, were observed in either HIV-1 
seronegative or seropositive subjects. Alcohol intake was 
also compared between seropositive and seronegative sub- 
jects. There was no statistically significant difference bet- 
ween the two groups (P = 0.8337). 

Immune parameters  were determined in HIV-1 sero- 
negative and HIV-1 seropositive individuals. CD4 cell 
count  correlated both  with total  plasma saturated fa t ty  

TABLE 2 

C o m p a r i s o n s  by  Degree  of  U n s a t u r a t i o n  of  F a t t y  Ac ids  a 

HIV- HIV+ 
(n = 17) (n = 36) 

S F A  27.0 _ 2 .00  b 29 .6  • 2 .13 b 

MUFA 26.3 • 2.80 27.4 • 4.00 
co6 PUFA 43.2 + 4.23 ~ 39.2 • 4.95 c 
co3 PUFA 2.9 - 1.66 2.8 + 1.54 
~Values are  e x p r e s s e d  as  m e a n  % of to t a l  p l a s m a  f a t t y  ac ids  -!-_ SD. 
C o m p a r i s o n s  were m a d e  be tween  H I V -  sub j ec t s  a n d  H I V +  sub-  
jec ts  u s i n g  the  Wilcoxon R a n k  S u m  tes t .  SFA,  s a t u r a t e d  f a t t y  acids; 
M U F A ,  m o n o u n s a t u r a t e d  f a t ty  acids; P U F A ,  po lyunsa tu r a t ed  f a t t y  
acids.  
bp ~_. 0.0001. 
cp = 0.004. 
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T A B L E  3 

Comparisons of Ratios of Fat ty  Acids a 

H I V -  H I V +  

18:2 to 20:4 4.86 • 1.374 b 6.72 • 4.745 b 
n = 17 n = 35 

18:3 to 20:5 1.66 • 1.463 0.90 • 0.570 
n = 15 n = 27 

20:5 to 22:6 0.28 • 0.223 0.58 • 0.807 
n -= 17 n = 32 

aValues are expressed  as mean  rat ios  of % of total  p l a sma  fa t ty  
acids • SD. Compar isons  were made between H I V -  subjec ts  and 
H I V +  subjects  us ing  the Wilcoxon Rank Sum test.  
bp _~ 0.0213. 

acids (r = 0.6593; P = 0.0055) and with the ratio of 18:2 
and to 20:4 (r = 0.5235; P = 0.0374) only in seronegative 
subjects. In HIV-1 seropositive participants the mitogenic 
response to PHA was found to correlate with both total 
plasma r polyunsaturated fatty acids (r -- -0.36; P -- 
0.027) and with the ratio of 18:2 to 20:4 fatty acids (r = 
0.33; P = 0.046). 

DISCUSSION 

The present findings indicate that the polyunsaturated 
fatty acid profile is different from controls during the early 
stages of HIV-1 infection. The mean total amount of o~6 
polyunsaturated fatty acids (18:2 and 20:4) was lower in 
the HIV-1 seropositive subjects compared to HIV-1 
seronegative subjects. This was also reflected in higher 
total saturated fatty acids (16:0 and 18:0) in HIV+ sub- 
jects. The mean ratio of linoleic to arachidonic acid (18:2 
to 20:4) was higher in the HIV+ group, but there were 
no statistically significant differences between HIV-  and 
HIV+ subjects when total monounsaturated (16:1 and 
18:1) and total r polyunsaturated (18:3, 20:5, and 22:6) 
fatty acids were compared. 

Consistent with the present findings, alterations in 
plasma fatty acid profiles have been found in the later 
stages of HIV-1 infection. Begin e t  al. (13) collected blood 
samples from 11 patients with fully developed AIDS, and 
lipid fractions were analyzed. Total lipid levels were ap- 
proximately 75% of normal, and the absolute plasma 
levels of stearic, oleic and linoleic acids were significantly 
lower, although proportions of arachidonic acid were not 
different between the two groups. In another study, 
Christeff e t  al. (14) found an increase in the relative per- 
centage of polyunsaturated fatty acids in the free fatty 
acids from plasma of AIDS-related complex (ARC) and 
AIDS patients. However, with more advanced AIDS 
disease, the differences in polyunsaturated fat ty acids 
were lost. Differences in results from our study may be 
attributed to the stage of the disease Although not clearly 
specified, it is apparent that the subjects in studies per- 
formed by others were CDC Stage IV, in a more advanced 
state of disease and malnutrition than our subjects, who, 
except for lymphadenopathy, were asymptomatia 

Changes in lymphocyte membrane phospholipids also 
occur with progression of HIVoI disease Klein e t  al. (15) 
noted an increase in CD4 membrane phospholipid linoleic 
acid in asymptomatic seropositive homosexuals as the 
CD4 count dropped below 500 • 106/L. In contrast, 

symptomatic subjects (ARC or AIDS) showed an increase 
in oleic acid, and a decline in linoleic and arachidonic acids. 
These authors suggest that the decrease in concentrations 
of r fatty acids may represent activation of cyclo- 
oxygenase pathways (15). 

There is some evidence that serum fatty acid profiles 
may be altered by other viral infections. Williams e t  al. 
(16) took monthly measurements of serum total fatty acid 
profiles of twenty otherwise healthy college students fol- 
lowing acute Epstein-Barr virus infection. Clinical symp- 
tomatology, such as increased physical malaise, coincided 
with changes in fatty acid profiles. Specifically, lower 
levels of arachidonic acid and a reversal of the usual ratio 
of linoleic and oleic acids were noted. Low levels of linoleic 
acid content were observed in a subset of subjects who 
showed continued clinical symptoms. The authors esti- 
mated that fatty acid elongation enzyme function was 
normal, but that desaturation enzyme activities were 
lower than normal. 

The HIV-associated changes in fatty acid profiles may 
have correlates in other disease states. Alden e t  aL (17) 
studied the plasma phospholipid polyunsaturated fatty 
acid profiles in 22 critically ill, hypermetabolic patients. 
Compared to controls, all patients showed low levels of 
linoleic and arachidonic acids. However, because levels of 
docosapentaenoic acid (22:5 r a metabolite of arachi- 
donic acid, were increased, total ~6 metabolites were not 
different from controls. This study suggests that elonga- 
tion and desaturation of arachidonic acid in sepsis may 
be accelerated. 

Other inflammatory processes may be associated with 
altered polyunsaturated fatty acid utilization. Melnick 
and Plewig (18) have hypothesized that inflammatory skin 
diseases, such as atopic dermatitis, are linked to altera- 
tions in ~6 fatty acid metabolism. They have suggested 
that reduced formation of A6 desaturate products (specifi- 
caUy dihomo-y-linolenic acid) results in diminished T cell 
maturation. The levels of linolenic, dihomo-7-1inolenic and 
arachidonic acids are decreased in patients with atopic 
dermatitis, whereas the levels of linoleic acid are higher 
than normal (19,20). 

Diseases of the liver also may alter plasma total fatty 
acid profiles. Almost universally, several groups of investi- 
gators have noted a general decrease in polyunsaturated 
fat ty acids in cirrhotic liver disease (21-25). This pattern 
appears to be exacerbated by alcohol abuse (21) or by 
malnutrition (22). Biagi et  al. (26) have measured h6 
desaturase activity in microsomes from liver specimens 
of normal and cirrhotic subjects, and have observed a 
significant decrease in A6 desaturase activity. 

The changes in fatty acids were also correlated with im- 
mune function in our study. The response to PHA in 
HIV+ subjects correlated inversely with total plasma w6 
fat ty acids, and directly with the 18:2 to 20:4 ratio, sug- 
gesting that  reduced production of arachidonic acid is 
associated with preservation of the normal lymphocyte 
response to PHA. 

It is known that essential fatty acids have potent ef- 
fects on immune function. In general, linoleic and ara- 
chidonic acids, when added in vi tro,  suppress lectin- 
induced lymphocyte transformation (27). These effects 
may be produced by changes in eicosanoic production. In 
many cases PGE2 (of which the precursor is linoleic acid) 
suppresses T cell function, such as response to mitogens 
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and  ant igens,  rose t te  format ion,  genera t ion  of cy to tox ic  
cells and p roduc t ion  of  lymphokines .  

We conclude that :  (i) ear ly  HIV-1 infection is associa ted  
wi th  lower p l a s m a  o~6 P U F A  t h a n  controls ;  (ii) the  pro- 
por t ion  of arachidonic  acid in ear ly  HIV-1 infect ion is 
lower; {iii} these  obse rva t ions  are no t  due to differences 
in d ie ta ry  in take  and (iv) the  changes  in the  p l a s m a  f a t t y  
acid profile correlate  wi th  some indices of i m m u n e  func- 
tion. Infec t ion  wi th  HIV-1 m a y  be associa ted  wi th  altera- 
t ions  of the  hepa t ic  e nz ym e s  necessa ry  for  desa tu ra t ion  
and  e longat ion  of linoleic acid, which  m a y  be reflected in 
modu la t ion  of i m m u n e  func t ion  v ia  pros tag land in  syn- 
thesis. 
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Nine inbred strains of mice, which are progenitors of 
recombinant inbred sets, were evaluated for aortic lesion 
formation and plasma and fiver lipid levels. This survey 
was done to determine if a semi-synthetic high-fat diet 
could elicit the same extent of diet-induced atherosclerosis 
as that  observed in mice fed a natural ingredient high- 
fat diet and to discover strain-specific plasma and fiver 
lipid variants for future genetic characterization. Evalua- 
tion of aortic lesions after 18 wk of diet consumpt ion  
showed that  strains C57BL/6J, C57L/J, SWR/J and SM/J 
were susceptible to atherosclerosis and that A/J, AKR/J, 
C3H/HeJ, DBA/2J and SJL/J were relatively resistant. 
High-density fipoprotein cholesterol (HDI~C} levels were 
negatively correlated to lesion formation. Susceptible 
strains had decreased HDL-C levels when switched from 
chow to the semi-synthetic high-fat, high cholesterol diet, 
whereas resistant strains either showed no change or a 
slight increase in HDI~C levels. The exception to this pat- 
tern was found in SM mice, which were susceptible to aor- 
tic lesion formation but maintained the same HDI~C level 
on both chow and high-fat diets. HDL size differed among 
the strains, and levels of plasma apofipoprotein A-I and 
A-II correlated with HDI~C levels. Liver damage was not  
correlated to HDL-C levels or to susceptibility to atherw 
sclerosis. Mice from strain A, which are resistant to 
atherosclerosis, had evidence of fiver damage as observed 
by elevated levels of plasma alanlne amlnotransferase ac- 
tivity, by liver histology, by increased fiver weight and 
by exceptionally high hepatic cholesterol content. For all 
strains, the levels of liver cholesterol and triglycerides 
were inversely correlated with each other; phosphofipids 
did not vary greatly among strains. No remarkable dif- 
ferences in hepatic fa t ty  acid profile were noted among  
the strains fed the atherogenic diet, but the fatty acid pro- 
file did differ considerably from that  found in the diet 
itself. 
Lipids 28, 599-605 {1993}. 

The mouse model is proving to be an invaluable tool for 
identifying genetic factors that affect heart disease and 
lipid metabolism because of the extensive genetic char- 
acterization of the inbred mouse strains (1), the special 
tools available~ such as congenic~ transgenic and recom- 
binant inbred strains, the reproducible method for measur- 
ing aortic lesions (2) and the adaptation of methods to 
quantitate lipids in small blood volumes available from 

1Current address: Lawrence Berkeley Laboratory, 1 Cyclotron 
Road, Berkeley, CA 94720. 
*To whom correspondence should be addressed at the Jackson 
Laboratory, 600 Main Street, Bar Harbor, ME 04609. 
Abbreviations: ALT, alanine aminotransferase; apo A-I, apolipopro- 
tein A-I; apo-II, apolipoprotein A-II; BW, body weight; EDTA, 
ethylenediaminetetraacetic acid; HDL-C, high-density lipoprotein 
cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total 
cholesterol; VLDL, very low density lipoprotein. 

a single mouse. Previously, inbred strains of mice have 
been shown to differ in susceptibility to atherosclerosis 
when fed a natural grain diet high in saturated fat and 
cholesterol. The diet which was used in these studies was 
not chemically defined, and measurements of combined 
plasma very low density lipoprotein {VLDL) and low- 
density lipoprotein cholesterol (LDL-C) and high-density 
lipoprotein cholesterol (HDL-C) which have been shown 
to bb associated with heart disease risk in humans were 
not done (3-5). 

In this report, we sought to further develop the mouse 
model for the study of heart disease and lipoprotein 
metabolism. The semi-synthetic atherogeuic diet which 
was designed to produce fatty streak lesions but minimize 
pathological changes in liver and gallstone formation in 
strain C57BL]6 is utilized in this study (6). However, cocoa 
butter was replaced by dairy butter as the fat source The 
first question we asked was whether susceptibility to 
atherosclerosis would remain the same in nine inbred 
strains of mice fed a semi-synthetic high-fat and choles- 
terol diet rather than the natural ingredient diet used 
previously. Four susceptible strains (C57BL/6, C57/L, 
SWR and SM) and five resistant strains {A, DBA/2, AKR, 
C3H/He and SJL) were chosen for this study. These in- 
bred strains of mice are progenitors of recombinant inbred 
sets. Secondly, we measured baseline differences in plasma 
lipid parameters and subsequent changes in these param- 
eters in response to high-fat feeding in order to identify 
genetic variants in progenitors that could be further char- 
acterized and eventually mapped using recombinant in- 
bred strains. In addition, because the liver is intimately 
involved in lipoprotein metabolism, the composition and 
levels of liver lipids were determinecL The possible associa- 
tions of the plasma and liver lipids with atherosclerosis 
susceptibility were also examined. 

MATERIALS AND METHODS 
Chemicals and diet. Cholesterol oxidase, bovine pancreas 
cholesteryl ester hydrolase, peroxidase and the plasma 
alanine aminotransferase assay kit were from Sigma 
Chemical Co. (St. Louis, MO}; the cholesterol reagent kit 
No. 23691 was from Boehringer Mannheim {Indianapolis, 
IN); the triglcyeride reagent set No. 46676 was from 
Seradyn Inc {Indianapolis, IN); triglyceride blank blend 
No. 10021 was from Craig Bioproducts (Streamwood, IL); 
chemicals for gel electrophoresis were from Bio-Rad Labo- 
ratories {Richmond, CA); gradient gels {4-30% poly- 
acrylamide) were from Pharmacia (Piscataway, N J}; Oil 
red O was from Aldrich Chemical Company (Milwaukee~ 
WI); hematoxylin and light green were from Fisher Scien- 
tific Co. (Dallas, TX); gentamycin sulfate was from U.S. 
Biochemical Corp. {Cleveland, OH); and fatty acid methyl 
ester mixtures were from Supelco (BeUefonte, PA). Other 
chemicals utilized were of reagent grade or better. Compo- 
nents for the purified diets were purchased from ICN 
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Biochemicals, Inc~ (Cosa Mesa, CA) with the exception of 
Mazola corn oil (Best Foods, Englewood Cliffs, NJ). 
Laboratory rat chow (Na 5012) containing 4% fat was ob- 
tained from Ralston Purina (St. Louis, MO). 

Preparation of diets and formation of the diet mix into 
pellets has been described previously (6). The high satu- 
rated fat diet contained 15% dairy fat, 50% sucrose, 20% 
casein, 1% corn oil, 5.07% cellulose, 5% AIN-76 mineral 
mix, 1% AIN-76 vitamin mix, 1% choline chloride, 0.3% 
DL-methionine, 0.13% DL-a-tocopherol, 0.5% sodium 
cholate and 1% cholesterol. Of the 1% cholesterol con- 
tained in the diet, 0.03% came from the dairy butter. In 
order to obtain 15% dairy butter, 18.45 g butter was 
used/100 g diet because of the 18.9% water content of 
butter. 

Animals. Female C57BL/6J (C57BL/6), C57/LJ (C57/L), 
SWR/J (SWR), SM/J (SM), A/J {A), AKR/J (AKR), 
C3H/HeJ (C3H), DBA/2J (DBA/2) and SJL/J (SJL) mice, 
4-8-wk-old, were obtained from The Jackson Laboratory 
(Bar Harbor, ME) and maintained in a room illuminated 
from 7 a.m. through 7 p.m. All animals were allowed to 
adapt to the environment for at least two weeks prior to 
dietary treatment and were provided free access to food 
and water throughout the experiment. Weight gain was 
monitored every three weeks, and food intake was 
monitored at weeks 3, 7 and 14. Six female mice were used 
from each strain for plasma lipid analysis and three were 
used for liver lipid analysis. After 18 wk of diet consump- 
tion, 0 of 6 mice from strains DBA/2, C57BL/6, SWR, 
C57L and A, 1 of 6 mice from strains SM, SJL and C3H 
and 3 of 6 mice from strain AKR had died. The reason 
for death in strains SM, SJL and C3H is unknown. The 
AKR mice died from exposure due to a water bottle 
malfunction. 

Collection of blood and tissues. Prior to any blood or 
tissue collection, mice were fasted by removing their food 
at 5 p.m. on the day prior to the experiment. Blood was 
obtained from the tail vein of the mice after the two-week 
adaptation period for baseline measurements, and again 
after four weeks of consuming the semi-synthetic high- 
fat and cholesterol diet. At the termination of the experi- 
ment, blood was obtained from the brachial artery. Blood 
was mixed in chilled tubes with ethylenediaminetetra- 
acetic acid {EDTA), sodium azide and gentamycin sulfate 
at final concentrations of 2 mM, 0.05 mg/mL and 0.05 
mg/mL, respectively. Plasma was obtained by centrifuga- 
tion of whole blood for 5 rain at 12,000 • g at 4~ 

Upon termination of the experiments, the heart and the 
upper section of the aorta were removed and placed in 
0.9% saline at room temperature After one hour, the heart 
was trimmed of extraneous tissue and placed in 10% 
saline buffered formalin for 24 h at room temperaturt~ 
Livers were blotted, quickly frozen in liquid nitrogen and 
stored at -70~ for lipid analysis. A portion of the liver 
was placed in a Bouin's fixative, embedded in paraffin 
wax, sectioned and stained with hematoxylin and eosin. 
Necropsy observations concerning the stomach and in- 
testines were recorded. 

Plasma lipids, lipoproteins and apolipoproteins. Plasma 
total cholesterol (TC), free glycerol and total glycerol were 
determined by commercial colorimetric enzymatic assay. 
HDL-C was measured after selective precipitation of LDL 
and VLDL with polyethylene glycol (7). The combined 
VLDL and LDL-C was calculated as the difference bet- 

ween TC and HDL-C. Plasma triglyceride concentrations 
were estimated by subtraction of free glycerol from total 
glycerol. Lipid measurements are given as mg/dL +_ SEM. 
Plasma concentrations of apolipoprotein A-I (apo A-I} and 
apolipoprotein A-II {apo A-II} were estimated by radial 
immunodiffusion (8). Purified mouse apo A-I and apo A-II 
served as standards. 

Total plasma lipoproteins (d < 1.21} were obtained by 
density ultracentrifugation of pooled plasma from five 
mice of each strain (9) and subjected to nondenaturing gra- 
dient gel electrophoresis riO}. Gels were stained with 
Coomassie blue G-250 to visualize HDL. 

Liver lipids and plasma alanine aminotransferase (tILT} 
activity. Lipids, extracted from livers by the method of 
Folch et al. {11), were assayed for triglyceride (12), cho- 
lesterol (13) and phosphorus (14). Phosphorus values were 
multiplied by a factor of 25 to estimate liver phospholipid 
content, assuming that phospholipids contain approx- 
imately 4% phosphorus by weight based on an average 
molecular weight for phospholipid of 775. Plasma ALT 
activity was measured using the Sigma Kit No. DG591K 
which is based upon a coupled reaction in which nico- 
tinamide adenine dinucleotide is oxidized. 

The fatty acyl group composition of lipid extracts from 
liver was determined by profiling the long-chain fatty acyl 
groups after transesterification of the fat ty acids. Gas- 
liquid chromatography was performed on a Shimadzu 95A 
Gas Chromatograph (Columbia, MD) equipped with a 
30 m • 0.25 mm fused silica SP 2330 column (Supelco) 
and a flame-ionization detector. Standard fatty acid 
methyl ester mixtures were used to identify the fatty acid 
methyl esters in the samples. 

Evaluation of atherosclerotic lesions. Evaluation of aor- 
tic lesions has been described in detail by Paigen et al. (2}. 
Briefly, mouse hearts were fixed, stored in 4% phosphate 
buffered formaldehyde and embedded in 25% gelatin. 
After removing the lower two-thirds of the heart, the re- 
maining tissue was sectioned on a cryostat at -25~ 
Alternate 10 ~m sections were saved on slides. Sections 
were stained with aqueous Off Red O for neutral lipid and 
hematoxylin for nuclei and basophilic tissue and counter- 
stained with light green. Five sections at 80 ~m intervals 
were evaluated for the cross sectional area of lesions begin- 
ning where the aorta was rounded and valves appeared 
distinctly through to the endpoint where the valves disap- 
peared, a distance of approximately 350 ~m. 

Statistical analysis. The Number Cruncher Statistical 
System, Version 4.21 1/86 (Kaysville, UT) and Statview, 
Version 1.0 6/85 (Calabasas, CA) was used for statistical 
analysis. Comparison of data from more than two groups 
was analyzed by using one-way analysis of variance with 
Fisher's least significant difference test to determine 
which means were significantly different at P < 0.01. Un- 
paired t-test was used when only two groups were com- 
pared. Correlation between aortic lesions and lipid param- 
eters measured were tested by linear regression analysis. 

RESULTS 

Atherosclerosis susceptibility. The susceptibility to lesion 
formation is similar in the nine inbred strains of mice fed 
the semi-synthetic high-dairy-fat diet to that reported 
earlier (5), when these same strains were fed a natural in- 
gredient diet with cocoa butter as the fat source {Fig. 1). 
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FIG. 1. Comparison of aortic lesions in nine inbred strains fed two 
different atherogenic diets. The aortic lesion sizes are expressed as 
the mean size per cross section in ~m 2 X 103. Lesion data for the 
natural ingredient diet are from Reference 5. 

C57BL/6, C57L, SWR and SM are susceptible to lesion 
format ion while the remaining five strains, namely  A, 
AKR, C3H, DBA/2 and SJL,  are relatively res is tant  to 
atherosclerosis. This difference among  strains could not  
be accounted for by food consumpt ion  and weight gain 
(Table 1) as these parameters  were not  significantly dif- 
ferent from tha t  expected based on the relative sizes of 
these inbred strains mainta ined a t  The Jackson  Labora-  
tory. Therefore, the reduction in die tary  cholesterol f rom 

TABLE 1 

Initial Body Weight, Body Weight Gained and Food Intake of Mice 
Fed a High-Saturated Fat Diet a 

Strains 
Body weight (g) Food intake b 

Initial Final % Normal g/d/20 g BW 

C57BL/6 19.0 _+ 0.5 22.4 +_ 0.6 100 1.8 
C57L 17.4 +_ 0.6 24.2 ___ 0.9 99 2.7 
SWR 18.6 +_ 0.6 23.9 _ 0.4 n.a. c 2.2 
SM 13.8 +_ 0.8 20.4 _ 1.0 100 2.7 
A 18.0 +_ 1.1 21.0 ___ 1.0 754 2.3 
DBA/2 20.8 +_ 0.4 28.7 __ 0.7 104 2.0 
AKR 26.9 +_ 1.2 44.3 _+ 1.6 138 2.2 
C3H 21.2 + 0.8 32.9 __ 1.1 102 2.0 
SJL 20.7 +_ 0.8 24.9 __ 1.3 92 2.4 
aValues represent the mean +__ SE of at least five animals per group 
at 4 wk of high-fat diet consumption and at least three animals per 
~Foup at 18 wk. 

ood intake was estimated by weighing food disappearance over 
a 3- to 5-d period; the values represent the mean of food consumed 
per 20 g body weight (BW) of mouse per day during weeks 3 through 
4 of the experiment. 
Cn.a. = Not available. 
dThis  strain lost weight during the last six weeks of the study, 
presumably because their livers were damaged. 

1.25% in the undefined diet to 1% in the semi-synthet ic  
diet and the change in the source of fat  from cocoa to dairy 
but te r  did not  affect susceptibil i ty to aortic lesion forma- 
tion. The intra-strain variabil i ty and extent  of lesion area  
was also similar between the two experiments.  The one 
exception was s t rain SWR, where the lesion area was 
larger in mice consuming the semi-synthet ic  ra ther  than  
the undefined diet {3804 __ 741 vs. 1690 __ 280 ~ml 2, 
respectively). 

Baseline plasma lipid levels in the nine inbred strains 
of mice. Significant variat ion in basal  p lasma lipids {com- 
bined triglyceride and cholesterol} was noted among  the 
strains studied {Fig. 2). P lasma triglyceride levels ranged 
from 26 _+ 3 mg/dL in strain C57/L to 68 +_ 5 mg/dL in 
s t rain SWR. P lasma  cholesterol levels ranged from 45 +_ 
4 mg/dL in C57/L to 106 __ 4 mg/dL in C3H mice (Fig. 2B). 
As observed by others (15), the major i ty  of cholesterol 
in mouse plasma,  71 to 87%, is found in the H D L  frac- 
t ion (Fig. 2C) wi th  13 to 29% in the VLDL + LDL frac- 
t ion (Fig. 2D). 

Plasma lipid levels in mice fed a diet high in fat and 
cholesterol for four weeks. Fast ing total  triglyceride levels 
did not  reflect the high-fat content  of the diet (i.e. 15% 
w/w) fed to the mice (Fig. 2A). Triglyceride levels e i t h e r  
did not change from basal levels in strains C57BL/6, C57L, 
SWR, A, AKR, C3H and SJL,  or significantly decreased 
by  38% in SM and 39% in DBA/2. 

Unlike p lasma  triglyceride" total  p l a sma  cholesterol 
levels increased significantly in all s t ra ins  fed the semi- 
synthet ic  atherogenic diet (Fig. 2B). The level of increase 
ranged from 131 to 295% over baseline values. The ma- 
jor i ty  of the increase in p lasma cholesterol could be found 
in the V L D L  + LDL fraction (Fig. 2D). V L D L  + LDL-C 
levels of the nine inbred strains clustered roughly into two 
groups with C57BL/6, SM, DBA/2, A K R  and S J L  hav- 
ing levels from 47 -4-_ 4 to 67 _+ 19 mg/dL and C57/L, SWR, 
A and C3H having levels from 94 +_ 10 to 132 +_ 10 mg/dL 
(Fig. 2D). HDL-C either decreased significantly from 
baseline values in s trains C57BL/6, C57/L and SWR or 
showed no significant change in the remaining strains. 
The decrease in SWR, C57BL/6 and C57/L mice was 19, 
32 and 37%, respectively {Fig. 2C). 

Liver lipid levels in mice fed the atherogenic diet for 
18 wk. Liver weights varied from 1.2 to 3.9 g/animaL When 
liver weight  was normalized (g/100 g body weight) to ac- 
count for differences in body size, strain A was exceptional 
in t ha t  its liver was more than  twice the size observed in 
other  strains. On gross examination,  the livers of the 
animals  from all s t rains fed the semi-synthet ic  high-fat 
diet tended to be paler than  normal  compared  to animals 
fed laboratory chow. C57L, DBA/2 and SJL  had livers tha t  
were closest to normal  in color. This group was followed 
by strains C57BL/6, C3H, SM, SWR and AKR, which had 
paler-colored livers. The livers of s train A were chalky 
white and rigid. In  general, the s t rains  with the lowest 
levels of hepatic cholesterol were mos t  normal  in ap- 
pearance, and as the hepatic  cholesterol content  of the 
liver increased, the livers became paler in color. Histo- 
logical examinat ion of livers (Fig. 3) were consis tent  with 
this interpretation.  Lipid accumulat ion observed in the 
liver as clear areas in the cytosol was least in C57/L (Fig. 3, 
Panel B), intermediate  in C57BL/6 (Fig. 3, Panel C), and 
mos t  in s t rain A (Fig. 3, Panel D). As a gross indicator 
of liver damage, p lasma ALT act ivi ty  was measured. The 
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FIG. 2. Comparison of basal and high-fat levels of plasma triglycer- 
ides (A), cholesterol (B), high-density lipoprotein (HDL)-cholesterol 
(C) and combined very low density lipoprotein (VLDL) and low- 
density lipoprotein (LDL)-cholesterol (D) in nine inbred strains. The 
solid bars represent mean lipid and lipoprotein levels in mg/dL +--_ 
SE in the basal state, and the gray bars represent mean lipid and 
lipoprotein levels in mg/dL _ SE for animals fed the semi~ynthetic 
atherogenic diet for four weeks. Significance (P < 0.05) between basal 
and high-fat values is indicated by a star above the bars. 

FIG. 3. Liver sections from mice fed chow (A) or the semi~synthetic 
diet for 7 wk (B-D) stained with hemotoxylin and eosin, 368X. 
Strain A (A), C57L (B), C57BL/6 (C), and Strain A (D). 
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TABLE 2 

Comparison of Liver Weights and Plasma Ahnlne Aminotransf~ase 
(ALl?) Activity in Nine Strains of Mice Fed a High-Saturated Fat 
Diet ffor 18 wk) a 

Liver weight ALT activity b 
Strains g/animal g/100 g BW ~raol/min]mL 

C57BL/6 1.5 +-- 0.1 c 6.8 +-- 0.4 c'd 55 - 12 c'd 
C57L 1.4 +-- 0.1 c 5.9 + 0.1 c 29 ___ 2 c 
SWR 2.1 4- 0.I d,e 8.9 +_ 0.3 d 105 -d- 24 d 
SM 1.2 _ 0.1 c 5.8 _ 0.8 c 45 + 16 c,d 

A 3.9 --+ 0.1 f 18.6 ----. 0.9 e 479 "4" 28 e 
DBA/2 1.3 -+ 0.1 c 4.4 +- 0.2 c 67 "4" 19 c'd 
AKR 2.6 - 0.1 e 5.8 + 0.2 c 32 +_ 11 c 
C3H 2.1 -+ 0.1 d 6.3 -+ 0.2 c'd 55 --!- 8 c'd 
SJL 2.0 -+_ 0.2 d 8.2 -4- 0.4 d 68 +_ 15 c,d 

aValues represent the mean +_ SE of at least three animals per 
group fed a high-saturated fat diet for 18 wk. Values in co|umns 
without common superscripts are significantly different, P < 0.01. 
b A n i m a l s  that are fed chow or a low-fat synthetic diet have plasma 
ALT levels of 16.6 +_ 3.1 or 30 +_ 4 ~nol/min/mL, respectively 
INishina, P.M., unpublished data}. 

two strains with the highest fiver weight/100 g body 
weight, A and SWR, also had the highest ALT activity 
(479 and 105/zmol/min/mL, respectively), and both of these 
strains also had accumulated an extensive number of gall- 
stones. Except  for these two strains, plasma ALT levels 
were not remarkably elevated compared to ALT levels 
(17 +_ 2 ~mol/min/mL) measured in chow-fed C57BL/6 mice 
(Table 2). 

Triglyceride, cholesterol and phospholipids were mea- 
sured in order to determine what fipids were accumulating 
in the livers (Table 3). Liver cholesterol in C57BL]6 animals 
fed a low-fat diet is 5 -+ 0.2 mg]g liver (6). The liver cho- 
lesterol of strains fed the high-fat, high-cholesterol diet 
ranged from 20 to 63 mg/g liver with strains DBA/2 and 
C57L accumulating the least, and strains C57BL/6 and 
A having the most  cholesterol. The distribution of 
cholesterol into free and esterified cholesterol was ex- 
amined; no significant differences among the strains were 

TABLE 3 

Comparison of Liver Cholesterol, Triglyceride and Phospholipid 
(mg/g liver) in Nine Strains of Mice Fed a High-Saturated Fat Diet 
(for 18 wk) a 

Cholesterol 

Esterified/ 
Strains Total free ratio Triglyceride Phospholipid 

C57BL/6 50 +_ 4 c 11 +- 0.5 14 +_ 1.4 c'd 20 _ 0.8 b 
C57L 29 "4" 2 b 7.7 --+ 0.5 10 +-- 1.95'c 26 + 1.2 c 
SWR 39 • 2 c 8.8 --- 0.6 5.8 ___ 0.95 22 +_ 0.4 b 
SM 45 +- 6 c 9.2 --+ 0.4 24 --+- 1.1 d 24 _+ 2.1 b'c 
A 63 -4- 2 d 7.7 --+ 0.5 3.3 __. 0.85 19 + 0.4 b 
DBA/2 20 _ 1 b 6.5 -- 0.2 20 _ 1.8 d 26 +_ 0.8 c 
AKR 40 -+ 2 c 8.8 - 1.0 4 -+ 1.7 d 23 "4- 0.3  5'c 
C3H 42 -+ 2 c 9.8 +- 0.3 13 -+ 0.6 c 22 __. 0 .4  b'c 
SJL 39 - 2 c 8.9 +- 0.4 16 -4"- 2.6 c'd 24 + 0 .9  b'c 

aValues represent the mean _ SE of at least three animals per 
group fed a high-saturated fat diet for 18 wk. Values in columns 
without common superscripts are significantly different, P < 0.01, 
as determined by Fisher's Least Significance Difference test. 

observed, and most  cholesterol was of the esterified form 
with only 9 to 13% as free cholesterol (data not shown). 
Liver triglyceride levels ranged from 3 + 1 to 24 _+ 1 mg/g 
fiver among the different strains. Strain A, which had the 
highest fiver cholesterol concentration, had the lowest con- 
centration of fiver triglycerides. The accumulation of fiver 
cholesterol in strain A mice fed a high-fat and high-cho- 
lesterol diet has been noted previously (16). Phospholipids, 
which are necessary for assembly of lipoproteins for secre- 
tion from the liver, were less variable than other lipide 
among strains. Correlation analysis of liver phosphofipids, 
triglyceride or cholesterol showed tha t  concentrations of 
phospholipids and cholesterol were negatively correlated 
(r = - 0 . 9 0 ,  P < 0.01) among the strains. This suggests  
that  cholesterol may accumulate in livers which have lower 
concentrations of phospholipid. No correlation was found 
between plasma lipoproteins and any of the measured 
hepatic lipid concentrations after 18 wk of receiving the 
high-fat diet. 

In order to determine whether liver fa t ty  acid profiles 
differed among the nine strains, livers from a minimum 
of three animals per strain were pooled and analyzed (data 
not  shown2). The liver fa t ty  acid profiles did not  differ 
among the strains fed the high-fat diet; approximately 15 
to 25% of the fa t ty  acids were saturated, mainly in the 
form of palmitic acid, 50 to 80% were monounsaturated,  
mainly in the form of oleic acid, and 5 to 20% were polyun- 
saturated, mainly in the form of linoleic acid. However, 
the fa t ty  acid profiles found in livers did differ consider- 
ably from those found in the diet where 73% of the fa t ty  
acids were saturated, 25% monounsaturated and 2% 
polyunsaturated.  

Relationships between atherosclerosis susceptibility 
and plasma and liver lipids. Previous studies in mice have 
shown that  the resistance to atherosclerosis cosegregates 
with elevated levels of HDL-C in crosses or in recombi- 
nant  inbred strains derived from the susceptible strain 
C57BL/6 and the resistant strains C3H, BALB/c or A 
(17-19). In this survey, HDL-C levels in mice receiving the 
atherogenic diet were inversely related to aortic lesions 
size (r 2 = -0 .49,  P < 0.05). No other significant correla- 
tions were observed between aortic lesion formation and 
plasma or fiver lipid levels. 

Because of the importance of HDL-C levels in determin- 
ing resistance to athersclerosis, the possible biochemical 
differences in the HDL particles among the inbred strains 
were examineck The major apolipoproteins associated with 
these particles, A-I and A-II, were measure~ The changes 
in HDL-C were mirrored by changes in apo A-I and A-II. 
The correlation among HDL-C, apo A-I and A-II was high; 
the correlation between HDL-C and apo A-I was 0.79 
(P < 0.0001, Fig. 4B), between HDL-C and apo A-II was 
0.70 (P < 0.0001, data not shown) and between apo A-I and 
apo A-II  was 0.64 (P < 0.0001, Fig. 4A). Overall, the ratio 
between these apolipoproteins and HDI~C did not change 
significantly in inbred mice~ whether fed a chow or a high- 
fat diet. Considerable variation in peak HDL particle sizes 
occurred among the mouse strains with no obvious cor- 
relation to atherosclerosis susceptibility or resistance 
(data not shown). 

2A complete liver fatty acid profile of the nine strains of mice fed 
the semi-synthetic atherogenic diet will be supplied upon request. 
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FIG. 4. Correlation analysis of apolipoproteins and high<lensity 
lipoprotein {HDL~cholesterol in mice fed the semi-synthetic diet for 
four weeks. Panel A. Correlation of apolipoprotein A-II vs .  apolipo- 
protein A-I. Panel B. Correlation of HDL-cholesterol vs .  apolipopro- 
tein A-I. 

DISCUSSION 

Atherosclerosis susceptibility. The relative susceptibility 
of nine inbred strains of mice to formation of fatty streak 
lesions in the aorta did not change when substantial 
changes were made in the atherogenic diet. The diet which 
we previously had used contained natural ingredients such 
as oats and corn, 1.25% cholesterol and cocoa butter as 
the primary fat source; the diet used in this study was 
a semi-synthetic diet with 1% cholesterol and dairy but- 
ter as the major fat source {5,6}. Both diets contain 0.5% 
sodium cholate (w/w}. The fact that the relative suscep- 
tibility to lesions did not change with diet indicates that 
previous conclusions about the genes that affect suscep- 
tibility to atherosclerotic lesion formation are applicable 
to more than one diet. However, it is interesting to note 
that diet can have an effect on the severity of the disease 
Aortic lesion area was twice as large in SWR mice fed the 
semi-synthetic diet as compared to the undefined athero- 
genic diet. 

The changes in VLDL + LDL-cholesterol and HDL- 
cholesterol are less than previously reported for C57BL/6 
animals fed the natural ingredient atherogenic diet (5). The 
most likely explanation is the 20% decrease in cholesterol 
content of the semi-synthetic diet. Consistent with the 
less dramatic changes in lipoproteins, the length of time 
which animals needed to be fed the semi-synthetic diet 
to produce lesions of comparable size as the natural in- 
gredient diet was 18 rather than 14 wk. However, the semi- 
synthetic diet has considerable advantages over the 

previous diet because it is defined and dietary components 
thought to affect development of heart disease can be 
varied one at a time to determine specific effects. In ad- 
dition, the semi-synthetic diet produces fewer pathological 
changes in the liver and a decrease in gallstone formation 
(6); these pathologies might be further reduced by decreas- 
ing the cholesterol and or sodium cholate content of the 
diet. However, such a reduction would most probably in- 
crease the experimental time required to produce aortic 
lesions. 

Liver  lipids in response to high-fat diet. Correlation 
analysis showed no indication of a relationship between 
liver damage, measured by plasma ALT activity, and a 
decrease in HDL-C levels or atherosclerosis susceptibil- 
ity. The disassociation of these two processes is most 
clearly demonstrated in strain A which shows no drop in 
HDL-C levels and the greatest liver damage, and strain 
C57/L, which has the lowest HDL-C and little liver 
damage when switched from a low- to high-fat diet. 

The liver damage observed in these strains is consis- 
tent with the histopathology and appears to be associated 
with the accumulation of cholesterol in the liver. Un- 
doubtedly, the cholesterol accumulated in the liver, in large 
part, arises from diet consumption. However, de novo 
hepatic cholesterol synthesis may also play a role in Strain 
A, which exhibits a liver threefold larger than other 
strains. HMG-CoA reductase activity, the rate-limiting en- 
zyme in cholesterol synthesis, is not diminished when 
Strain A is switched from a low- to high-fat and cholesterol 
diet, suggesting that  cholesterol synthesis is not down- 
regulated (Ref. 20; and Paigin, B., Chen, H., and Billheimer, 
H., unpublished observations}. The combination of ex- 
ogenous and endogenous cholesterol coupled with the 
lower phospholipid content of the liver may lead to the 
extreme accumulation of liver cholesterol in Strain A. 

Genetic variants in plasma lipids, basal levels and 
response to high-fat diet. Many aspects of plasma lipids 
are similar between humans and mice, such as apolipopr~ 
tein and lipid composition of the lipoprotein particles and 
the responses observed with dietary manipulation. Ther~ 
fore, the mouse model, with its unique advantages for 
dissecting genetic determinants, may be useful in identi- 
fying heritable factors that control lipid metabolism. Dif- 
ferences between humans and mice do occur, such as in 
the relative proportions of atherogenic lipoprotein par- 
ticles. In humans, LDL predominates and in mice VLDL 
predominates {21}, presumably because mice lack choles- 
terol ester transfer activity {22}. 

The three major observations of this study, which may 
warrant further investigation, were made when animals 
were challenged with the high-fat and high-cholesterol 
diet. The first observation is the lack of change in plasma 
triglyceride levels in some animals when fed the high-fat 
diet. A decrease in fasting plasma triglyceride levels would 
be expected as a result of the dietary fat because long- 
chain fatty acids inhibit de novo lipogenesis (23). This drop 
occurred in two strains, SM and DBA/2. Srivastava et al. 
(24) also reported similar results; a decrease in plasma 
triglyceride levels in DBA/2 animals and no change from 
basal levels in strains C57BL/6, C57/L, SWR and C3I-I/He 
They did, however, see a significant decrease in plasma 
triglyceride levels in AKR mice when switched from a low 
fat diet to a semi-synthetic diet containing 21% fat and 
2% cholesterol with no cholic acid. The difference in 
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response among mouse strains to dietary fat and choles- 
terol intake on plasma triglyceride levels needs to be 
studied further. 

The second intexesting difference among the strains was 
the hyper- or hyporesponsiveness observed in plasma 
cholesterol levels. This difference in response to a high- 
fat/high-cholesterol diet has been observed in other species 
such as primates, rabbits and rats (25) as well as in mice 
{24,26). As in other species, the changes in plasma cho- 
lesterol are due to an increase in cholesterol contained in 
the VLDL and LDL fraction. In our studies, strains C57L 
and SWR were hyper-responders and AKR and SJL  were 
hyporesponders. These strains are progenitors of recom- 
binant  inbred sets, C57L • AKR and SWR • SJL. The 
responsiveness of combined VLDL and LDL to dietary 
lipid in these recombinant inbred sets could be used to 
identify the genetic determinants  involved. 

The third observation of interest was the failure of the 
HDL-C levels to decrease in SM mice fed the semi-syn- 
thetic atherogenic diet. A hallmark of susceptibility for 
aortic lesion development in mice studied thus far is a 
marked reduction in plasma HDL-C levels (17,18). SM 
mice, which were susceptible to aortic lesions, had basal 
HDL-C levels of 42 _+ 5 mg/dL and of 59 _ 5 mg/dL after 
four weeks of consuming the atherogenic diet. Normally, 
the lack of change or slight increase in HDL-C levels 
upon high-fat feeding is associated with atherosclerosis- 
resistant strains of mice such as C3H or A. 
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The potential of glycerolipid formation from sn-glycerol- 
3-phosphate (GP) and 2-monoacylglycerol (MG) was 
studied in adipose microsomal fractions under various 
nutritional and hormonal states. Glycerolipid formation 
from GP was followed in the presence of [14C]glycerol-3- 
phosphate and palmitoyl-CoA and was assayed by mea- 
suring the formation of butanol-soluble product, con- 
sisting mainly of [14C]phosphatidate. Glycerolipid forma- 
tion from MG was determined in the presence of 2-mono- 
oleyl glycerol and [14C]palmitoyl-CoA, and was estimated 
by the formation of both [14C]di- and triacylglycerol. 
Glycerolipid formation from GP was decreased signifi- 
cantly during food deprivation, in experimental diabetes, 
in the presence of lipolytic hormone, and during aging. 
Glycerollpid formation from MG did not change under 
these conditions and continued at the same rate as ob- 
served in control animals. The rate of glycerollpid forma- 
tion from GP was 7-20 times greater than from MG in 
the various fat depots. Measurement of the adipose mon~ 
acylglycerol concentration did not show any correlation 
with the glycerolipid formation from MG. The studies 
suggest that glycerolipid formation from MG is active 
in various fat depots, and is substantial when glycerolipid 
formation via GP is impaired. 
Lipids 28, 607-612 (1993). 

It is now well known that fatty acid esterification in 
adipose tissue is mediated by the stepwise acylation of 
either sn-glycerol-3-phosphate (1,2}, dihydroxyacetone 
phosphate (3) or 2-monoacylglycerol (4). Comparisons of 
the relative rates of esterification from various precursors 
indicate that the sn-glycerol-3-phosphate pathway is the 
major route of glycerolipid synthesis in adipose tissue (5). 

In several studies, the changes in glycerolipid synthesis 
from sn-glycerol-3-phosphate were shown to be positively 
correlated with the rate of triacylglycerol accumulation 
in adipocytes (6-8). However, such a relationship was not 
observed in animals over 60 d of age. Adipose glycerolipid 
synthesis from sn-glycerol-3-phosphate in these animals 
showed a more than 100% decrease compared to young 
animals, in spite of the increase in triacylglycerol accu- 
mulation (8). This suggested that alternative metabolic 
routes other than the sn-glycerol-3-phosphate pathway 
may be operative in the deposition of triacylglycerol in 
older adipocytes. Another observation that suggested 
such a possibility was the stimulation of fatty acid esteri- 
fication in intact adipocytes by catecholamines (9), when 
inactivation of several enzymes of the sn-glycerol-3- 

*To whom correspondence should be addressed at the Department 
of Anesthesiology, College of Physician and Surgeons, Columbia 
University, 630 West 168th St., New York, NY 10032. 
Abbreviations: BSA, bovine serum albumin; BSTFA, bis(trimethyl- 
silyl)trifluoroacetamide; CoA, coenzyme A; LDH, lactate dehydro- 
genase; MG, monoacylglycerol; MGAT, monoacylglycerol acyltrans- 
ferase; NAD, nicotinamide adenine dinucleotide; NADH, nicotin- 
amide adenine dinucleotide reduced form; Tris, tris(Hydroxyethyl)- 
aminomethane. 

phosphate pathway is known to occur (10,11). Previous 
studies from our laboratory have shown that glycerolipid 
synthesis by the monoacylglycerol (MG) pathway is ac- 
tive in aged rats, in spite of the significant decrease in 
glycerolipid formation by the sn-glycerol-3-phosphate 
pathway (12). 

The presence of the MG pathway in adipose tissue has 
been known for 20 years (4). Comparisons of glycerollpid 
formation via glycerophosphate and monoacylglycerol 
have indicated that, in hamster adipose tissue, the MG 
pathway is quite active, i.e., shows about 40% of the ac- 
tivity of the sn-glycerol-3-phosphate pathway. Moreover, 
2-monooleylglycerol ether, a 2-monoolein analogue which 
was used to measure the contribution of the MG pathway, 
inhibited glycerolipid formation v/a the sn-glycerol-3-phos- 
phate pathway in both intact adipocytes and in a cell-free 
system (4,13,14). These observations led Johnston and c~ 
workers (13,14) to propose that the MG pathway may play 
a significant role in adipose glycerolipid synthesis. In con- 
trast, Dodds etal .  (5,15) and Christie and Hunter (16) 
showed an insignificant contribution (<10% of the glycero- 
phosphate pathway} of the MG pathway to glycerolipid 
synthesis in rat adipose tissue. Thus, the significance of 
the MG pathway in adipose glycerolipid formation is still 
not quite clear, although this pathway is considered the 
major route of glycerolipid synthesis in intestine (17) and 
in neonatal rat liver (18). 

The present study was undertaken to determine the con- 
tribution of the MG pathway to glycerolipid formation in 
adipose tissue under various experimental conditions 
which are known to impair glycerolipid synthesis from sn- 
glycerol-3-phosphate` This approach was thought to pro- 
vide information on the physiological importance of the 
MG pathway in adipose tissue. 

MATERIALS AND METHODS 
Materials. [U-~4C]sn-glycerol-3-phosphate (spec. radioac- 
tivity, 161 mCi/mmol) and [1-14C]palmitoyl-CoA (spec 
radioactivity, 54 mCi/mmol) were purchased from New 
England Nuclear (Boston, MA). 2-Monoolein and 2-mono- 
oleyl glycerol ether were purchased from Serdary Research 
Laboratories (Port Huron, MI). Other monoacylglycerols 
were obtained from Nu-Chek-Prep (Elysian, MN). 
Palmitoyl-CoA, ATP, coenzyme A, dithiothreitol, BSTFA 
(bis[trimethylsilyl]trifluoroacetamide), pyruvate kinase, 
glycerol kinase, lactate dehydrogenase (LDH), phospho- 
enolpyruvate" nicotinamide adenine dinucleotide reduced 
form (NADH), triethanolamine" hexokinase (Type VII 
from baker's yeast), glucose~6-phosphate dehydrogenase 
(2~pe VII from baker's yeast) and streptozotocin were pur- 
chased from Sigma Chemical Co. (St. Louis, MO). 

Male Sprague~Dawley rats were purchased from Charles 
River Laboratories (Wilmington, MA). Rats were placed 
in an air-conditioned animal facility maintained on a 12-h 
dark (6 a.m.-6 p.m.)/12-h light (6 p.m.-6 a.m.) schedule. 
Animals were fed laboratory chow (Ralston Purina Labo- 
ratory, St. Louis, MO) ad libiturn. After sedation (by 
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exposing to CO2), rats were sacrificed between 8 and 
10 a.m. by decapitation. 

Preparation of  subcellular fractions. The adipose tissue 
microsomal fractions were prepared from epididymal fat 
pads from a single animal or pooled from two animals, 
as described previously (19). In some experiments, in ad- 
dition to epididymal fat pads, the subcutaneous and 
perirenal fat pads were used. Adipose tissues from differ- 
ent sources were homogenized with a Teckmar Tissuemizer 
(Teckmar Company, Cincinnati, OH) with 3 vol of cold 
Medium A (0.25 M sucrose]l mM tris(hydroxymethyl)- 
aminomethane (Tris) (pH 7.5)/1 mM ethylenediamine- 
tetraacetic acid]l mM dithiothreitol), The homogenate was 
further processed to isolate microsomal fractions as de- 
scribed previously (19). 

Metabolic studies. To investigate the acute effects of 
hormones on glycerolipid formation from sn-glycerol-3- 
phosphate and 2-monoacylglycerol, epididymal adipose 
fragments (30-40 mg tissue) were incubated in the pres- 
ence of either insulin (1,2 milliunit/mL) or 6 ~M norepi- 
nephrine for 1 h at 37~ in 8 mL Krebs-Ringer-bicar- 
bonate containing 4% bovine serum albumin (BSA), 
10 mM glucose and half the recommended amount of 
Ca 2+. All incubations were carried out in a shaking water 
bath, under an atmosphere of O2/CO 2 (19:1), in poly- 
ethylene vials. Following this incubation, the fragments 
were washed thoroughly in warm Medium A to remove 
adherent albumin and hormones. The washed fragments 
were then homogenized with cold Medium A to isolate 
microsomal fractions (19), which were used to measure 
glycerolipid formation from both sn-glycerol-3-phosphate 
and 2-monoacylglycerol. The incubation mixture from 
metabolic studies was stored frozen at -80~ and used 
at a later date for the determination of glycerol, which was 
taken as a measure of lipolytic activity of adipose tissue 
in the presence of different hormones. 

Effect of fasting, refeeding and streptozotocin-induced 
diabetes on glycerolipid formation. Since the effect of 
fasting, refeeding and diabetes on glycerolipid formation 
from 2-monoacylglycerol was not known, we investigated 
the effect of these experimental conditions on glycerolipid 
formation from both sn-glycerol-3-phosphate and 2-monm 
acylglycerol. In these studies, rats were deprived of food 
for 48 h and refed for 48 h following a 48-h fast (48-h fast 
and 48-h refed group, see Tables 1 and 3). Diabetes was 
induced in animals by injecting 60 mg/kg of streptozotocin 
intramuscularly. Control rats received saline After 72 h, 
the severity of diabetes in the experimental animals 
was monitored by measuring plasma glucose concentra- 
tions. 

Enzyme assays and identification of the reaction prod- 
ucts. In the present studies, glycerolipid formation from 
sn-glycerol-3-phosphate and 2-monooleylglycerol was mea- 
sured in the presence of palmitoyl-CoA, which served as 
acyl donor for both enzymatic reactions. Initial studies 
were conducted to determine the optimal concentrations 
of substrates and cofactors for these reactions. Under the 
assay conditions, glycerolipid formation from both sn- 
glycerol-3-phosphate and 2-monooleylglycerol was linear 
with time and the amount of microsomal protein added. 
Under all our experimental conditions, initial enzyme reac- 
tion rates were measured and the appropriate substrates 
and enzyme blanks were included to estimate the true en- 
zyme activity. 

Glycerolipid formation from 2-monooleylglycerol was 
measured as described previously {20). In a final volume 
of 1 mL, the reaction mixture contained 24 mM Tris/HC1 
buffer, pH 7.5, 50 mM KC1, 8.0 mM MgCI 2, 0.25 mM 
monooleylglycerol, 0.75 mM dithiothreitol, 25p M [14C]- 
palmitoyl-CoA {0.024 ~Ci), 20 uL of phospholipid mixture 
containing 15 ~g of phosphatidylcholine and 15 ~g of 
phosphatidylserine, and 1.25 mg of BSA. The reaction was 
started by the addition of the adipose microsomal protein 
{80-140 ~g). The incubation was carried out at 37~ and 
was linear with time for 15 min. The formation of both 
[14C]di- and triacylglycerol was taken as a measure of en- 
zyme activity. In the absence of monooleyl glycerol, very 
little (less than 5% of total) incorporation of [14C]- 
palmitoyl-CoA into diacylglycerol and triacylglycerol oc- 
curred. The enzyme reaction stopped at zero time was sub- 
tracted as blank. The specific activity of the MG pathway 
was calculated on the basis of radioactivity present in the 
diacylglycerol fraction plus 1/2 of the radioactivity in the 
triacylglycerol fraction, as two moles of palmitoyl-CoA 
were required to form triacylglycerol from 2-monoacyl- 
glycerol. 

The acylation of sn-glycerol-3-phosphate in the presence 
of palmitoyl-CoA was studied as described previously by 
Rider and Saggerson (21), with slight modifications. In 
a final volume of 0.70 mL, the reaction mixture contained 
24 mM Tris/HC1 buffer, pH 7.5, 50 mM KC1, 0.84 mM sn- 
glycerol-3-phosphate containing [14C]glycerol-3-phos- 
phate (0.1 ~Ci), 0.8 mM dithiothreitol, 65 uM palmitoyl- 
CoA and 1.75 mg of BSA. The reaction was started with 
15-20 ~g microsomal protein and was linear with time for 
4 min. Incubation was under air at 30~ in a shaking 
water bath- Incorporation of [~4C]glycerol-3-phosphate in- 
to butanol-soluble products, mainly radioactive phospha- 
tidate, was taken as a measure of enzyme activity. 

The radioactive lipids formed from 2-monoacylglycerol 
and [14C]palmitoyl-CoA were extracted as described by 
van den Bosch and Vagelos (22}, and the procedure of Daae 
and Bremer (23) was followed to isolate the butanol-soluble 
products formed from [14C]glycerol-3-phosphate and pal- 
mitoyl-CoA. The lipids were dried under N2 and dissolved 
in 0.5 mL of chloroform/methanol (2:1, vol/vol). Samples 
were applied in a volume of 0.1 mL and separated on thin- 
layer plates coated with Silica G (E. Merck, Darmstadt, 
Germany). The lipid classes were identified by running al> 
propriate standards in an adjacent lane 

Phosphatidate was separated using the solvent system 
chloroform/methanol/3M-NH 3 (65:38:8, by vol) and 
chloroform/methanol]acetic acid]water (50:25:8:4, by vol) 
(24,25). Neutral lipids were separated with hexane/diethyl 
ether/acetic acid (73:25:2, by vol) (26). The lipids were 
localized by exposure of the plates to iodine vapors. After 
sublimation of I2 at room temperature, appropriate areas 
from the plates were scraped directly into scintillation 
vials containing 10 mL of CytoScient (ICN Biochemicals, 
Irvine, CA). The radioactivity was measured in a Packard 
(Packard Instrument Company, Meriden, CT) Tricarb 480 
scintillation counter. 

Analysis of total Iipids, monoacylglycerols, glycerol and 
glucose. Total lipid and monoacylglycerol concentrations 
were determined in epididymal tissue during fasting and 
refeeding, in diabetic animals and from adipose fragments 
incubated in the presence of various hormones. Tissue 
lipids were extracted by the Folch procedure (27), and the 
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total  lipid concentrat ion was measured spectrophoto- 
metrically according to Barnes and Blackstack {28}. The 
monoacylglycerol concentration was measured according 
to Arner and Ostman {29}. For this purpose, monoacyl- 
glycerols were separated from other lipids by thin-layer 
chromatography on silica gel 60 with hexane/diethyl ether/ 
acetic acid (73:25:2, by vol) as solvent system. The silica 
gel scrapings containing monoacylglycerols were ex- 
t racted twice with 5 mL of chloroform]methanol (4:1, 
vol/vol) {29}. The combined chloroform]methanol extracts  
were dried under  N 2 and the monoacylglycerols were 
hydrolyzed at 70~ for 30 min in the presence of ethanolic 
KOH {29). Following addition of 1.5 mL of 0.05M 
MgSO4, an aliquot of the supernatant  was taken for the 
enzymatic  determinat ion of glycerol {30}. In some ex- 
periments, we also determined the adipose monoacyl- 
glycerol composition. In these experiments, adipose mono- 
acylglycerols, purified as described above, were derivatized 
with 100 ~L BSTFA at 75~ for 45 min in the presence 
of pyridine {31}. The contents  were dried under N2, and 
the derivatized monoacylglycerols were dissolved in 50 gL 
of methylene chloride. Two-microliter aliquots {in dupli- 
cate} were injected into the gas chromatograph (Hewlett- 
Packard, Kennet Square, PA; Model 5890, Series II, equip- 
ped with a 3396A integrator} and separated on a capillary 
column (DB1, 30 m • 0.53 mm i.d. 5 ~m thickness, J&W 
PN 1235-1035, obtained from J&W Scientific, Folsom, CA) 
and analyzed using a flame-ionization detector. Gas chrc~ 
matographic conditions were as follows. Oven tempera- 
ture, 280~ held for 3 rain, then increased to 290~ at  
a rate of l~ The injector and detector temperatures 
were maintained at 280 and 320~ respectively. The car- 
rier gas {helium) flow was at  22 mL/min. The amounts  of 
monoacylglycerols present in samples were determined 
relative to peak heights of monoacylglycerol s tandards 
analyzed at  the same time under the same conditions. 

Glycerol concentrations were determined spectrophoto- 
metrically by using the assay procedure of Thorner  and 
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Paulus (30). The reaction velocity was measured in a 
coupled system through glycerol kinase, pyruvate  kinase 
and LDH. Glycerol was est imated on the basis of the con- 
version of NADH into nicotinamide adenine dinucleotide 
(NAD) + as monitored at  340 nn~ Plasma glucose concen- 
trations from diabetic and control animals were measured 
by the " IL  Test ''TM (Instrumentat ion Laboratory  Micro- 
centrifugal Analyzer) (32). Glucose concentrat ions were 
measured in a coupled system through hexokinase and 
glucose 6ophosphate dehydrogenase, and quantified based 
on the conversion of NAD + to NADH as monitored at  
340 nm. 

RESULTS AND DISCUSSION 

In adipose tissue, monoacylglycerols are formed during 
hydrolysis of triacylglycerols by both  hormone-sensitive 
lipase (33) and lipoprotein lipase (34). In spite of the 
presence of monoglyceride iipase (33), the monoacylglyc- 
erols, which can be cytotoxic (35), accumulate in adipose 
tissue (36}. Recycling of monoacylglycerols to diacylglyc- 
erols is mediated by the monoacylglycerol acyltransferase 
(MGAT), an initial reaction of the MG pathway. 

Besides being important  in glycerolipid formation, the 
MG pathway may also part icipate in other  aspects of 
adipose lipid metabolism, including the formation of the 
second messenger diacylglycerol (37), the proper function- 
ing of lipoprotein lipase by interfering with the product  
inhibition of this enzyme by monoacylglycerols (34), as 
well as the protection of adipose tissue against  the c y t ~  
toxic effects of monoacylglycerols (35). In the present in- 
vestigation, we have directed our at tent ion mainly on the 
role of the MG pathway in adipose glycerolipid synthesis  
and compared its act ivi ty with tha t  of the sn-glycerol-3- 
phosphate pathway (Table 1). The rates of glycerolipid for- 
mation from sn-glycerol-3-phosphate were several times 
greater than those from 2-monoacylglycerol. This was evi- 
dent  under  all the experimental  conditions investigated 

TABLE 1 

Effect of Nutritional and Hormonal States on Adipose GlyceroUpid Formation s 

Nutrition Body Adipose Plasma 
or hormonal weight weight Glycerolipid formation b from Glycerol c glucose 
state (g) (g) sn-glycerol-3-phosphate 2-monoacylglycerol ymoles/g mg% 

Expt. 1, nutritional 
Control (8) 216 -- 10.17 1.49 __ 0.22 68.96 +-- 16.26 4.30 __ 0.23 nd e nd 
48-h fast (8) 175 • 8.60 0.75 • 0.20 39.81 +-- 13.84 d 5.15 +_ 1.30 nd nd 
48-h fast and 48-h 

refeed (8) 184 +_ 9.88 0.99 • 0.20 59.33 • 8.52 5.40 • 1.11 nd nd 
Expt. 2, hormonal 

Control (8) 249 • 8.5 1.22 • 0.39 63.83 • 12.29 5.53 • 0.76 2.47 • 0.92 nd 
Insulin (9) 248 • 16.5 1.15 • 0.31 59.98 • 9.22 4.92 • 0.44 2.14 • 0.85 nd 
Norepinephrine (9) 247 • 8.9 1.19 • 0.42 42.33 • 6.27 d 5.82 • 0.54 9.48 • 0.46 f nd 

Expt. 3, hormonal 
Control (9) 259 • 8.0 1.34 • 0.24 63.99 • 7.52 5.06 _-!- 0.91 nd 142 • 20 
Diabetes (10) 244 -!-_ 16 0.93 • 0.22 43.32 • 8.3 4 5.16 • 0.48 nd 382 +_ 51 

aEpididymal adipose microsomal fractions were used. Expt., experiment. 
bGlycerolipid formation from sn-glycerol-3-phosphate and 2-monoacylglycerol was measured as described in Materials and Methods, and 
the rates of glycerolipid formation are expressed as nmoles of lipid formed per rnin per mg microsomal protein. Each value is the mean 
+_ SD from the number of animals referred to in parentheses. 
CGlycerol concentration in the incubation medium is expressed as ~moles of glycerol released per g of adipose tissue. 
dSignificantly different from control and refed animals, P < 0.05. 
end, Not determined. 
fSignificantly different from control and insulin group, P < 0.001. 
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TABLE 2 

Adipose Glyeerolipid Formation in Various Fat Depots  from Young and Old Animals  a 

Body Source 
Age weight of adipose 
(wk) (g) t issue 

Glycerolipid formation b from 

sn-glycerol-3-phosphate (A) 2-monoacylglycerol (B) A/B 

6-7 223 • 6.7 

13-14 356 • 6.83 

Epididymal 76.34 + 9.96 5.27 • 0.91 14.48 
Perirenal 70.74 • 13.31 3.08 • 0.40 22.96 
Subcutaneous 25.14 • 4.34 c 3.17 • 0.14 7.93 
Epididymal 47.68 4.48 • 0.14 10.64 
Perirenal 41.90 • 14.73 d 3.67 • 0.14 11.41 
Subcutaneous 14.81 • 1.01 d 2.12 • 1.48 6.98 

aAdipose microsomal preparat ions from epididymal, perirenai and subcutaneous fat  pads were used. 
bThe rates  of glycerolipid formation from sn-glycerol-3-phosphate and 2-monoacylglycerol are expressed as nmoles of products  formed 
per min per mg  protein. Each value is the mean • SD from 4-6 experiments,  using 6 old and 19 young animals, except for epididymal 
fat  t issue from old animals, where the data  from two experiments  were pooled. 
cSignificantly different from other fat  depots in the same group of animals, P < 0.001. 
dSignificantly different from young animals, P < 0.05. 

so far. The fasting of animals for 48 h did cause a signifi- 
cant reduction in the formation of glycerolipids from s n -  

glycerol-3-phosphate, and refeeding of fasted animals for 
48 h partially retrieved this activity (Experiment 1), con- 
sistent with our earlier observations (38). However, glyc- 
erolipid formation from monoacylglycerol continued at the 
same rate as control animals during a fasting and re- 
feeding cycle. 

Microsomal fractions prepared from adipose tissue 
fragments pretreated with norepinephrine also showed a 
significant reduction in the formation of glycerolipids 
from sn-glycerol-3-phosphate (Experiment 2). Such an ef- 
fect of this lipolytic hormone was also noted by Sagger- 

son and co-workers (10,11) and was attributed to the in- 
activation of sn-glycerol-3-phosphate acyltransferase and 
Mg2+-dependent phosphatidate phosphohydrolase. The 
glycerolipid formation from 2-monoacylglycerol continued 
at a normal rate in the presence of lipolytic hormone, in 
spite of the significant decrease in the synthesis of glyc- 
erolipids from sn-glycerol-3-phosphate. 

The tissue fragments incubated with insulin did not 
show any effect on the glycerolipid formation from both 
2-monoacylglycerol and sn-glycerol-3-phosphate (Experi- 
ment 2). However, the microsomal fractions obtained from 
diabetic animals showed a significant reduction in the 
rates of glycerolipid formation from sn-glycerol-3-phos- 
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phate as noted previously (39), suggesting that insulin has 
a role in maintaining the optimal activity of glycerolipid 
formation from sn-glycerol-3-phosphat~ Again, glycero- 
lipid formation from 2-monoacylglycerol in diabetic ani- 
mals continued at the same rate as in control animals. 
Thus, glycerolipid formation from 2-monoacylglycerol ap- 
pears more resistant to changes in the hormonal and nutri- 
tional status of the animals, whereas glycerolipid forma- 
tion via sn-glycerol-3-phosphate seems more responsive 
to changes in environmental conditions. 

Besides in epididymal tissue, the MG pathway was also 
found operative in perirenal and subcutaneous adipose 
tissue of young and old animals {Table 2). However, the 
contribution of this pathway to glycerolipid formation dif- 
fered from one adipose depot to the other. Glycerolipid 
formation from sn-glycerol-3-phosphate decreased in all 
the fat depots as the animals grew older, as noted previ- 
ously (8), without any significant changes occurring in the 
rates of glycerolipid formation of 2-monoacylglycerol. 

Monoacylglycerols serve as substrates for various en- 
zymatic reactions, including MGAT, monoacylglycerol 
lipase and monoacylglycerol kinase Therefore, in some ex- 
periments we measured the adipose monoacylglycerol con- 
centration in rats under various hormonal and nutritional 
states {Table 3). As noted earlier (36}, the accumulation 
of monoacylglycerols in adipose tissue was apparent and 
was increased further when adipocyte lipolysis was stimu- 
lated, Le., during fasting, refeeding and in diabetic animals, 
and was decreased when the lipolytic process was in- 
hibited in the presence of insulin (40). Although changes 
in the monoacylglycerol content did not directly affect 
MGAT activity measured in vitrq the observed increases 
in the MG content during lipolysis could increase the rate 
of flux of these lipids v/a MGAT and enhance the recycling 
of endogenous monoacylglycerols by the MG pathway. 

Our data show {Table 3 and Fig. 1) that rat adipose 
tissue contains both short- and long-chain monoacyl- 
glycerols, with some minor changes occurring under dif- 
ferent hormonal and nutritional conditions. The most 
notable change in the composition of monoacylglycerol 
was apparent in the adipose tissue fragments which were 
incubated at 37~ for 1 h. The incubated adipose tissue 
contained very high amounts of 20:4 monoacylglycerols 
(as high as 80% of total} compared to the adipose tissue 
fragments, which were subjected to lipid extraction im- 
mediately following the excision of adipose tissue (in fed, 
fasted, refed and diabetic animals). The reason for the in- 
crease in 20:4 monoacylglycerol content, during incuba- 
tion of adipose tissue at 37~ is presently not clear. 
However, this increase does not seem to be hormonaUy 
related, since it occurred in all samples regardless of the 
presence of hormones. In addition to 10 monoacylglycerol 
species identified, the rat adipose tissue also contained 
three minor peaks of unidentified monoacylglycerols, 
which were eluted between 8:0 and 14:0 monoacylglycerols 
{data not reported). 

In conclusion, a comparison of adipose glycerolipid 
formation from sn-glycerol-3-phosphate and from 2- 
monoacylglycerol provided evidence that the sn-glycerol- 
3-phosphate pathway is more active and responds more 
readily to changes in the hormonal and nutritional 
status of the animal. The maintenance of the optimal 
rates of glycerolipid formation from 2-monoacylglyc- 
erol, during impairment of glycerolipid formation from 
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sn-g lycero l -3-phosphat~  s u g g e s t s  t h a t  the  inc reased  ra tes  
of f a t t y  ac id  e s t e r i f i c a t i on  (9) a n d  t r i a cy lg lyc e ro l  ac- 
c u m u l a t i o n  (8) t h a t  have  been  n o t e d  previously ,  m a y  be  
p a r t l y  m e d i a t e d  t h r o u g h  the  M G  pa thway .  
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Multiple Inhibitory Effects of Garlic Extracts on Cholesterol 
Biosynthesis in Hepatocytes 
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Exposure of primary rat hepatocytes and human HepG2 
cells to water-soluble garlic extracts resulted in the 
concentration-dependent inhibition of cholesterol biosyn- 
thesis at several different enzymatic steps. At low con- 
centrations, sterol biosynthesis from [14C]acetate was 
decreased in rat hepatocytes by 23% with an IC50 (half- 
maximal inhibition} value of 90 pghnL and in HepG2 cells 
by 28% with an IC~0 value of 35 ~g/mL. This inhibition 
was exerted at the level of hydroxymethylglutaryl-CoA 
reductase (HMG-CoA reductase) as indicated by direct en- 
zymatic measurements and the absence of inhibition if 
[14C]mevalonate was used as a precursor. At high concen- 
trations (above 0.5 mg/mL), inhibition of cholesterol bio- 
synthesis was not only seen at an early step where it in- 
creased considerably with dose, but also at later steps 
resulting in the accumulation of the precursors lanosterol 
and 7-dehydrocholesterol. No desmosterol was formed 
which, however, was a major precursor accumulating in 
the presence of triparanol. Thus, the accumulation of 
sterol precursors seems to be of less therapeutic signifi- 
cance during consumption of garlic, because it requires 
concentrations one or two orders of magnitude above 
those affecting HMG-CoA reductase. Alliin, the main 
sulfur-containing compound of garlic, was without effect 
itself. If converted to allicin, it resulted in similar changes 
of the sterol pattern. This suggested that the latter com- 
pound might contribute to the inhibition at the late steps. 
In contrast, nicotinic acid and particularly adenosine 
caused moderate inhibition of HMG-CoA reductase ac- 
tivity and of cholesterol biosynthesis suggesting that 
these compounds participate, at least in part, in the early 
inhibition of sterol synthesis by garlic extracts. 
Lipids 28, 613-619 (1993). 

Long-term exposure of rats to water-soluble garlic extracts 
has been reported to result in decreased serum cholesterol 
and triglyceride levels (1). Similar observations were 
reported for rabbits with and without feeding cholesterol 
(2,3) as well as for other species (see Ref. 4). Recently, 
significant reduction in serum cholesterol after long-term 
intake of garlic powder tablets has been found for humans 
in double-blind crossover studies (5,6). Little is known as 
yet about the mechanism(s) and the active principle(s) 
responsible for these effects. 

Primary cultures of rat hepatocytes provide a suitable 
model system for studies on the physiological regulation 
and pharmacological modulation of cholesterol biosyn- 

*Address correspondence at Physiologisch-chemisches Institut, 
University of Ttibingen, Hoppe-Seyler-Str. 4, D-2076 Tfibingen, 
Germany. 

Abbreviations: HMG-CoA reductase, hydroxymethylglutaryl-CoA 
reductase (EC 1.1.1.34); ICso, the concentration for half-maximal in- 
hibition; LDH, lactate dehydrogenase (EC 1.1.1.27); SI-TLC, silver- 
ion thin-layer chromatography. 
Dedication: This article is dedicated to Prof. Dr. D. Mecke on the 
occasion of his 60th birthday. 

thesis and metabolism (7-13). Likewise, HepG2 cells have 
been used for characterizing hepatic cholesterol metab- 
olism and its inhibition (14-16). Using rat hepatocyte 
cultures we have recently described inhibition of choles- 
terol biosynthesis by water-soluble garlic extracts (17). In 
the present study, we have carefully analyzed the concen- 
tration dependence of these effects and report on the in- 
teraction at different points during the biosynthetic 
pathway of cholesterol depending upon the concentration 
of the garlic extracts. In addition, the effect of garlic ex- 
tracts and of some constituents on cholesterol biosyn- 
thesis in rat hepatocytes was compared with that in 
HepG2 cells. 

MATERIALS AND METHODS 

Materials. The garlic powder used (corresponding to 
Kwai| | Lichtwer Pharma, Berlin, Germany) is 
prepared immediately after harvesting of garlic cloves 
from central China. The garlic of this region is character- 
ized by a very high content of sulfur-containing com- 
ponents. The water is removed from the fresh garlic cloves 
by careful air drying. The other components (such as Mliln 
and the enzyme ~lliinase) are maintained in concentrated 
form in the garlic powder. The powder is standardized to 
an alliin content of 1.3% (18,19) and a capacity for libera- 
tion of allicin of 0.6%. The garlic powder, as well as pure, 
synthetic Rlliin (18) were provided by Lichtwer Pharma 
GmbH. These substances were kept dry at 4~ 
Mevastatin, triparanol and ketoconazole were kind gifts 
from Dr. H.J. Kempen (TNO, Leiden, Netherlands). 

[U-14C]Acetate sodium-salt (1.9 GBq/mmol, 51.3 
mCi/mmol) and RS-[2-14C]mevalonic acid dibenzylethyl- 
enediamine salt (2.1 GBq/mmol, 56.7 mCi]mmol) for 
cholesterol biosynthesis, as well as [1-~4C]oleic acid (1.95 
GBq/mmol, 52.6 mCi/mmol) and [4-~4C]cholesterol (2.2 
GBq/mmol, 59.4 mCi/mmol) for the determination of en- 
zyme activities were obtained from Amersham/Buchler 
(Braunschweig, Germany). 

Collagenase (0.225 U/mg) was from Boehringer (Mann- 
heim, Germany) and was used only from batches which 
proved suitable for the isolation of hepatocytes in our 
laboratory. Newborn calf serum was obtained from Sebio 
(Walchsing, Germany) or Serva (Heidelberg, Germany); 
Williams Medium E was from Flow Laboratories (Mecken- 
heim, Germany). The Extrelut v 20-columns were from 
Merck (Darmstadt, Germany). All other chemicals were 
from Boehringer, Merck or Sigma (Munich, Germany). 

Animals. Male Sprague-Dawley rats (220-270 g) were 
used as hepatocyte donors. They were kept in a controlled 
12-h light/dark cycle on a standardized diet of Alma | H 
1003 (Botzenhardt, Kempten, Germany) and tap water 
ad libiturn. 

Isolation and cultivation of rat hepatocytes. Rat hepato- 
cytes were isolated according to the two-step collagenase 
perfusion technique previously described (20). Viability 
of the cells averaging to 93.2 + 3.1% was routinely 
checked by staining with trypan blue 
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The isolated hepatocytes were suspended in Williams 
Medium E containing 10% newborn calf serum, 2 mM 
glutamin~ penicillin (50 units/mL), streptomycin (50 
~g/mL) and 10 -7 M dexamethasone (17). They were 
seeded in 2 mL of culture medium at a density of 1.25 • 
105 cells/cm 2 into Petri dishes (+ 60 mm) precoated with 
a thin film of collagen (21) and were incubated at 37~ 
90% humidity and 7% CO2. From 2 h on, serum-free 
medium was used. 

Cultivation of HepG2 cells. The human hepatoma cell 
line HepG2 was maintained as monolayers as described 
(22). Confluent cultures were detached with 0.2% trypsin, 
suspended in medium containing 0.2% trypsin inhibitor 
and split 1:3 once a week. The cells were used between 
passages 40-70 (our laboratory). Incubations with garlic 
extracts were performed in the same serum-free medium 
used for hepatocytes. 

Extraction of garlic powder. Garlic powder stored under 
dry conditions was extracted with doubly distilled water 
as described (17), carefully (<30~ evaporated to dryness 
and redissolved in Williams Medium E (5 mL/g powder; 
initial weight). This stock solution was further diluted 
with Williams Medium E. All concentration data relate 
to the initial amount of garlic powder per extraction vol- 
ume, since the amount of the dissolved material (approx- 
imately 80%) was not determined. Control media were 
made using doubly distilled water instead of the garlic 
extract. 

Pure alliin was dissolved directly in Williams Medium 
E (1 mg/mL) and sterilized by filtration. Dilutions were 
always made with Williams Medium E. For preincubation 
with alliinase, alliin (1.66 mg/mL) was directly dissolved 
in a garlic extract of 5 mg/mL) and was incubated at room 
temperature for 20 rain. These conditions should lead to 
the complete conversion of all added alliin to allicin (18). 
The mixture was then diluted 1:100 with Williams 
Medium E. 

Incubation of the primary cultures with the extracts. 
Eighteen hours after inoculation of the hepatocyte cul- 
tures the medium was removed and fresh medium contain- 
ing [14C]acetate (18.5 KBq/mL; 0.5 ~Ci]mL), together 
with the appropriate dilutions of the garlic extracts or 
compounds to be tested, was added. After incubation at 
37~ for 2 h, the medium was removed and the cell layer 
was washed twice with saline and scraped into 2 mL 
distilled H20. The cells were homogenized by sonication 
(20 s, grade 3, Ref. 20). In several experiments [14C]- 
acetate was replaced by [14C]mevalonate (9 KBq/mL, 
0.24 pCi/mL). 

Determination of acetate incorporation into and separa- 
tion of nonsaponifiable neutral lipids. The incorporation 
of [14C]acetate into nonsaponifiable neutral lipids was 
determined as described using Extrehit| (large- 
pore kieselgur) for efficient separation (17). The neutral 
lipophilic nonsaponifiable substances were eluted with n- 
heptane (17). The precursors such as [14C]acetate or [14C]- 
mevalonate are retained on the column to more than 99%. 
For measurements of incorporation, the eluate was col- 
lected directly in scintillation vials and measured in the 
scintillation counter after addition of 10 mL of Ultima 
Gold | (Packard, Merident, CT). The yield of the elution 
step was 92% (86-95%). Recovery was determined using 
[3H]cholesterol added to the initial samples. For deter- 
mination of the newly synthesized sterol pattern, the 

eluate was evaporated to dryness in a vacuum concen- 
trator (Desaga, Heidelberg, Germany), taken up in 50 ~L 
chloroform and applied to silver-ion thin-layer chromatog- 
raphy (SI-TLC) plates which were developed once using 
a mixture of n-heptane]ethyl acetate (2:1, vol/vol) accord- 
ing to Pill et aL (23). With [14C]mevalonate, a similar pro- 
tocol was used. 

Determination ofcytotoxicity. Cytotoxicity of garlic ex- 
tracts and inhibitors was determined by means of the 
leakage of lactate dehydrogenase (LDH) relative to the 
total activity of LDH after lysing the hepatocytes with 
0.1% Triton X-100 as described (17). 

Determination of enzyme activities. For the determina- 
tion of enzyme activities, a liver homogenate (1:10 wt/vol) 
in 0.1 M potassium phosphate buffer (pH 7.4) containing 
4 mM MgC12, 1 mM ethylenediaminetetraacetic acid and 
2 mM dithiothreitol was prepared with a Dounce homog- 
enizer (Braun Melrungen AG, Melrungen, Germany) from 
the liver of starved (24 h) rats and diluted 1:8. Either the 
10000 • g supernatant or the microsomal fraction was 
used for the measurements. For testing the garlic extracts, 
the extracts were added before the dilution step at such 
a concentration that  the proper dilution was reached 
together with that  of the enzyme activities. Enzyme ac- 
tivities were determined as follows: hydroxymethylglu- 
taryl-CoA reductase (HMG-CoA reductase) according to 
Shapiro et al. (24) and fatty acid synthase according to 
Nepokroeff et aL (25). Protein was determined following 
the procedure of Lowry et al. (26). 

Statistical evaluation. The IC~0 values (the concentra- 
tion for half-maximal inhibition) were determined from the 
dose response curves by use of curve fitting programs on 
a PC. The data were evaluated statistically using Stu- 
dent's t-test. Data are given as means + SD. 

RESULTS 

Incubation of primary rat hepatocyte cultures with water~ 
soluble extracts of garlic inhibited the incorporation of 
[14C]acetate into the sterol fraction extracted from hepa- 
tocyte homogenates. Figure 1 illustrates the effect of con- 
centration. Obviously, there is a strong inhibition above 
10 mg/mL, although cytotoxic effects were not found 
below 125 mg/mL within the incubation period of 2 h 
(Table 1). Between 0.25 and 5 mg/mL, a plateau was ob- 
served which was characterized by a mean inhibition of 
about 23% (Fig. 1). At lower concentrations the inhibition 
decreased continuously and an ICs0 value of approxi- 
mately 90 ~g/mL could be determined. In the presence of 
the well known inhibitor mevastatin, biosynthesis of non- 
saponifiable lipids was inhibited by more than 90% at con- 
centrations above 10 -6 M. 

Similar inhibitory effects by garlic extracts were seen 
with cultures of HepG2 cells. The range of cytotoxic con- 
centrations was about the same (Table 1), while inhibition 
of sterol biosynthesis was somewhat more sensitive with 
an ICs0 value of approximately 35 ~g/mL and a maximal 
inhibition at the plateau phase of about 28% (Fig. 2). At 
high concentrations, inhibition with HepG2 cells was less 
pronounced than with rat hepatocytes. 

If the radioactively labeled acetate was replaced by 
labeled mevalonate, the inhibitory effect of the garlic ex- 
tracts, as well as that  of mevastatin largely disappeared 
in both types of cells (Table 2) indicating that  inhibition 
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FIG, 1. Dependence of the incorporation of [14C]acetate into non- 
saponifiable lipids on the concentration of water~oluble extracts of 
garlic powder in cultured rat hepatocytes. The dashed line indicates 
the control level, the dotted line the incorporation in the presence 
of mevastatin (10 -6 M). Data represent means ___ SD of three to five 
independent determinations. 
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FIG. 2. Dependence of the incorporation of [14C]acetate into non- 
saponifiable lipids on the concentration of water-soluble extracts of 
garlic powder in HepG2 cells. The dashed line indicates the control 
level~ the dotted line the incorporation in the presence of mevastatin 
(10 "~ M). Data represent means +__ SD of three to four independent 
determinations. 

TABLE 1 

Cytotoxicity of Water-Soinble Garlic Extracts on Cultured Rat 
Hepatocytes and HepG2 Cells 

Concentration of garlic 
extracts (mg/mL) 

LDH leakage (% total activity) a 

Rat hepatocytes HepG2 

Control 5 • 3 2 • 1 
1 5 •  2 •  

10 6 •  1 •  
50 6 •  3 •  

100 12 • 4 4 • 2 
125 31 • 7 b 25 • 6 b 
150 84 • 6 b 67 • 8 b 
200 100 • 0 b 93 • 6 b 

aData represent means • SD of triplicate determinations of lactate 
dehydrogenase (EC 1.1.1.27) (LDH) leakage. 
bSignificant cytotoxicity, P > 0.001. 

occurs at  some enzymatic  step prior to the formation of 
mevalonate. 

I t  is known tha t  mevastat in exerts its inhibitory effect 
on the level of HMG-CoA reductase activity, and pre- 
liminary evidence suggested that  the same holds true for 

�9 garlic extracts  (17). Therefore, the direct effect of garlic 
extracts on some enzymes of cholesterol and fa t ty  acid 
metabolism was tested in detail using liver homogenates 
from fasted rats. For HMG-CoA reductase, a concentra- 
tion-dependent inhibition was found s tar t ing at concen- 
trations as low as 25 ~g/mL {Fig. 3). Above 500/~g/mL in- 
hibition plateaued at about  15% of total enzymatic ac- 
tivity. In the presence of 10 -5 M mevastatin, almost 
complete inhibition of the enzyme activity was noted (not 
shown}. Fa t ty  acid synthase  was also inhibited (Fig. 3). 
However, no significant inhibition was found below 100 
/~g/mL, while maximal inhibition by slightly more than 
15% was reached above 1 mg/mL. 

The effect of several compounds present in the garlic 
powder, namely aUiin, nicotinic acid and adenosine, on 

TABLE 2 

Inhibition of the Biosynthesis of Nonsaponifiable Lipids 
from [14C]Acetate or [14C]Mevalonate by Garlic Extracts 
and Mevastatin in Rat Hepatocytes and HepG2 Cells 

Inhibition (%)a Inhibiting 
material [14C]Acetate [14C]Mevalonate 

Hepatocytes b 
Garlic extract c 10 + 3 1 • 1 d 
Mevastatin e 84 • 7 13 • 3 f 

HepG2e 
Garlic extract c 23 • 6 3 • 2f 
Mevastatin e 81 • 8 15 • 4f 

aValues represent means _ SD of triplicate determinations. 
bIncorporation of radioactivity for controls was 11.6 _ 1.3 dpm//~g 
protein and 8.3 • 1.0 dpm/~g protein for [14C]acetate and 
[14C]mevalonate, respectively. 
c(lO0/~g/mL). 
dSignificantly different from acetate: P < 0.01. 
el0-5 M. 
f Significantly different from acetate: P < 0.001. 
eIncorporation of radioactivity for controls was 16.7 • 2.3 dpm]~g 
protein and 13.1 - 1.6 dpm/~g protein for [14C]acetate and 
[14C]mevalonate, respectively. 

sterol biosynthesis is shown in Figure 4. There was only 
slight inhibition at high concentrations of alliin (but not  
at low concentrations, c.f. Table 3). Nicotinic acid was 
shown to be somewhat more potent. Interestingly, adeno- 
sine inhibited sterol synthesis to a much greater extent 
and showed a biphasic concentration dependence similar 
to that  shown by the extracts. After preincubation of alliin 
with alliinase (from a garlic extract of low concentration), 
i.e. after conversion to aUicin (18), a slight inhibition was 
observed in HepG2 cells only {Table 3) indicating that  
allicin but not Mllln might, under certain conditions, be 
an active principle. In accordance with this assumption, 
alliin did not  significantly inhibit HMG-CoA reductase 
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FIG. 4. Dependence of the incorporation of [14C]acetate into non- 
saponifiable lipids on the concentration of alliin ( �9 - -  �9 ), nicotinic 
acid (O----O) and adenosine (I::]--D) in cultured rat hepatocytes. The 
dotted line indicates the control level. Data represent means of 
duplicate determinations. 

in liver homogenates  (Fig. 5). Nicotinic acid caused about  
10% inhibition above 10 ~g/mL. Interestingly, adenosine 
inhibited HMG-CoA reductase with even greater  effi- 
ciency (Fig. 5). 

When the sterol pa t t e rn  produced by the ra t  hepato- 
cytes was analyzed by SI-TLC, cholesterol was shown to  
be the main sterol formed {Fig. 6, A and B). The precur- 
sors lanosterol and 7-dehydrocholesterol amounted  to 8 
and 4%, respectively. In the presence of garlic ex t rac ts  at 
concentrations above 0.5 mg/mL, a shift  in the proportions 
of the sterols could be observed {Fig. 6A). Lanosterol and, 
to  some extent, 7-dehydrocholesterol, increased at  the ex- 
pense of cholesterol indicat ing an inhibition a t  several 
s teps during the conversion of lanosterol to cholesterol. 
The percentage of 7-dehydrocholesterol never exceeded 

TABLE 3 

Effect of Alliin with and without Preincubation with ,41111nase 
on the Biosynthesis of Nonsaponifiable Lipids from [14C]Acetate 
in Rat Hepatocytes and HepG2 Cells 

Incorporation of [14C]acetate 
into nonsaponifiable lipids a 

Hepatocytes HepG2 

Compound dpm]~g Protein % dpm]/~g Protein % 

None 12.3 • 1.9 100 15.8 • 1.1 100 
Alliin b 11.6 - 1.3 94 15.0 • 0.9 95 
Alliin 

(preincubatod) c 11.4 __ 1.2 93 14.1 • 0.9 d 89 

aValues represent means • SD of duplicate determinations from 
four different cultures. 
b10-4 M. 
~Allin (10 -4 M) was preincubated with ~lllinase from a garlic extract 
(50 ~g/mL) as described in Materials and Methods. 
dStatistical significance with respective controls: P < 0.01. 
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FIG. 5. Dependence of the inhibition of HMG-CoA reductase on the 
concentration of Rlliln (O--O), nicotinic acid (I:]----El) and adenosine 
( � 9  - -  �9 ). Values represent means + SD of triplicate determinations. 

25% (relative proportion), because at  higher concentra- 
tions inhibition of lanosterol metabol ism predominated.  
No desmosterol was formed at  all concentrations used [an 
indication to the contrary  in a previous abs t rac t  (27) was 
due to inadver tent  mislabeling of the respective figure]. 
With HepG2 cells similar results were obtained (Fig. 6B, 
Table 4), but  pronounced accumulat ion of lanosterol re- 
quired even higher concentrat ions of the ext rac ts  than  
with ra t  hepatocytes.  The proport ion of 7-dehydrocholes- 
terol never exceeded 14%. Other  (partially unidentified) 
precursors, presumably dihydrolanosterol (5a-lanost-8-ene- 
3/3-ol), were observed in sl ightly greater  percentages. 

Direct  addit ion of several garlic compounds  revealed 
tha t  neither Alliin and nicotinic acid nor adenosine (Fig. 7) 
caused a shift in the composition of the sterol fraction pro- 
duced by ra t  hepatocytes.  However, when alliin was con- 
ver ted to aUicin by preincubation with alliinase, a similar 
shif t  in the proport ion of cholesterol, lanosterol and 
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FIG. 6. Influence of different concentrations of garlic extracts on 
the incorporation of [14C]acetate into cholesterol and cholesterol 
precursors in (A) rat hepatocytes and (B) HepG2 cells. Co, control; 
G0.02 to G8, garlic extracts ranging from 0.02 to 8 mg/mL (cross- 
hatched bars) cholesterol, (left-hatched bars) lanosterol, Istriped bars} 
7-dehydrocholesterol, (open bars} other sterols. 

7-dehydrocholesterol was found as with the garlic extracts 
(Fig. 7). Similar effects were observed with HepG2 cells 
(Table 4) or after incubation with mevalonate (not shown). 
In contrast,  mevastat in did not  change sterol composi- 
tion in rat hepatocytes, but  caused a considerable reduc- 
tion of acetate incorporation into the sterol fraction only 
(Fig. 7). Triparanol and ketoconazole caused marked 
changes in the sterol composition that  were considerably 
different from those observed with the garlic extracts. 
With the latter inhibitors, large proportions of desmosterol 
were formed (Fig. 7). 

TABLE 4 

Effect of Alliin with and without Preincubation with Alliinase 
on the Incorporation of [14C]Acetate into Cholesterol and Cholsterol 
Precursors in HepG2 Cells 

Incorporation of [14C]acetate 
into cholesterol and precursor sterols 

(% of total) a 
Sterol Control AUiinb Alliin (inc.) c 

Lanosterol 7.7 • 1.4 9.2 _ 1.6 25.8 __- 2.7 d 
Dihydrolanosterol 0.5 • 0.3 0.4 • 0.2 6.1 • 1.6 d 
7-Dehydrocholesterol 3.9 • 0.8 5.9 • 1.5 10.7 • 1.7 d 
Cholesterol 87.1 • 5.3 83.7 • 7.0 55.9 • 3.8 d 
Others 0.8 • 0.4 0.8 • 0.5 11.5 • 2.1 d 

aValues are expressed as percentage of radioactivity in relation to 
the total incorporation in each group and represent means • SD 
from three to four experiments. 
b10-4 M. 
cAUiin (10 -4 M) was preincubated (inc.) with alliinase from a garlic 
extract (50 ~g/mL) as described in Materials and Methods. 
dStatistical significance with control: P < 0.01. 
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FIG. 7. Influence of different inhibitors and garlic compounds on 
the incorporation of [14C]acetate into cholesterol and cholesterol 
precursors in rat hepatocytes. Co, control; MS, mevastatin; G0.5, 
garlic extract (0.5 mghmL); ALl, alliin (10 -4 M); AL2, alliin (10 -3 M); 
AL-in, Alliln (10 -3 M) preincubated with alliinase; NA, nicotinic acid 
(1 mg/mL); Ad, adenosine (20 ~g/mL); TP, triparanol (10 -5 M); KC1, 
ketoconazole (10 -5 M); KC2, ketoconazole (10 -4 M). (cross-hatched 
bars) Cholesterol, (left-hatched bars) lanosterol, (striped bars) 
7-dehydrocholesterol, (right-hatched bars) desmosterol, (open bars) 
other sterols. 

DISCUSSION 

In the present s tudy we report on multiple inhibitory ef- 
fects of garlic extracts at several different steps (early and 
late) in the cholesterol biosynthetic pathway. The extent 
of inhibition depended strongly on the concentration of 
the extracts. 

Firstly, inhibition of total sterol biosynthesis was recog- 
nized as a biphasic phenomenon caused mainly on the 
level of HMG-CoA reductase. The fact tha t  rat hepato- 
cytes and human HepG2 cells responded very similarly 
may indicate that  the results are relevant for humans con- 

suming fresh garlic or equally potent garlic preparations. 
Indeed, the degree of inhibition observed at low concen- 
trations (25-30%1 nicely reflects the decrease in choles- 
terol levels described for rat  serum il) as well as human 
serum (4,5). The high concentrations studied herein, which 
cause much stronger inhibition comparable to tha t  by 
mevastatin, are not likely to be reached even during ex- 
cessive consumption of garlic preparations. 

Studies in which acetate was replaced by mevalonate 
and direct measurement of enzyme activities suggested 
that  the garlic extracts exert their lowering effect essen- 
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tially through inhibition of HMG-CoA reductase A simi- 
lar inhibition with water-soluble extracts  had previously 
been observed with the chicken liver enzyme {28}. Which 
compounds contained in the extracts  are responsible for 
this inhibition is not  known. As shown in this study, 
nicotinic acid and adenosine may be among the candi- 
dates. The relative concentration of nicotinic acid in garlic 
extracts {approximately 4 ~g/mL, estimated from Ref. 29), 
however, seems too low to account for the total inhibition 
observed with the garlic extracts. Adenosine, on the other 
hand, the concentrat ion of which in garlic is higher (ap- 
proximately 10 ~g/mL, est imated from Ref. 29) seems to 
contribute to the inhibition of cholesterol biosynthesis in 
an indirect manner, since it is unlikely to enter the hepa- 
tocytes. Whether  garlic extracts  raise the intracellular 
adenosine level remains to be investigated. The contribu- 
tion of alliin and its product  allicin to the inhibition at 
the level of HMG-CoA reductase appears of minor impor- 
tance, a l though the effect of allicin in HepG2 cells was 
significant. Thus, it seems most  likely tha t  other  still 
unknown components  may also be involved in the inhibi- 
tion. Hepatocyte  cultures may aid in fur ther  defining 
these active principles and their mode of action. 

Secondly, exposure of ra t  hepatocytes or HepG2 cells 
to higher concentrations of garlic extracts  resulted in a 
pronounced shift in the composition of the sterol fraction 
indicating inhibition at later stages of cholesterol biosyn- 
thesis. This inhibition led to the pronounced accumula- 
tion of lanosterol and, to a lesser extent, of 7-dehydroch~ 
lesterol. The lat ter  compound represents 6-9% of total  
sterols in subcellular membranes of normal rats  {30). The 
accumulation of lanosterol is comparable to the effect of 
ketoconazole, a known antimycotic~ and of buthiobate  
which both  have been found to inhibit the conversion of 
lanosterol to demethyllanosterol (14,15,31). Whether  the 
same enzymatic step is inhibited by the garlic extracts  
remains to be investigated. On the other  hand, the ac- 
cumulation of 7-dehydrocholesterol seems much less than 
with other  inhibitors such as trans-l,4-bis(2-chloroben- 
zylaminomethyl)cyclohexane dihydrochloride {32) and 4- 
(2-[1-(4-chlorocirmamyl)piperazin4-yl]ethyl)benzoic acid 
(10). This indicates tha t  inhibition of 14a-demethylation 
by the garlic extracts  might  be much more pronounced 
than tha t  of side-chain saturation. Desmosterol, which is 
known to cause adverse effects as a consequence of 
massive accumulation, was not  formed in the presence of 
garlic extracts. Thus, side-chain saturation again appears 
less inhibited. In contrast ,  tr iparanol in our hepatocyte 
cultures gave rise to desmosterol which is in agreement 
with the known accumulation of desmosterol in vivo, par- 
t icularly in the skin (33,34), as well as in vi tro (15). 
Although the interference of garlic compounds with late 
stages of cholesterol biosynthesis is very interesting from 
the molecular point of view, it seems to be of minor thera- 
peutic significance, because it requires concentrations one 
or two orders of magnitude above those affecting the early 
stage. These concentrations seem too high to be reached 
during normal and even long-term consumption of garlic 
preparations. 

Neither nicotinic acid nor adenosine seem to be involved 
in the inhibition at late stages of cholesterol biosynthesis. 
However, there is some indication tha t  allicin at  high con- 
centrat ions might  be involved in this inhibition in both  
types of cells. Whether  this effect is specific for this corn- 

pound or is observed also with other garlic compounds 
derived from alliln, which contain sulfur- and allyl-groups, 
is currently being investigated. 

I t  is concluded tha t  defined compounds present in 
water-soluble extracts from garlic inhibit the biosynthesis 
of cholesterol in hepatocytes thus contr ibut ing to the 
reduction of serum cholesterol. The observed gap between 
the low concentrations inhibiting the early steps and the 
high concentrations required to inhibit the late steps in 
the synthet ic  pathway may aid in lowering cholesterol 
biosynthesis without  accumulating undesirable choles- 
terol precursors. 
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The Esterification of Cholesterol in the Yolk Sac Membrane 
of the Chick Embryo 
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aHannah Research Institute, Ayr, KA6 5HL and bScottish Agricultural College, Auchincruive, Ayr KA6 5HW, Scotland 

The uptake of lipid from the yolk by the yolk sac mem- 
brane of the chick embryo is accompanied by the rapid 
esterification of a large proportion of the yolk cholesterol. 
This could arise from enhanced acyl-CoA~holesterol acyl- 
transferase (ACAT} activity and/or inhibition of cholesteryl 
ester hydrolase (CEH) activity. The activity of ACAT was 
therefore measured in microsomes obtained from yolk sac 
membranes at various stages of development. A high level 
of activity (up to 929 pmol of cholesteryl oleate formed 
per min per mg protein) was found during the second half 
of this period. Supplementation with exogenous cholesterol 
stimulated ACAT activity in microsomes obtained from 
the tissue at the earlier, but not at the later, stages of de- 
velopment suggesting that the enzyme became saturated 
with microsomal cholesterol as development proceeded. 
Correlating with this, the concentration of cholesterol in 
the microsomes increased 4-fold between 9 and 20 d of 
development. The activity of CEH was very low in the 
microsomes and could not be detected in the cytosolic frac- 
tion. The activity of a protein, which has been shown to 
function as an inhibitor of CEH, was found to be present 
at all stages of development. The high activity of ACAT, 
together with the low activity of CEH and an active CEH 
inhibitor protein is a combination well suited to promote 
an essentially unidirectional conversion of cholesterol to 
cholesteryl ester. This process may be a major determinant 
of the rate of lipid transfer from the yolk to the embryo. 
Lipids 28, 621-625 (1993). 

The importance of yolk lipids as a source of energy, mem- 
brane components and essential fatty acids for the develop 
ing chick embryo is well recognized (1). During the early 
stages of development, the yolk becomes completely sur- 
rounded by the yolk sac membrane, a structure which is 
physically an extension of the embryo's hind-gut (1). This 
membrane mediat~ the transfer of nutrients from the yolk 
to the body of the embryo by absorbing lipids from the yolk 
and converting them into lipoproteins which are released in- 
to the embryonic circulation. In the yolk, cholesterol exists 
predominantly as the free sterol, but it is extensively (80%) 
esterified in the yolk sac membrane (1-3). This rapid con- 
version of yolk cholesterol into cholesteryl esters in the en- 
dodermal cells has led to the suggestion that the esterifica- 
tion of cholesterol is important for the formation and sta- 
bility of the lipoproteins released into the circulation, and 
may be an important factor in determining the rate of lipid 
transfer from yolk to embryo (1-3). 

Tissues which are very active in cholesterol metabolism, 
such as the liver and adrenal cortex, often have a high level 
of acyl-CoA:cholesterol acyltransferase (ACAT) (4,5}. Further ~ 
more, such tissues also contain appreciable levels of neutral 
cholesteryl ester hydrolase (CEH) activity (6-11) which 

*To whom correspondence should be addressed. 
Abbreviations: ACAT, acyl-CoA:cholesterol acyltransferase; CEH, 
cholesteryl ester hydrolase; MES, 2qN-morpholino)ethanesulfonic acid; 
TRIS, tr/s(hydroxymethyl)aminomethane; VLDL, very low density 
lipoprotein. 

reverse the effects of ACAT actiorL Thus the net rate of con- 
version of cholesterol to cholesteryl esters in the yolk sac 
membrane may be determined by the relative activities of 
ACAT and CEH at the appropriate subcellular sites in the 
endodermal cells. 

The transfer of lipid to the chick embryo is particularly 
intensive during the final week of development (1), and this 
together with the high cholesteryl ester content suggests 
that the endodermal layer of the yolk sac membrane may 
contain a high level of ACAT linked to a more moderate 
CEH activity. To investigate this possibility, we have mea- 
sured the activities of ACAT and of CEH in the relevant 
subcellular fractions of yolk sac membranes obtained from 
embryos at various stages of development. In addition, the 
activity of a cytosolic protein, which we have recently iden- 
tiffed (12,13) and which apparently functions as a physi- 
ological inhibitor of CEH, was also measure& Consistent 
with the role of the yolk sac membrane in converting yolk 
cholesterol to cholesteryl esters as part of the intensive lipid 
transfer process, the activities of the relevant enzymic 
systems in this tissue were found to be very strongly 
directed toward esterification, with very little propensity for 
cholesteryl ester hydrolysis. 

Some aspects of this work have been previously published 
in the form of a conference abstract {14). 

MATERIALS AND METHODS 

Embryos. Fertile eggs from broiler-breeder hens were ob- 
tained from commercial poultry suppliers and incubated 
at 37.8~ and 60% relative humidity in a forced-draught 
incubator with automatic egg turning. Three separate ex- 
periments were performed, and at each developmental 
stage studied, four replicate groups, each consisting of 
four yolk sac membranes, were washed free of yolk in ice- 
cold 0.88% (wt/vol) NaC1 and were rapidly frozen in liquid 
nitrogen. These samples were subsequently used for the 
determination of the activities of ACAT, CEH and the 
CEH-inhibitor protein, and for the measurement of micro- 
somal cholesterol and cholesteryl ester levels. Additional 
samples of yolk sac membrane and yolk were collected, 
stored at -20~ and subsequently used for the analysis 
of whole tissue lipid composition. 

Lipid analysis. Samples of yolk and of intact yolk sac 
membrane were homogenized in a suitable excess of 
chloroform/methanol (2:1, voYvol), and total lipid extracts 
were prepared (15). Lipids were separated into their ma- 
jor classes by thin-layer chromatography on silica gel G 
(Merck, Darmstadt, Germany) using a solvent system of 
hexane/diethyl ether/formic acid (80:20:1, by vol). Follow- 
ing transmethylation (15), the fatty acid composition of 
the major lipid classes was determined by gas-liquid 
chromatography on a packed column of 15% CP Sil 84 
on Chromosorb WHP (Chrompak, Middleburg, The 
Netherlands) in a Packard (Middleburg, The Netherlands) 
model 428 Gas Chromatograph. The relative proportions 
of the fat ty acids present and the amount of lipid as- 
sociated with each lipid class were quantified with a 
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Spectra-Physics SP4270 In tegra tor  (Spectra Physics, St. 
Albans, United Kingdom). 

Tissue fractionatior~ A homogenate was prepared from 
washed, frozen yolk sac membranes, using the method 
described for liver by Shand and West {12), and centri- 
fuged at 10,000 • g for 15 rain. The resulting supernatant 
was then centrifuged at 100,000 • g for 30 rain, and the 
clear cytosol below the floating fat layer was retained. The 
100,000 • g microsomal pellet was washed in fresh 
homogenization buffer, centrifuged for a further 30 min 
at 100,000 • g and finally resuspended in 50 m_M 2-(N- 
morpholino)ethanesulfonic acid (MES) and 50 mM tris- 
(hydroxymethyl)aminomethane (TRIS)/HCI buffer pH 7.2. 
Aliquots of the cytosols were converted into acetone/di- 
ethyl ether powders as already described (12). Further 
samples of cytosol were delipidized by treatment with the 
lipophilic Sephadex derivative, hydroxyalkoxypropyl dex- 
tran {Sigma, Poole" United Kingdom) (16) for 10 min at 
0 oC at a concentration of 2% (wt/vol). The lipophilic dex- 
tran was removed by centrifugation and the process 
repeated once 
Enzyme assays. ACAT was assayed with and without 

the addition of exogenous cholesterol (250 ~g/mL) as a 
suspension in Triton WR-1339 as previously described (17) 
except that the incubation time was limited to 5 rain to 
ensure linearity. Neutral CEH was measured in micro- 
somes and cytosol essentially according to Shand and 
West (12) using 50 ~g protein incubated for 45 rain with 
high specific activity substrate (cholesteryl [9,10-3H]ole ~ 
ate, 1.6 • 106 dpm, 20 nmol). Cytosols were assayed for 
CEH in the presence of 0.2% sodium taurocholate before 
and after delipidation. 

Assay of the CEH inhibitor protein. AcetoneJdiethyl 
ether powders of the yolk sac membrane  cytosols were ex- 
t rac ted  with 50 mM MES, 50 mM TRIS/HC1 buffer p H  
7.2 and the extracts assayed for inhibitory activity against 
the ra t  m a m m a r y  microsomal  C E H  by a modification of 
the method described by Shand and West (12). Briefly, an 
ethanolic solution of cholesteryl [9,10-3H]oleate {250,000 
dpm, 20 nmol) was added to a suspension of the inhibitory 
protein (0.2-0.4 gg) in the  extract ion buffer. After  prein- 
cubat ion a t  37~ for 5 min, the reaction was s ta r ted  by 
the addition of a solution of bovine serum albumin (0.2 
mg) containing the m a m m a r y  microsomal suspension (100 
#g). After  a 20-min incubation period, the reaction was 
s topped and the extent  of ester  hydrolysis determined. 

Estimation of microsomal cholesterol and cholesteryl 
esters. Lipids were extracted (18) f rom the microsomal 
suspensions and redissolved in ethanol. Free and total  
cholesterol were assayed in the ethanolic solution by the 
fluorimetric method of Gamble  et aL (19) and the esterified 
cholesterol es t imated  by difference 

Protein measurement. Protein concentrations in micro- 
somal suspensions and in reconst i tuted cytosolic acetone 
powders were assayed by the dye-binding method of Brad- 
ford (20). 

RESULTS 

Comparison of the lipid composition of the yolk and yolk 
sac membrane. The conversion of yolk cholesterol to 
cholesteryl ester following up take  of lipid by the yolk sac 
membrane  is i l lustrated in Table 1. Approximate ly  80% 
of to ta l  yolk cholesterol is present  as the unesterif ied 

TABLE 1 

Lipid Composition of Yolk and Yolk Sac Membrane at Day 14 
or Development a 

Lipid class Yolk Yolk sac membrane 

Cholesterol 5.4 • 0.2 b 1.3 • 0.1 
Cholesteryl ester 1.3 • 0.1 b 5.6 • 0.3 
Triacylglycerol 67.4 • 0.4 67.8 • 1.2 
Phospholipid 25.2 • 0.3 23.8 • 1.1 
Free fatty acid 0.7 • 0.1 1.1 • 0.1 
Total lipid content 31.3 • 0.2 30.8 • 0.9 
aEach lipid class is expressed as percentage (wt/wt) of total lipid. 
Total lipid content is expressed as percentage (wt/wt) of wet tissue. 
The results are means • SEM from five separate experiments. 
Significant differences (Student's t-test) between lipid compositions 
~pf yolk and yolk sac membrane. 

< 0.001. 

sterol, with only 20% as the ester. In  agreement  with 
previous results  (1), these proport ions are effectively 
reversed in the yolk sac membrane,  where over 80% of the 
total  cholesterol content  is present  in the esterified form. 

Activity of ACAT levels of cholesterol and cholesteryl 
esters in the yolk sac membrane during development. The 
yolk sac membrane contained high levels of ACAT activity 
throughout  the later developmental period (Table 2). Com- 
pared to values reported for various mammal i an  t issues 
(17,21-23), the enzyme was already highly active a t  day 
9, but  this value was increased nearly 3-fold by day 16. 
This increase in ACAT correlated with the period of max- 
imal up take  of yolk lipid by the yolk sac membrane  (1). 
The act ivi ty  of ACAT then decreased (from 929 • 56 to 
592 • 13 pmol cholesteryl oleate formed per min/mg pro- 
tein) with the approach of hatching. ACAT act ivi ty  was 
increased by the addition of exogenous cholesterol, with 
the greatest  stimulation, approximately  2-fold, occurring 
at  days 9 and 12. Less s t imulat ion was observed a t  the 
la ter  s tages  of development,  sugges t ing  t ha t  the  enzyme 
in the microsomes may have been approaching saturat ion 

TABLE 2 

ACAT Activities in Micl~omes Isolated from Yolk Sac Membranes 
of Embryos During Development a 

Cholesteryl oleate formed 
(pmol/min/mg protein) 

Days of development 
Endogenous Exogenous 
cholesterol cholesterol 

9 326 + 42 b 696 • 72 c 
12 550 ~ 71 b 1100 • 115 
14 720 • 57 c 1023 • 77 
16 929 • 56 1162 • 49 
20 592 • 13 b 693 • 40 c 

aAcyl-CoA:cholesterol acyltransferase (ACAT) activities were deter- 
mined in microsomes obtained from four replicate samples, each con- 
sisting of four yolk sac membranes. Exogenous cholesterol was added 
to the assay mixture as a dispersion in Triton WR1339 to give a 
final concentration of 250 ~g/mL. The data are from one experiment, 
typical of the three performed, and are the means • SEM for the 
four replicate samples. Significant differences from day-16 values 
were determined by one-way analysis of variance using Fisher's least 
~ignificant difference test. 
P < 0.001. 

cp < 0.01. 
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TABLE 3 

Cholesterol and Cholesteryl Ester Content 
of Yolk Sac Membrane Mic~osomes a 

Cholesterol Cholesteryl ester 
Days of (~g/mg microsomal (Mg/mg microsomal 
development protein) protein) 

9 26.7 _ 2.5 13.9 +_ 1.1 
12 33.8 _+ 2.0 17.2 _.+ 1.1 
14 37.3 + 4.1 20.7 + 1,5 
16 60.6 + 4,8 b 31.0 +_ 2.2 b 
20 102.3 +__ 9,8 b 68.2 +_ 7.5 b 

aCholesterol and cholesteryl ester content of microsomes were deter- 
mined in replicate samples, each derived from four yolk sac mem- 
branes. The results are from one experiment, typical of the three 
performed, and are the means _ SEM of four replicate samples. 
Significant differences from day-9 values were determined by one- 
way analysis of variance using Fisher's least significant difference 

TABLE 4 

The Act ivi t ies  of Microsomal CEH and the CEH-Inldbitor Protein 
in the Yolk Sac Membrane During Development a 

CEH Inhibitor 
Days of Microsomal CEH (% inhibition by 
development (pmol]min]mg protein) 200 ng protein) 

9 12.9 +-- 1.8 25.8 + 1.2 b 
12 16.7 +-- 1.3 39.3 +-- 2.7 
14 16.4 + 0.9 37.1 +-- 3.1 
16 15.5 ____ 1.0 23.6 ---- 2.0 b 
20 12.5 +-- 0.8 22.4 +-- 1.4 b 

aThe activities of cholesteryl ester hydrolase (CEH) and the CEH- 
inhibitor protein were determined in the microsomal and cytosolic 
fractions, respectively, prepared from replicate samples, each con- 
sisting of four yolk sac membranes. The results are from one of the 
three experiments and are the means +__ SEM of four replicate 
samples. Significant differences from day-12 values were determin- 
ed by one-way analysis of variance employing Fisher's least signifi- 
cant difference procedure. 

P < 0.01. 
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FIG. 1. Scatter diagrams relating acyl-CoA:cholesterol acyltrans- 
ferase (ACAT) activities, assayed with endogenous cholesterol, to 
microsomal contents of cholesterol (A) and cholesteryl ester (B). 
Linear regression analysis was performed on data from day 9 (0), 
day 12 {{~), day 14 (A) and day 16 ( , ) ,  but data from day 20 ( �9 ) were 
not included. The relationships were Hnear for both ACAT v s .  

cholesterol (y = 13.63x + 73.33, r = 0.84) and ACAT v s .  cholesteryl 
esters (y = 32.89x -- 66.45, r = 0,92). 

with cholesterol. In  suppor t  of this  concept, the concen- 
t ra t ion of the endogenous microsomal cholesterol in- 
creased a lmost  4-fold between days 9 and 20 of develop- 
ment  {Table 3). A concomitant  increase in the microsomal 
esterified cholesterol was also observed over the same 
period. ACAT act ivi ty  was highly correlated with micro- 
somal cholesterol (Fig. 1A) and cholesteryl ester (Fig. 1B) 
between days 9 and 16 (r = 0.84 and 0.92, respectively), 
bu t  the  correlation coeff'mient was much  lower (r < 0.45} 
when the day-20 results  were included. 

Activities of microsomal CEIl  and the CEH-inhibitor 
protein in the yolk sac membrane. The microsomal C E H  
activi ty was less than  2% of the max imum ACAT activi ty 
at  each stage studied {Table 4). Moreover, this low enzymic 
level did not  vary  significantly over the period of highest  
yolk lipid mobilization. There was an apparent  decrease 
in act ivi ty  between days 16 and 20 but  this was not  
significant. Cytosolic C E H  act ivi ty  was undetectable,  
bo th  before and af ter  delipidation of the cytosols, even 
when measured in the presence of taurocholate to prevent 
inhibitor act iv i ty  {data not  shown). In contrast ,  the 
cytosolic CEH-inhibitor protein was active throughout  the 
developmental  period exhibit ing peak act ivi ty  a t  day 12 
when 200 ng  of cytosolic protein caused over 39% inhibi- 
tion of the m s m m a r y  microsomal  CEH. Inhibi tory  acti- 
v i ty  was significantly higher at  days 12 and 14 than  at  
the beginning and end of the development period studied 
{Table 4). 

Fatty acid composition of the cholesteryl esters of the 
yolk sac membrane Previous studies have established 
tha t  cholesteryl oleate is the major  species of esterified 
cholesterol synthesized in the yolk sac membrane  {1). The 
data  presented in Table 5 show tha t  the proportion of oleic 
acid increased from approximate ly  48% at  days 9 and 10 
to approximate ly  77% a t  day 20, indicating t ha t  the fat- 
ty  acid profile of the cholesteryl esters was altered dur- 
ing development.  

DISCUSSION 

Dur ing  the final week of chick embryo development, lipid 
is t ransferred from the yolk at  an average rate of over 500 
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TABLE 5 

Fatty Acid Composition of Cholesteryl Ester 
in the Yolk Sac Membrane a 

Percentage (wt/wt) of total fatty acids 
Fatty acid Day 9,10 b Day 14 Day 20 
16:0 11.7 -+ 2.2 6.2 _ 0.6 3.3 - 0.1 c 
16:1 1.6 • 0.2 1.4 • 0.4 1.2 _ 0.1 
18:0 6.8 • 1.3 4.7 • 0.1 3.9 • 0.1 
18:1 47.7 • 3.6 66.1 • 1.5 c 76.9 • 0.5 d 
18:2 18.6 • 2.4 17.1 • 1.8 12.3 • 0.3 
18:3 3.1 • 2.3 1.5 • 0.2 1.2 • 0.t 
20:4 2.9 - 0.1 1.6 • 0.2 c 0.6 • 0.2 
22:6 6.1 • 0.4 n.d. e 0.7 • 0.3f 

aThe fatty acid composition of the cholesteryl ester isolated from 
yolk sac membrane was determined as described in the Materials 
and Methods section. Only the major fatty acids are shown. The 
results are means ___ SEM of three separate experiments. Signifi- 
cant differences were determined by Student's t-test and show dif- 
~eirences from day-9,10 values. 

n two of the experiments, samples were taken at day 9, whereas 
in the third experiment the sample was taken at day 10. 
~p< 0.05. 

< 0.01. 
en.d. = not detectable. 
fP < 0.001. 

mg  per day (1). Over this period the endodermal cells of 
the yolk sac membrane are highly active in vesicular 
translocation events involving phagocytosis of yolk con- 
tents  at  the apical surface and the subsequent exocytosis 
of lipoprotein particles at the basal surface (1,24). The 
evidence tha t  triacylglycerols and phospholipids are sub- 
ject  to extensive hydrolysis and re-esterification follow- 
ing uptake (1,3) implies tha t  this tissue is also highly ac- 
tive in the biochemical processes involved in the re- 
assembly of lipids and their  packaging into lipoprotein 
particles. In addition, previous work has shown that ,  
within the endodermal cells, yolk lipid is subjected to cer- 
tain biochemical t ransformations involving fa t ty  acid 
desaturat ion and elongation (1,2). However the most  
dramatic change in lipid metabolism which occurs dur- 
ing translocation across the endodermal layer is the con- 
version of the major portion of yolk cholesterol to 
cholesteryl ester (Refs. 1,2 and Table 1). The present s tudy 
has demonstra ted a corresponding increase in ACAT ac- 
t ivi ty  in the yolk sac membrane over the same period. 

Measurement  of microsomal ACAT activi ty in the 
presence of endogenous cholesterol reflects the amount  
of sterol substrate present in the microsomes, whereas 
maximal enzyme act ivi ty  can only be measured in the 
presence of saturating concentrations of substrate" usually 
supplied exogenously (25). The results obtained under 
these two conditions (Table 2}, considered in association 
with the changes in cholesterol content of the microsomes 
(Table 3), indicate tha t  the increase between day 9 and day 
12 and the decrease between day 16 and day 20 are due 
to alterations in the total  act ivi ty of the enzyme present 
{Table 2}. In contrast ,  the change in ACAT act ivi ty tha t  
occurs from day 12 to day 16 is predominantly due to in- 
creases in microsomal cholesterol content  (Tables 2 and 
3). This corresponds to the period during which the uptake 
of lipid by the tissue is most  rapid. Taken together, the 
results indicate tha t  the potential for cholesterol esterifica- 

tion in the yolk sac membrane increases between days 9 
and 16, due both  to an elevation in the act ivi ty of ACAT 
and to the increasing supply of substrate  to the enzyme  
The decrease in ACAT act ivi ty at  day 20 occurs despite 
the presence of abundant  endogenous cholesterol. This is 
reflected in the poor correlation shown between ACAT ac- 
t iv i ty  and microsomal cholesterol content  at  this point  
{Fig. 1A). Although the reason for this is not  clear at  pre- 
sent, it is unlikely to be due to inhibition by the large 
amoun t  {68.2 ___ 7.5 ~g/mg microsomal  protein) of 
cholesteryl ester present, since addition of cholesteryl 
oleate (100 ~g/mg microsomal protein} gave no evidence 
of inhibition (data not  shown). 

The activities of ACAT, reported here for the yolk sac 
membrane (Table 2) are high in comparison with pre- 
viously published values for various mammalian tissues. 
For example, the activities reported for tissues which are 
not  regarded as major sites of cholesterol esteriflcation, 
such as the mammary  gland, heart, brain and pancreas, 
are generally less than 1% of the act ivi ty observed in the 
yolk sac membrane at day 16 (17,26,27). Even tissues 
which are actively involved in cholesterol metabolism, 
such as liver, intestine, ovary and adrenal cortex, typically 
express levels of ACAT which are less than 20% of those 
reported here for the yolk sac membrane (21-23,25,28,29}. 
However, in this lat ter  group of tissues, conditions which 
increase the requirement for cholesterol esterification, 
such as the feeding of excess cholesterol (27,28,30} or, in 
the case of the ovary, luteinization (31), elevate ACAT ac- 
t ivi ty  to values approaching those of the yolk sac mem- 
brane  I t  is clear tha t  the levels of ACAT expressed in the 
yolk sac membrane are similar to the highest values so 
far reported in other  systems. In contras t  to ACAT, the 
act ivi ty of microsomal CEH was low throughout  the 
developmental period {Table 4). This act ivi ty would have 
been fur ther  diminished in vivo by the CEH-inhibitory 
act ivi ty present at  all of the stages studied (Table 4). 
Cytosolic CEH activi ty could not  be detected nor was 
there any evidence for translocation of the putat ive 
cytosolic CEH to the "fa t  cake," as has been reported for 
hormone sensitive lipase in adipocytes (32), since no ac- 
t ivity could be detected either before or after delipidation. 
Thus, the capacity to hydrolyze cholesteryl esters formed 
by ACAT was extremely low, suggesting that  the relevant 
enzyme systems in the yolk sac membrane were very 
strongly directed to the net esterification of incoming 
cholesterol. 

Cholesterol oleate is the major species of cholesteryl 
ester produced in the yolk sac membrane {1,2), and high 
levels of this ester also accumulate in the embryo liver 
(1-3). I t  is nevertheless clear tha t  the total amount  of 
cholesteryl oleate in the yolk sac membrane increases 
throughout  development. This may reflect either an in- 
crease in the specificity of ACAT for oleoyl-CoA, arising 
from covalent modifications or noncovalent interactions 
of the enzyme or, more likely, an increased availability of 
oleic acid due to the action of Z~9 desaturase in this tissue 
(1,2). 

The high proportion of unesterified cholesterol tha t  is 
found in the yolk is a direct consequence of the mechanism 
of yolk formation in the laying hen, as discussed by Grif- 
fin (33). Yolk lipid is derived from very low density lipopro- 
tein (VLDL) particles secreted by the liver of the laying 
hen which are not  only much smaller than  those found 

LIPIDS, VoI. 28, no. 7 (1993) 



625 

CHOLESTEROL ESTERIFICATION IN THE CHICK EMBRYO 

in the immature  bird but  also have a different apoprotein 
profile so tha t  they are directed specifically to the ovarian 
follicle (33). These unusual ly  small  V L D L  particles have 
a high surface-to-volume ratio and, since cholesterol is a 
surface component  of such particles while cholesteryl 
esters are located in the core, this results  in a high pro- 
port ion of cholesterol to cholesteryl esters in the lipopro- 
teins deposited in the ovum. Excess  cholesterol is 
deleterious to membrane function, and cells usually main- 
ta ln  a r emarkab ly  cons tant  level of free cholesterol, stor- 
ing the excess in the esterified form. The influx of the large 
amount  of yolk cholesterol into the endodermal  cells of 
the yolk sac membrane  could therefore be potent ial ly  
damaging  if the cellular metabol ism could not esterify the 
excess sterol. I t  is clear, f rom the results  presented here, 
tha t  the endodermal cells do adap t  by enhancing their ef- 
fective ACAT act ivi ty  dur ing the period of mos t  rapid 
cholesterol transfer. This could arise either from activa- 
t ion of exist ing enzyme molecules or by an increase in the 
amount  of enzyme protein, a l though evidence to decide 
between these two possibilities is not currently available 

A p a r t  f rom the function of storage, there is also more 
recent evidence t ha t  the product ion of cholesteryl  esters 
may  be an obl igatory s tage in the assembly  of s table 
lipoproteins (33,34). Cholesteryl esters are synthesized by 
ACAT at  the cytoplasmic face of the endoplasmic reti- 
culum. They are ext remely hydrophobic and have been 
shown to accumulate  initially between the leaflets of the 
endoplasmic ret iculum bilayer (35). Nascent  apoprotein 
B is also bound co-translationally to the luminal leaflet 
of the same subcellular organelle, and it has been proposed 
tha t  it is only released into the cisternal space following 
interaction with cholesteryl ester  (36). A parallel reduc- 
tion in the secretion of both  cholesteryl esters and apopro- 
tein B was observed when hepatic  V L D L  product ion was 
inhibited by lovastat in  (33), and this  would also suppor t  
the idea tha t  their  secretion was coupled. 

Thus, it appears  tha t  the assembly of stable lipoprotein 
particles may  be directly linked to the production of 
cholesteryl  esters, suggest ing tha t  in the yolk sac mem- 
brane cholesterol esterification may be an important  deter ~ 
minan t  of lipid t ransfer  to the embryo. High  pre~hatch 
mor ta l i ty  in eggs from "young  parent"  chickens may  be 
related to impaired lipid t ransfer  in the embryo (1,2), and 
invest igations into the efficiency of esterification in such 
embryos  are current ly in progress. 
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The present study addresses the question whether nervonic 
acid (24:1n-9) accumulation in sphingomyelin (SM) of red 
blood cells (RBC) could yield information on cerebrum 
maturation in premature infants. The study included 28 
premature eutrophic infants of 31.5 wk gestational age. 
Eleven were fed with human milk, nine with a regular fo~ 
mula and eight with an a-linolenate~euriched formula. The 
fatty acid composition of the SM fraction was determined 
by gas-liquld chromatography on a 50-m fused silica 
capillary column. At 32 wk gestational age, the main fatty 
acids in SM were 16:0, 18:0, 20:0, 22:0, 24:0 and 24:1n-9. 
After five weeks of feeding, at week 37 of postconceptional 
age, the most striking variation was a rise in 24:1n-9, from 
9.9 +__ 0.7 to 12.8 +_ 0.9 (P < 0.02), regardless of regimen 
in all three feeding groups. The rise in 24:1n-9 after birth 
in premature eutrophic infants is the beginning of a trend 
toward the higher levels in 24:1n-9 observed in mature 
newborns and older infants. The 24:1n-9 level in SM of 
RBC from premature infants may reflect 24:1n-9 levels in 
SM of brain and could thus reflect brain maturity. 
Lipids 28, 627-630 (1993). 

In recent year~ the need for n-3 polyunsaturated fatty acids 
(PUFA) in early brain development has been pointed out by 
many investigators (1-6). However, few studies have been 
devoted to the metabolism and the role of nervonic acid 
(24:1n-9) which, together with lignoceric acid, constitutes the 
major long chain fatty acid of myelirL Accumulation of these 
two acids may reflect the increase in myelin during gesta- 
tion in animals (7) and in humans (8). Nervonic acid, which 
is synthesized by elongation of oleic acid (9), is also cha~ 
acteristic of the sphingomyelin (SM) of red blood cells (RBC) 
and is one of the four major fatty acids of this lipid frac- 
tion in adults (10,11) and in infants (12). 

The only data on nervonic acid distribution in infant RBC 
had previously been obtained on full-term newborns (12) dtm 
ing the first few hours after birth (13) and during the first 
month of life (14). The present work was undertaken to in- 
vestigate whether, in premature infants, nervonic add might 
accumulate in SM of RBC as in the cerebrum and thus 
reflect maturatiot~ It compared three different types of milk- 
feeding (human, regular formula and a-linolenate-enriched 
formula) on PUFA metabolism in premature infants. The 
results suggest that nervonic acid in SM of RBC could in- 
deed be used as an index of maturation in premature 
newborns. 

MATERIALS AND METHODS 

The study included 28 premature eutrophic infants {11 
males and 17 females) admitted to the Neonatal Depart- 

*To whom correspondence should be addressed at INSERM U.58. 
60 rue de NavaceUes, 34090 Montpellier, France. 
Abbreviations: BHT, butylated hydroxytoluene; EDTA, ethylenedi- 
aminetetraacetic acid; LEAR oil, low-erucic acid rapeseed oil; PUFA, 
polyunsaturated fatty adds; RBC, red blood cells; SM, sphingomyelim 

ment of the Regional Hospital Center of Montpellier for 
nutritional assessment and treatment. Mean gestational 
age was 31.5 wk (29 to 33) and mean birthweight 1630 
g {1270-1980 g). Eleven infants were fed human milk, nine 
received regular formula feeding (Pregallia), and eight an 
a-linolenate-enriched formula {enriched PregaMa). Both 
formulas were from Nutripharm (Levallois-Perret, France). 
The a-linolenic acid-enriched formula was obtained by 
isocaloric partial substitution of fats with colza oil [low- 
erucic acid rapeseed (LEAR) oil; Codex Alimentarius, 
Canadian General Standard Board, 1987] from Nutri- 
pharrtL The fatty acid distribution in percent weight of 
total diet fatty acids for stearic, oleic~ linoleic and a- 
linolenic acids was 5.05, 25.50, 12.50 and 0.55, respectively, 
in the regular formula and 5.25, 30.25, 12.50 and 1.95, 
respectively, in the enriched formula. The percent composi- 
tion in stearic and oleic acids (the main precursors of ner- 
vonic acid) was not very different from that in human milk 
from the Montpellier lactarium {8.10, 34.90, 12.65, 1.10 
for stearic, oleic, linoleic and a-linolenic acids, respec- 
tively}. Informed consent was obtained from parents and 
the protocol of the study was approved by the Regional 
Hospital Center Ethics Committee~ Three blood samples 
were obtained from each of 25 infants at 2 (D 2) and 15 d 
(D15) of milk-feeding, and the third one (Dterm, the 
equivalent of full-term) at 37 wk postconceptional age Two 
infants discontinued participation in the study before 
Dterm and one was enrolled after D 2. 

Lipid analyses. Blood was collected in Na-heparinized 
glass tubes. An aliquot was taken for hematocrit mea- 
surement in order to determine the precise volume of 
blood corresponding to 200 ~L of RBC pelleted under 
these conditions. The fatty acid composition of SM 
could thus be expressed as ~g of each fatty acid per mL 
of RBC. 

After centrifugation (2000 rpm for 10 min) the RBC 
pellet was washed by resuspending and centrifugation in 
isotonic saline solution containing 1 mM ethylenediamine- 
tetraacetic acid (EDTA). The RBC lipids were extracted 
according to the method of Folch et aL (15) using a chloro- 
form/methanol mixture containing 1 mM butylated hy- 
droxytoluene (BHT) (Sigma Chimie, St-Quentin-Fallavier, 
France) as an antioxidant. Chloroform, pure analytical 
grade, was from SDS (Peypin France) and methanol from 
Prolabo (Paris, France). The extract was left to evaporate 
until dry under a nitrogen stream and the residue was 
redissolved in a minimal quantity of chloroform/methanol 
mixture (1:1, vollvol) for thin-layer chromatography on 
Silica gel 60 Fz54 (Merck, Darmstadt, Germany) using 
chloroform/methanol/H20 (65:25:4, by vol) as developing 
solvent (16), to which BHT (1 mM) was added. 

The phospholipid fractions were visualized at 250 nm 
after spraying with 0.2% 2',7'-dichlorofluorescein in eth- 
anol (Merck). SM was identified by comparison to known 
standard (Sigma Chimie). 

The silica gel bands containing SM were scraped off and 
7.5 ~g {125 ~LL of a methanol solution) of free heneicosanoic 
acid 21:0 (Sigma Chimie) was added as an internal 
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s tandard .  The  f a t t y  acids were t ranses te r i f i ed  wi th  sul- 
furic acid in  m e t h a n o l  (1:19, vol/vol) a t  reflux. The  me thy l  
es ters  were ex t rac ted  w i th  hexane  and  ana lyzed  by  g a s -  
l iquid  ch roma tog raphy  (17} wi th  the  fol lowing modifica- 
t ion: a fused silica capi l lary  co lumn {50 m • 0.32 ram) CP 
Sil 88 from Chrompack  (Les Ullis, France} was  used  on  
a F rac tovap  2900 Chroma tog raph  (Erba  Science, Massy,  
France).  The t empe ra tu r e s  were: ion iza t ion  detector,  
250~ inlet,  230~ oven program,  10~ from 100 to 
170~ and  2~ from 170 to 200~ 

The  a m o u n t  of each f a t t y  acid was ca lcula ted  by refer- 
ence to the  i n t e rna l  s t a n d a r d  of 21:0 u s i n g  an  ENICA-21 
in t eg ra to r  (Delsi France,  Argenteui l ,  France).  Resul t s  are 
expressed + SEM,  and  S t u d e n t ' s  pa i red  t- test  was used  
for s t a t i s t i ca l  analysis .  

RESULTS 

The f a t t y  acid compos i t ion  of S M  of p r e m a t u r e  i n f a n t  
RBCs is repor ted  in  Table 1. Resul t s  are expressed bo th  
as a percent  d i s t r i b u t i o n  of i nd iv idua l  f a t ty  acids and  as 
~g per  m L  of RBC. The m a i n  var ia t ion  over t ime  concerns  
nervonic acid (24:ln-9)--a s ignif icant  rise is observed from 
9.9 _ 0.7 to 12.8 +_ 0.9 percent  be tween  D2 and  D t e r m  
(P < 0.02), which is c o m p e n s a t e d  for by  smal l  decl ines in 
percentages  of 16:0 and  18:0. Similar  obse rva t ions  can be 
made  when  the  resul ts  are expressed as ~g of each f a t ty  
acid per m L  of RBC. Whereas  the  to ta l  a m o u n t  of SM fat- 
t y  acid decreased be tween  D2 and  Dterm,  the  m e a n  con- 
cen t r a t i on  of nervonic  acid rose from 29.8 _ 3.6 to 34.4 
+_ 3.4, ref lect ing an increased  c o n t r i b u t i o n  of th is  acid to 
the  to ta l  f a t t y  acid c o n t e n t  of SM in RBC d u r i n g  th is  
period. 

F igure  1 shows the  t ime  course of the  va r i a t i ons  in  per- 
cen t  ne rvon ic  acid in  the  SM of the  RBC of each infant .  
There  is an  overlap zone r a n g i n g  from 5 to 15% be tween  
va lues  a t  D2 and  Dte rm,  b u t  abou t  80% of the  i n f a n t s  

v 

o,, 
r  

20%' 

15% 

10%" 

5%" 

0% 
D 2 D15 Dterm 

FIG. 1. Time course of the variation in percent nervonic acid in 
sphingomyelin of red blood cells from 28 premature infants between 
birth (wk 32 of gestation) and the wk 37 postconceptional age. Ab- 
breviations as in Table 1. 

TABLE 1 

Variation in the Fatty  Acid Composition of Red Blood Cell Sphingomyelins in Premature Infants Between 
Birth (wk 32 of gestation) and Theoretical Full-Term a 

Fatty acid composition (%) Fatty acid composition (~g/mL of RBC) 

D2• D15 Dtermb D20 D15 Dtermb 
n 7 c n =  28 n =  26 n =  27 n =  28 n =  26 

16:0 37.3 + 1.3 36.7 -- 1,2 35.3 • 1.4 97.4 + 5.1 90.4 _ 5.1 88.8 + 5.0 
18:0 17.8 + 0.6 16.6 • 0.6 15.7 • 0.7 d 49.0 • 3.9 41.9 • 3.0 41.6 ---- 4.1 
20:0 2.5 • 0.1 2.7 • 0.1 2.7 • 0.1 6.7 • 0.4 6.7 _ 0.4 6.7 -- 0.4 
22:0 6.0 • 0.2 6.5 • 0.2 6.6 -- 0.2 16.6 • 1.2 16.3 + 1.1 17.0 • 1.1 
24:0 15.3 • 0.9 15.6 _+ 0.8 15.2 --+ 1.0 44.8 • 4.6 40.6 • 3.3 39.5 • 3.5 
24:1n-9 9.9 • 0.7 11.0 • 0.7 12.8 • 0.9 e 29.8 • 3.6 29.0 • 2.7 34.4 • 3.4 

18:1n-9 2.0 • 0.3 1.8 • 0.2 2.0 • 0.3 6.1 • 1.0 4.8 • 0.7 5.7 • 1.1 
18:2n-6 0.4 • 0.1 0.4 • 0.0 0.5 • 0.1 1.4 • 0.3 1.1 • 0.2 1.3 • 0.3 
18:3n-3 trace trace trace trace 0.1 • 0.0 0.1 • 0.0 
20:4n-6 0.4 • 0.1 0.3 • 0.0 0.5 -- 0.1 1.1 • 0.2 0.7 • 0.1 1.7 • 0.6 
20:5n-3 0.1 • 0.1 0.1 • 0.1 0.1 • 0.0 0.3 • 0.1 0.2 • 0.1 0.1 • 0.1 
22:6n-3 trace trace trace trace trace trace 
Total 91.8 91.7 91.4 253.1 232.0 237.0 

aMean + SEM of sphingomyelin fatty acids. RBC, red blood cells; D 2, day 2 of milk feeding; D15, day 15 
of milk feeding; Dterm, week 37 of postconceptional age. 
bStudent's t-test (D 2 vs .  Dterm). 
en -- Number of patients. 
dp < 0.05. 
ep < 0.02. 
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FIG. 2. Time course of the variation in percent nervonic acid in 
sphingomyelin of red blood cells from three groups of premature in- 
fants fed human milk, regular formula and a-linolenatc~enriched for ~ 
mula. D 2 and Dr5 correspond to 2 and 15 d of feeding and Dterm 
to 37 wk postconceptionaI age. 

experienced an increase In two patients, the pattern was 
atypical. In the first case" the level, which was 7% on Dz 
and Dis, drastically declined to 1% at Dterm. In the se- 
cond case, where the mother had undergone treatment for 
a pre-eclamptic syndrome, the level rose from 1% (D2- 
D15) to 7% (Dterm). 

In Figure 2, the infants are considered as a function of 
their feeding (human milk, regular formula feeding or a- 
linolenic colza oil-enriched formula feeding). Mean percent 
nervonic acid increased progressively between D 2 and 
Dterm in the three groups, suggesting that  this increase 
is independent of the type of feeding (milk or formula 
feeding). 

DISCUSSION 

A comparison of the fatty acid composition of the brain 
of precocial and nonprecocial species has revealed con- 
siderable variations in the proportions of nervonic acid 
around full-term (18). In the guinea pig (precocial species), 
the main rise (fivefold) in nervonic acid is observed dur- 
ing the 25 d before birth, whereas in the rat (nonprecocial 
species) it occurs between birth and adulthood (fourfold). 

In humans, born at term, brain development is accom- 
panied by an approximately 10% increase (15.1-26.4%) in 
total brain cerebrosides nervonic acid levels and a 15% 
increase {13.0-28.0%) in sulfatides that  occur between 
birth and two months. Maximum levels are being reached 
at four years {about 43%) and then remain almost con- 
stant until and throughout adulthood {19). This accumula- 
tion in brain nervonic acid is related both to an increase 
in the relative abundance of myelin vs. gray matter and 
to a specific increase in the actual percentage of nervonic 
acid in myelin SM {10-32% between 1 and 6 yr) {20). The 
relationships and exchanges between nervonic acid pools 
in RBC and the central nervous system are not well 
understood, but published data indicate a rise in nervonic 
acid in the SM of RBC between birth at term {11.2% at 
7 d) (14) and the fifth year of life (25.4%) (21}. 

The results of the above study indicate that  nervonic 
acid accumulation in SM of RBC starts earlier and that 
the rise we observe between a postconceptional age of 
32-37 wk {from 9.9 to 12.8%) is part of a process extend- 
ing over a longer period of time and beginning much 
earlier than full-term. It is to be compared to the accumu- 
lation in the cerebrosides observed in the cerebrum of 
human fetuses obtained after medical termination of 
pregnancy at this time {1.9-10% of fatty acids between 
30-32 wk and full-term) (8). Apparently, nervonic acid 
levels increase simultaneously in the SM of RBC and in 
the central nervous system from at least six weeks before 
full term until the fourth year. This parallelism is surpris- 
ing as very long chain fatty acids are derived from two 
different pools--from the circulation and hepatic syn- 
thesis for RBC and mainly from " in  s i t u "  synthesis in 
the brain. Simultaneous accumulation in two different 
compartments could imply, amongst other factors, ex- 
changes between the pools or simultaneous maturation 
of the biosynthetic systems. This needs to be investigated 
further. 

With regard to nervonic acid, the SM of RBC could be 
an indication of the fatty acid composition of tissue mem- 
branes, and especially of myelin cerebrum membranes, and 
thus nervonic acid could be considered as an index of 
myelin maturation. Maternal dietary restriction was 
recently shown to result in a drastic decrease of 24:0 and 
24:1n-9 in cerebrosides and sulfatides of suckling rats (7). 
Whether the levels of 24:1n-9 in SM of RBC could pro- 
vide information on the consequences of undernourish- 
ment in the myelination process of the central nervous 
system remains to be established. We have recently ob- 
served that the levels of stearic and oleic acids are 
significantly higher in fetal than in maternal plasma lipids 
between week 18 and week 37 of gestation (22), suggesting 
that these two acids are of special importance to the fetus, 
possibly in supplying C24 fat ty acids. Moreover, in the 
same study, the oleic acid level decreased by about 25- 
30% in fetal plasma Such a decrease at a time of high 
energy requirements when nervonic acid biosynthesis is 
particularly active could increase the demand for oleic 
acid. 

In the present study, the premature infants received 
three different types of feeding (human milk, regular for- 
mula and a-linolenic acid-enriched formula). An increase 
in nervonic acid was observed in all three groups, indi- 
cating that endogenous synthesis together with milk 
or formula feeding provided enough precursors for the 
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normal  evolution of nervonic acid in the SM of RBC and 
probably  in the central  nervous system; the percentages 
of oleic and stearic acids in formula and milk feeding were 
about  25-35 and 5-8%, respectively. As expected, lino- 
lenate supplementa t ion  introduced as L E A R  oil did not 
interfere with oleate elongation and conversion to nervonic 
acid. 

A rise in nervonic acid did not  occur in a very small 
number  of the infants, probably  as a result  of individual 
var ia t ions ra ther  than  clinical abnormali t ies  as postcon- 
ceptional ages and bir thweights  were within the same 
limited range. One infant, whose mother  had pre-eclamptic 
syndrome and was being treated with glucocorticoids, an- 
t imineralocorticoids and a/]-blocker, had very low levels 
of nervonic acid (about 1%) at  birth. This might  have been 
due to the medical t r ea tmen t  of the mother, to an altera- 
t ion in the hemodynamic  conditions of the feto-maternal  
unit  or to other  factors, such as the specific gestat ional  
conditions, because a tendency to recovery occurred 
several weeks after birth, a l though this recovery only 
reached to the lower end of the overall range for the group. 

Overall, our results  suggest  tha t  the incorporation of 
nervonic acid into membranes  in humans,  as reflected by 
i ts  level in RBC, increases between 32 and 37 wk. Results 
from the l i terature show tha t  this evolution proceeds dur- 
ing the first years of development, as values of 25.4% have 
been reported for five-year-old children (21). A steady state 
is likely to be reached because the percentage of nervonic 
acid in SM of RBC remains stable thereafter  with values 
ranging f rom 21 to 25% having been reported for adul ts  
(10,11). 
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The phospholipid molecular species from a large-scale 
preparation of human placenta lipids were analyzed. The 
major placental phospholipids were choline glycerophos- 
pholipids (CPL) (53.2 wt%), sphingomyelin (21.7 wt%) and 
ethanolamine glycerophospholipids (EPL) (14.6 wt%). 
1,2-Diacyl-glycerophosphocholine was the most abundant 
subclass of CPL {91.7 mol%), while EPL contained 1,2- 
diacyl (54.6 tool%) and 1-alk-l'-enyl-2-acyl (43.8 tool%) 
subclasses. The level of polyunsaturated fatty acids 
(PUFA) in total phospholipids was remarkably constant 
(38.4-39.9 mol%) within all placental batches tested. The 
long-chain PUFA, mainly 20:4n-6 and 22:6n-3 of the n ~  
and n-3 series, respectively, were found in high propor- 
tion in all phospholipid classes, especially in EPL (46.7 
tool%) and in inositol glycerophospholipids (IPL) (39.9 
tool%). CPL and serine glycerophospholipids were much 
richer in 18:1n-9 and 18:2n-6. High levels of molecular 
species with arachidonic acid in the sn-2 position were 
found particularly in 1-alk-l'-enyl-2-acyl-glycerophosph~ 
ethanolamine (with 24.0 mol% 16:0 and 22.0 mol% 18:0 
in sn-1 position) and in 1,2-diacyl glycerophosphoinositol 
with 42.6 mol% 18:0 in sn-1 position. EPL subclasses were 
rich in 22:6n-3, which occurs mainly as 16:0/22:6n-3 (11.7 
tool%) in the plasmalogen form and as 18:0/22:6n-3, 
16:0/22:6n-3 and 18:1/22:6n-3 in the diacyl forms. Based on 
their availability and composition, placental phospho- 
lipids could be of interest, for example, for supplement- 
ing artificial milk preparations with n~ and n41 long<hain 
PUFA for newborn infants with insufficiently developed 
18:2n-6 and 18:3n-3 desaturation/elongation. 
Lipids 28, 631-636 (1993). 

Linoleic (18:2n-6) and linolenic (18:3n-3) acids are precur- 
sors of the two essential fatty acid families, i.a, the n-6 
and n-3 families, respectively. Linoleic acid is the precur- 
sor of arachidonic acid (20"4n-6) and other long-chain n-6 
fatty acids (1). Its dietary insufficiency leads to various 
deficiency symptoms such as dermatitis, liver pathologies, 
impaired growth and reproductive failure (2,3). The effects 
of dietary 18:3n-3 deficiency remain unclear, but the acid 
is assumed to be essential in the nervous system through 
its desaturated/elongated product, docosahexaenoic acid 
(22:6n-3) (4,5). Docosahexaenoic acid is essential in the 
development of neural tissues as its depletion in brain and 
retina, where it occurs at high levels (6,7), is accompanied 
by functional defects such as reduced visual acuity and 
peripheral neuropathy in monkeys (8). Moreover, 80% of 
brain 22:6n-3 accumulate between 26 and 40 wk of gesta- 
tion and infants born prior to 32 wk of gestation have low 
*To whom correspondence should be addressed at INSERM Unith 
352, Chimie Biologique, Bat 406 INSA-Lyon, 20 Avenue Albert 
Einstein, 69621 ViUeurbanne Cddex France. 
Abbreviations: BHT, butylated hydroxytoluene; CPL, choline 
glycerophospholipids; EPL, ethanolamine glycerophospholipids; 
GLC, gas-liquid chromatography; GPC, glycerophosphocholines; 
GPE, glycerophosphoethanolamines; GPI, glycerophosphoinositols; 
GPS, glycerophosphoserines; HPLC, high-performance liquid chro- 
matography; IPL, inositol glycerophospholipids; PUFA, polyun- 
saturated fatty acids; SPL, serine glycerophospholipids; TLC, thin- 
layer chromatography. 

concentrations of brain 22:6n-3 (9). Linolenic acid as the 
sole dietary source of n-3 fatty acids has been shown to 
be inadequate for optimal retinal development of very low 
birth weight neonates (10). A supply of long-chain n-3 
polyunsaturated fatty acids (PUFA) was shown to be 
necessary to sustain retinal rod function similar to that 
found in very low birth weight neonates fed with human 
milk~ which contains 0.1-0.3% of the total fat ty acids as 
22:5n-3 and 22:6n-3. Therefore, optimal accretion of 20- 
and 22-carbon n-6 and n-3 PUFA may depend on an ade ~ 
quate dietary supply, rather than on desaturation and 
elongation of 18:2n-6 and 18:3n-3. Most of the marketed 
preterm infant artificial milks are deficient in the long- 
chain PUFA as compared to human milk (11,12) and could 
thus be supplemented with PUFA of both the n-6 and n-3 
series. In this work, we report that phospholipid molecular 
species prepared from human placenta are rich in n-6 and 
n-3 PUFA. 

MATERIALS AND METHODS 

Materials. Phospholipase C (Bacillus cereus) was pur- 
chased from Boehringer Mannheim (Mannheim, Ger- 
many). Standard phospholipids and diacylglycerols, butyl- 
ated hydroxytoluene IBHT} and 3,5-dinitrobenzoyl chlo- 
ride were obtained from Sigma Chemical Co. (St. Louis, 
MO). Silica gel 60G (0.25 and 2 ram) and LK5 plates were 
provided by Merck (Darmstadt, Germany} and Whatman 
(Clifton, OH), respectively. Methanol and 2-propanol were 
from Prolabo (Paris, France}. All other solvents were 
of analytical and high-performance liquid chromatog- 
raphy (HPLC) grade and were purchased from SDS 
(Peypin, France). The Ultrasphere ODS column (250 X 
4.6 rnm, 5/~m particle size) was obtained from Beckman 
(Berkeley, CA). 

Preparation of placental lipid batches. Placentae were 
collected from healthy mothers, carefully examined and 
selected by the physicians in maternity units and im- 
mediately frozen at -20~ until processing. Five different 
lipid batches (A-E) were prepared. Their countries of 
origin and their respective wt% were as follows: Batch A: 
Great Britair~ 65; Spain, 16; France, 12; Belgiun% 7; Batch 
B: Thailand, 63; Egypt, 28; Sri Lanka, 9; Batch C: France, 
49; Austria, 29; United Sates, 13; Belgium, 6; Thailand, 
3; Batch D: Scandinavia, 100; Batch E: Pakistan, 78; Chile, 
18; the former Soviet Union, 4. For each preparation, lipids 
were extracted from 300 kg placenta from full-term human 
pregnancies. Placentae were chopped and suspended in 
300 L of aqueous solution containing 7.5 g/L NaCl and 
13% (vol/vol) ethanol. One hundred kg blood-free placen- 
tal tissue was recovered by pressing in order to thoroughly 
wash the tissue and to discard all the contaminating 
blood. Lipids were extracted by addition of 350 L n- 
butanol (13). The preparations were shaken for 4 h at 
- 5 ~  and were further kept in n-butanol for 8 h at 2~ 
The butanolic phase was separated by pressing, filtered 
and stored at -20~  in the presence of 3 g of BHT before 
concentration. 

Purification of lipids. From an aliquot of the prepa- 
ration, neutral lipids were first removed by preparative 
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thin-layer chromatography (TLC) using hexane/diethyl 
ether/acetic acid (60:40:1, by vol) as the developing solvent. 
Phospholipids were then eluted from the gel with 
chloroform/methanol/water (5:5:1, by vol), and dried by 
rotatory evaporation under vacuum at 30~ Individual 
phospholipid classes were resolved by TLC on silica gel 
LK5 plates using chloroform/methanol/40% aqueous 
methylamine (60:20:5, by vol) as the developing solvent 
(14). Phospholipid fractions were eluted from the silica gel 
with chloroform/methanol/water (5:5:1, by vol) and were 
dried as described above They were stored at -20~  
under nitrogen in the presence of 5 X 10  - s  M BHT, prior 
to fatty acid and molecular species analysis. 

Quantitation of phospholipid classes by HPLC Phos- 
pholipid classes were separated and quantified as de- 
scribed by Juandda et aL (15). Briefly, the separation was 
achieved by normal-phase HPLC, using a 5/xm Lichrosorb 
Si60 silica column (250 • 7.5 mm) (Merck) and a four- 
solvent elution gradient (chloroform, hexane, 2-propanol, 
water). Quantitations were done with a Cunow light- 
scattering detector. 

Separation of phospholipid subclasses. Choline glycero- 
phospholipids (CPL), ethanolamine glycerophospholipids 
(EPL), serine glycerophospholipids (SPL) and inositol 
glycerophospholipids (IPL) were isolated on TLC plates 
as described above and converted to dinitrobenzoate 
derivatives following phospholipase C hydrolysis (16). Two 
hundred ~g of phospholipids in 0.7 mL 30 mM HaBO a, 
10 mM Tris-HC1 buffer (pH 7.5) containing 0.02% BHT 
were sonicated for 5 min before addition of 50 U of phos- 
pholipase C overnight at 30~ under vigorous shaking. 
The resulting diradylglycerols were extracted with diethyl 
ether and converted into their dinitrobenzoyl derivatives 
by treatment with 3,5-dinitrobenzoyl chloride in anhy- 
drous pyridine for 30 rain at 60~ After cooling, 1 mL 
H20 was added to the samples and the products were ex- 
tracted twice with hexane The subclasses of dinitro- 
benzoyldiradylglycerols were further resolved by TLC on 
silica gel 60 G plates using toluene]hexane/diethyl ether 
(50:45:4, by vol) as solvent. The 1-alk-l'-enyl-2-acyl, 
1-alkyl-2-acyl and 1,2-diacyl subclasses showed Rf values 
of 0.64, 0.58 and 0.38, respectively, and were separated. 
An equal amount (approximately 10 ~g) of the 17:0/17:0 
1,2-diacyl derivative was applied to each fraction as in- 
ternal standard for the quantitation of molecular species 
peaks. The band of each subclass was scraped off and ex- 
tracted twice with a mixture of diethyl ether/hexane (1:1, 
vol/vol). Because of internal standard coelution with 
16:0/18:0 (1,2-diacyl) and 18:0/16:0 (1,2-diacyl), 1,2-diacyl 
subclasses were also prepared without adding 17:0/17:0 
(1,2-diacyl) derivative 

Separation and quantitation of rnolecular species. Sepa- 
ration and quantitation of molecular species were ac- 
complished by reverse-phase HPLC (16) using a 5/~m 
Ultrasphere ODS column (250 X 4.6 mm) {Beckman, 
Berkeley, CA) and an isocratic elution with acetonitrile/2- 
propanol (90:10, vol/vol) at a flow rate of 1.5 mL/min. The 
products were quantified by measuring absorbance at 
240 nm. Molecular species were identified by comparison 
of their retention times with those of standards synthe- 
sized from known phospholipids and 1,2-diacylglycerols 
(17); the assignments were verified by the graphical 
representation method of Patton et aL (18). 

Quantitation of CPL and EPL subclasses. The subclass 

compositions of CPL and EPL were calculated from total 
relative peak areas with respect to the internal standard 
used in each subclass. The data were confirmed by quan- 
titative separation of the benzoyldiradylglycerol de- 
rivatives obtained from CPL and EPL by HPLC using 
a 5 ~m Hypersil-H215 column (250 X 4.6 mm, Soci6td 
Franqaise Chromato Colonne, Neuilly-Plaisance, France) 
with cyclohexane/hexane]t-butyl methyl ether/acetic acid 
{375:125:12:0.1, by vol) as the mobile phase (19). 

Gas-liquid chromatography (GLC) analysis. Fatty acid 
methyl esters were prepared by esterification with 14% 
boron trifluoride in methanol (20). The fatty acid com- 
position of placental phospholipids was determined by 
GLC, using a Perkin-Elmer (Buckinghamshire, England) 
chromatograph model 5830, equipped with an SP 2380 
capillary column (60 m X 0.25 mm) (Supelco, Bellefonte, 
PA) (17). 

RESULTS 

On average, 1.8 kg of total lipids were obtained by extrac- 
tion of 100 kg of placentae tissue. The total phospholipid 
fraction accounted for more than 70 wt% of the extracted 
tissue lipids, whereas free fatty acids, triglycerides and 
cholesterol represented only 7, 3.5 and 19 wt%, respec- 
tively. Trace amounts of steryl esters were found in the 
butanolic lipid extract. 

The composition of the phospholipid fraction of a batch 
of human placentae from European countries (Batch A) 
was analyzed in more detail. CPL, EPL and sphingomyelin 
were the major phospholipid classes, representing 
53.19 _ 0.16, 14.60 _+ 0.38 and 21.74 _+ 0.40 wt%, respec- 
tively, of total phospholipids. IPL, SPL and cardiolipin 
accounted for only 4.39 +- 0.36, 2.88 -+ 0.12 and 3.22 ___ 
0.15 wt% of total phospholipids. Phosphatidic acid, lyso- 
phosphatidylcholine and lysophosphatidylethanolamine 
were below the detection limit, accounting for less than 
1 wt% of the total phospholipids. The composition of CPL 
and EPL was first analyzed by HPLC of each subclass 
by determining the absolute amount of molecular species 
relative to diheptadecanoylglycerol used as internal stan- 
dard. CPL and EPL were also analyzed by straight-phase 
HPLC and their subclasses were quantitated by measur- 
ing UV absorption of each subclass at 240 nnz 1,2-Diacyl- 
glycerophosphocholine (GPC) was the major subclass of 
GPC and accounted for 91.69 _+ 1.09 mole% of GPL, while 
1-alkyl-2-acyl-GPC and 1-alk-l'-enyl-2-acyl-GPC repre- 
sented 5.70 +_ 0.64 and 2.61 __ 0.42 percent of this 
phospholipid class, respectively. The composition of EPL 
was quite different, with 1,2-diacyl and 1-alk-l'-enyl-2-acyl 
forms occurring at high proportions: 54.60 _+ 1.15 mol% 
and 43.77 _+ 1.15 mol% of the total class, respectively, 
whereas 1-alkyl-2-acyl-glycerophosphoethanolamine 
(GPE) was a minor component, with 1.63 _+ 0.50 tool%. 

In order to assess the adequate conservation of the 
placentae lipids, the fatty acid composition of total phos- 
pholipids was analyzed from five placental batches com- 
ing from different parts of the world (see Materials and 
Methods section). Within the five placentae batches, none 
of the main fatty acids differed by more than 10% from 
the mean of the five batches (Table 1). As no differences 
were observed between the fatty acids of the five batches 
by a X 2 test (contingency table analysis) (Statview, Mac- 
intosh), they were considered as having identical fatty acid 
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TABLE 1 

Fatty Acid Analysis (mol%) of Total Phospholipids from Several Batches of Human Placenta a 

Batch 

A B C D E Mean 
(n = 3) (n = 3) (n = 3) (n = 3) (n = 3) (n - 15) 

16:0 DMA 4.1 • 0.0 4.4 _+ 0.2 4.0 +_ 0.2 4.3 • 0.1 4.3 • 0.0 4.2 • 0.2 
16:0 28.0 • 0.0 29.7 • 0.7 28.4 + 0.2 28.2 • 0.5 29.0 • 0.4 28.6 • 0.8 
16:1n-9 0.3 + 0.0 0.4 • 0.0 0.4 • 0.0 0.3 • 0.0 0.3 • 0.0 0.3 • 0.0 
16:1n-7 0.4 • 0.0 0.4 • 0.0 0.5 • 0.0 0.4 • 0.0 0.3 • 0.0 0.4 • 0.1 
18:0 DMA 1.9 • 0.0 2.4 • 0.1 1.9 • 0.0 2.0 • 0.1 1.7 • 0.0 2.0 • 0.2 
18:1n-9 9.0 • 0.2 7.5 • 0.7 8.0 • 0.1 8.4 • 0.1 7.9 • 0.8 8.2 • 0.7 
18:1n-7 1.5 _ 0.0 1.4 • 0.2 1.4 • 0.0 1.5 • 0.0 1.4 • 0.2 1.4 • 0.2 
18:2n-6 8.7 • 0.1 8.7 • 0.0 8.6 • 0.1 8.6 • 0.0 8.6 • 0.3 8.6 • 0.2 
18:3n-6 0.2 • 0.0 0.3 • 0.0 0.2 • 0.0 0.3 • 0.0 0.1 • 0.0 0.2 • 0.1 
20:2n-6 0.3 • 0.0 0.3 • 0.1 0.3 • 0.0 0.3 • 0.0 0.3 • 0.0 0.3 • 0.1 
22:0 0.9 • 0.0 0.7 + 0.2 0.8 • 0.0 0.7 • 0.0 0.5 • 0.0 0.7 • 0.1 
20:3n-6 4.1 • 0.0 4.4 • 0.1 3.9 • 0.0 4.2 • 0.0 4.3 • 0.2 4.2 • 0.2 
20:4n-6 19.3 • 0.0 19.5 • 0.1 20.1 • 0.1 18.2 • 0.2 19.4 • 0.2 19.3 • 0.7 
24:0 0.9 • 0.0 0.9 • 0.1 0.9 • 0.0 0.7 • 0.0 0.6 • 0.0 0.8 • 0.1 
22:4n-6 1.5 • 0.2 1.8 • 0.0 1.8 • 0.0 1.9 • 0.0 1.7 • 0.1 1.7 • 0.2 
24:1n-9 0.6 • 0.2 0.5 • 0.1 0.4 • 0.0 0.4 • 0.0 0.4 • 0.1 0.5 -- 0.2 
22:5n-6 0.7 • 0.0 1.0 • 0.1 0.9 • 0.0 0.6 • 0.0 1.5 • 0.1 0.9 • 0.3 
22:5n-3 0.7 • 0.0 0.5 • 0.1 0.6 • 0.0 0.7 • 0.0 0.6 • 0.0 0.6 • 0.1 
22:6n-3 3.5 • 0.1 2.9 • 0.2 3.5 • 0.0 3.7 • 0.0 2.8 + 0.1 3.3 + 0.4 

SFA 49.1 • 0.1 50.7 • 1.3 49.3 +_ 0.1 50.0 - 0.4 50.4 _ 0.8 49.9 + 0.9 
MUFA 11.9 • 0.0 10.1 +_ 1.5 10.7 • 0.0 11.0 • 0.1 10.2 _ 1.3 10.8 • 1.0 
PUFA 39.0 • 0.2 39.2 • 0.2 39.9 • 0.0 38.4 +- 0.2 39.1 • 0.9 39.1 • 0.7 

n-6 PUFA 34.8 • 0.3 35.8 __ 0.0 35.8 _.+ 0.1 34.0 • 0.3 35.8 • 0.7 35.3 • 0.9 
n-3 PUFA 4.2 • 0.0 3.3 • 0.2 4.1 • 0.0 4.4 • 0.0 3.3 • 0.1 3.9 • 0.5 

aResults are expressed as means • SD of three experiments. Abbreviations: DMA, dimethylacetal; SFA, 
saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. 

compos i t i on ,  a n d  p h o s p h o l i p i d  m o l e c u l a r  spec ies  were 
a n a l y z e d  on one ba tch ,  wh ich  was  a l r e a d y  a poo l  of 250 
p lacen tae .  F a t t y  ac id  a n a l y s e s  p e r f o r m e d  on B a t c h  A 
revea led  t h a t  all  p h o s p h o l i p i d  c lasses  c o n t a i n  r e l a t i ve ly  
h igh  p r o p o r t i o n s  of n-6 and  n-3 long-cha in  P U F A ,  m a i n l y  
20:4n-6 a n d  22:6n-3, w i t h  22:6n-3 a c c o u n t i n g  for  m o s t  of 
t h e  n-3 long-cha in  P U F A  (Table 2). The  g r e a t e s t  a m o u n t  
of  long-cha in  P U F A  was  p r e s e n t  in E P L  {46.7 mol%) a n d  
in  I P L  (39.9 mol%). C P L  and  S P L  were m u c h  r i cher  in 
18:1n-9 and  18:2n-6. The  p ropo r t i on  of 22:6n-3 and  22:5n-3 
was  5.9- a n d  8.7-fold h ighe r  in E P L  t h a n  in CPL,  respec-  
tively. The  d a t a  in Tables 3 and  4 represen t  the  f i rs t  r epo r t  
on  the  g l y c e r o p h o s p h o l i p i d  m o l e c u l a r  spec ies  of  h u m a n  
p lacen ta .  The  mo lecu l a r  spec ies  c o m p o s i t i o n  of t he  1,2- 
d iacyl  g lycerophosphol ip ids  were cons i s t en t  w i th  the  f a t t y  
ac id  c o m p o s i t i o n  of each  c lass  (Table 3). In  acco rdance  
w i th  the  f a t t y  ac id  c o m p o s i t i o n  of  SPL,  1,2-diacyl- 
g l y c e r o p h o s p h o s e r i n e s  (GPS) c o n t a i n e d  a l a rge  a m o u n t  
of spec ies  w i t h  18:1 a t  t h e  sn-2 pos i t ion ,  e s s e n t i a l l y  asso-  
c i a t ed  w i t h  18:0 (22.1 mol%) and  16:0 (5.3 mol%) a t  t he  
sn-1 pos i t ion .  I n  con t r a s t ,  in 1 ,2-d iacyl -GPC a n d  1-alkyl- 
2-acyl-GPC, 18:1 was  c o m b i n e d  w i t h  16:0 a n d  18:1 (12.9 
a n d  19.0 mol%, respec t ive ly) .  1 ,2-Diacyl-GPC, 1-alkyl- 
2-acyl-GPC and  1,2-diacyl-GPS were a lso  cha rac te r i zed  b y  
h igh  p r o p o r t i o n s  of mo lecu la r  spec ies  c o n t a i n i n g  18:2n-6. 
The  r e so lu t i on  of  16:0/16:0 a n d  18:0/18:2n-6 was  f u r t h e r  
ach ieved  by  G L C  a n a l y s i s  of t he  H P L C  f r ac t ions  a n d  
showed t h a t  16:0/16:0 was  p r e sen t  on ly  in t r ace  amoun t s .  
H i g h  p r o p o r t i o n s  of mo lecu l a r  spec ies  w i th  a r ach idon lc  
ac id  a t  t he  sn-2 p o s i t i o n  were found  in all  subc lasses ,  
espec ia l ly  in 1 ,2-diacyl -g lycerophosphoinos i to ls  (GPI)  and  

1-a lk- l ' -enyl -2-acyl -GPE,  where  i t  was  m a i n l y  a s s o c i a t e d  
w i t h  18:0 (42.6 mol%) a n d  16:0 (24.0 tool%), respect ive ly .  
P l a c e n t a  d i a c y l - G P C  c o n t a i n e d  h igh  a m o u n t s  of spec ies  
w i th  20:3n-6 a t  t he  sn-2 pos i t ion ,  16:0/20:3n-6 a n d  18:0/ 
20:3n-6 represen t ing  17.3 and  12.9 mol% of 1,2-diacyl-GPS 
a n d  1 ,2-d iacyl -GPI ,  respect ive ly .  1-Alk-l ' -enyl-2-acyl-  a n d  
1 ,2 -d iacy l -GPE were t he  s u b c l a s s e s  c o n t a i n i n g  t h e  high-  
e s t  c o n c e n t r a t i o n  of n-3 f a t t y  acids,  n a m e l y  22:6n-3 a n d  
22:5n-3, a l t h o u g h  t h e y  were d e p l e t e d  in 18:3n-3 and  
20:5n-3. P l a c e n t a e  E P L  were r ich  in 22:6n-3, which  occurs  
m a i n l y  as  16:0/22:6n-3 in p l a s m a l o g e n i c  fo rm a n d  as  
16:0/22:6n-3, 18:1/22:6n-3 a n d  18:0/22:6n-3 in 1,2-diacyl- 
G P E .  1-Alk- l ' -enyl -2-acyl -GPE was  a lso  r ich  in  22 c a r b o n  
f a t t y  ac ids  f rom the  n-6 family, ma in ly  22:4n-6, which  was  
p r e s e n t  as  16:0/22:4n-6 (6.0 mol%) and  18:0/22:4n-6 
(2.2 mol%). 

DISCUSSION 

Res idua l  p l a c e n t a  l ip ids  were found  to  be  r i ch  in n-6 and  
n-3 P U F A .  T h e y  cou ld  be  a p o t e n t i a l  source  for  t he  pro- 
d u c t i o n  of p h o s p h o l i p i d  m o l e c u l a r  spec ies  en r i ched  in 
t h e s e  two  f a t t y  ac id  famil ies .  The  l ip id  c o m p o s i t i o n  of 
p l a c e n t a  p r e p a r e d  f rom bu lk  t i s sue  was  found  to  be  ve ry  
close to  t h a t  of i nd iv idua l  p l a c e n t a e  (21) whose  l ip ids  h a d  
been e x t r a c t e d  by  the  c lass ica l  Folch me thod .  P ropo r t i ons  
of l ip id  c l a s ses  found  in our  p r e p a r a t i o n s  were compara -  
b le  w i t h  t h o s e  r e p o r t e d  in t he  n a t i v e  t i s s u e  (21,22). On 
average,  1 k g  of t o t a l  p h o s p h o l i p i d s  cou ld  be  p r e p a r e d  
f rom 100 k g  of p l a c e n t a ~  CPL,  s p h i n g o m y e l i n  and  E P L  
occur red  as  t he  m a j o r  p h o s p h o l i p i d  c lasses  a n d  the i r  
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TABLE 2 

Fatty Acid Composition of Phospholipid Classes from Human Placenta Batch A= 

CPL EPL SPL IPL 

16:0 DMA 1.5 • 0.0 11.4 • 0.3 0.5 • 0.1 n.d. 
16:0 36.8 • 0.2 6.5 • 0.1 15.0 • 1.3 17.8 • 0.6 
16:1n-9 0.6 • 0.0 0.1 • 0.0 0.4 • 0.1 0.3 • 0.0 
16:1n-7 0.7 • 0.1 0.1 • 0.0 0.2 • 0.1 0.2 • 0.0 
18:0 DMA 0.2 • 0.0 7.1 • 0.2 n.d. n.d. 
18:1n-9 DMA n.d. 1.2 • 0.1 n.d. n.d. 
18:1n-7 DMA n.d. 0.4 • 0.0 n.d. n.d. 
18:0 8.9 • 0.1 14.4 • 0.3 37.4 _ 0.5 31.4 • 0.3 
18:1n-9 9.5 • 0.0 7.4 • 0.1 15.2 • 0.1 4.9 • 0.1 
18:1n-7 2.3 • 0.0 0.5 • 0.0 1.1 • 0.0 1.1 • 0.1 
18:2n-6 14.2 • 0.1 3.6 +- 0.2 5.4 • 0.2 2.5 • 0.0 
18:3n-6 n.d. 0.1 • 0.0 n.d. n.d. 
20:1n-9 n.d. n.d. n.d. 0.5 • 0.1 
20:2n-6 0.4 • 0.0 0.1 • 0.0 n.d. n.d. 
22:0 n.d. n.d. 0.6 • 0.1 0.7 • 0,1 
20:3n-6 4.6 • 0.0 3.4 • 0.1 7.5 • 0.3 7.1 • 0.1 
20:4n-6 18.0 • 0.3 28.0 • 0.3 10.4 • 0.4 29.2 • 0.4 
20:5n-3 n.d. 0.1 • 0.0 n.d. n.d. 
24:0 n.d. n.d. 0.4 • 0.0 1.0 • 0.1 
22:4n-6 0.5 • 0.0 3.2 • 0.1 2.1 • 0.3 0.6 • 0.0 
24:1n-9 n.d, n.d. n.d. 0.3 + 0.1 
22:5n-6 0.2 • 0.0 1.8 • 0.0 0.9 • 0.0 0.4 • 0.1 
22:5n-3 0.2 • 0.0 1.7 • 0.0 0.4 • 0.0 0.5 + 0.0 
22:6n-3 1.6 • 0.0 8.5 • 0.0 2.6 • 0.1 1.4 • 0.0 

SFA 47.3 • 0.3 39.3 • 1.0 53.8 • 2.0 51.0 + 1.0 
MUFA 13.0 • 0.2 9.7 • 0.3 16.9 • 0.2 7.4 • 0.2 
PUFA 39.7 • 0.5 50.5 • 0.7 29.3 • 1.4 41.6 • 0.6 

n-6 PUFA 38.0 + 0.5 40.2 • 0.7 26.3 • 1.2 39.8 + 0.6 
n-3 PUFA 1.8 • 0.0 10.3 • 0.1 3.1 +- 0.2 1.9 + 0.1 

=Results are expressed as means • SD of three experiments. Abbreviations: CPL, choline 
glycerophospholipids;  EPL,  e thanolamine glycerophospholipids;  IPL, inositol 
glycerophospholipids; SPL, serine glycerophospholipids. Other abbreviations, see Table 1; 
n.d., not detected. 
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TABLE 3 

Molecular Species Composition (mol%) of 1,2-DiacyI-GPC, GPE, GPS and GPI 
from the Human Placenta Batch A a 

635 

Molecular species 1,2-Diacyl-GPC 1,2-Diacyl-GPE 1,2-Diacyl-GPS 1,2-Diacyl-GPI 

16:1/22:6n-3~ 
18:2/22:6n-3] 0.48 + 0.04 0.27 + 0.02 n.d. n.d. 
16:1/20:4n-6~ 
18:2/20:4n-6] 2.05 + 0.12 1.18 + 0.05 n.d. 0.71 • 0.03 

18:1/20:5n-3~ n.d. 2.00 + 0.08 n.d. n.d. 
16:0/20:5n-3J 
18:1/22:6n-3~ 5.15 + 0.07 4.05 • 0.15 1.44 + 0.06 1.96 + 0.10 
16:0/22:6n-3] 1.30 • 0.09 3.51 • 0.02 - - 
18:1/20:4n-6~ 2.86 + 0.22 5.76 + 0.02 0.81 + 0.05 4.12 + 0.13 
16:0/22:5n-3] . . . .  

16:0/20:4n-6 17.90 + 0.95 11.78 + 0.24 3.71 • 0.03 19.41 • 0.10 
18:1/22:5n-6 n.d. 0.55 • 0.05 n.d. n.d. 
16:0/22:5n-6 0.13 +__ 0.02 0.72 • 0.10 0.25 +-- 0.02 0.33 • 0.03 
18:1/18:2n-6 3.75 • 0.14 2.42 • 0.08 0.66 --+ 0.01 0.73 + 0.02 
16:0/18:2n-6 1 
18:0/22:6n-3~ 16.88 + 0.09 10.73 • 0.25 8.43 • 0.10 4.14 • 0.15 
18:l/20:3n-6J 
16:0/20:3n-6 6.00 • 0.06 2.93 • 0.13 2.82 • 0.08 4.85 • 0.07 
16:0/22:4n-6 0.42 • 0.04 0.93 • 0.02 0.78 • 0.08 0.77 • 0.08 
18:0/22:5n-3 n.d. 0.60 • 0.08 0.96 - 0.04 0.66 • 0.04 
18:0/20:4n-6 7.55 + 0.16 27.92 + 0.68 16.58 • 0.28 42.57 • 0.59 
18:0/22:5n-6 n.d. 1.43 • 0.03 2.18 • 0.04 0.76 • 0.09 
18:1/18:1~ 1.71 + 0.10 0.87 + 0.03 0.34 + 0.05 
16:0/18:1] 12.92 + 0.37 -- - -- 

- -  2.70 • 0.14 5.32 +--- 0.18 3.43 • 0.15 
18:0/18:2n-6~ 
16:0/16:0 J 17.15 • 0.35 6.23 + 0.10 11.27 • 0.18 3.16 • 0.07 

18:0/20:3n-6 2.09 • 0.11 7.18 • 0.41 14.52 • 0.09 8.08 + 0.17 
18:0/22:4n-6 0.37 • 0.05 2.19 • 0.10 4.18 • 0.12 1.59 • 0.16 
18:0/18:1 1.98 • 0.05 3.24 + 0.14 22.07 • 0.04 2.44 + 0.14 
16:0/18:0~ 
18:0/16:0] 1.06 • 0.10 n.d. 2.12 • 0.17 n.d. 
18:0/18:0 n.d. n.d. 1.04 • 0.04 n.d. 

aResttlts are expressed as means + SD of three experiments. Abbreviations: GPC, glycerophosphocholines; 
GPE, glycerophosphoethanolamines; GPS, glycerophosphoeerines; GPI, glycerophosphoinositols; n.d., not 
detected. 

p r o p o r t i o n s  were ve ry  c lose  to  t h e  va lues  r e p o r t e d  for 
na t i ve  t i s sues  (21-24). However,  t he  a m o u n t  of S P L  (2.9%) 
was  lower t h a n  t h a t  r e p o r t e d  b y  Chirouze e t  aL (21) (4.4%) 
and  Ne lson  (23) (8.7%). This  could  ind ica te  some selectivi-  
t y  in t he  l a rge  scale  b u t a n o l i c  e x t r a c t i o n  of p h o s p h o l i p i d  
classes.  The  subc l a s s  c o m p o s i t i o n s  of C P L  and  E P L  were 
s imi la r  to  those  of several  h u m a n  t issues ,  inc lud ing  vascu-  
l a r  cel ls  (25), w i t h  h igh  p r o p o r t i o n s  of t h e  1-alk-l ' -enyl-  
2-acyl  fo rm in E P L ,  a n d  t h e  1,2-diacyl  fo rm a c c o u n t i n g  
for  more  t h a n  90% of CPL.  The  or ig in  of p l a c e n t a  h a d  no 
inf luence on the  p ropo r t i on  of P U F A s  which  was  c o n s t a n t  
w i t h i n  t h e  five p l a c e n t a  p h o s p h o l i p i d  p r e p a r a t i o n s  ana-  
lyzed  and  was  close to  t h a t  r epo r t ed  b y  Chirouze e t  aL (21) 
a n d  Percy  e t  al. (24), s u g g e s t i n g  neg l ig ib le  f a t t y  ac id  
d e g r a d a t i o n  d u r i n g  p l a c e n t a  s t o r a g e  a n d  la rge  scale  p r o  
ce s s ing  of t h e  l ip id  p r e p a r a t i o n .  The  mo lecu l a r  spec ies  
d i s t r i b u t i o n  of  h u m a n  p l a c e n t a  p h o s p h o l i p i d s  r e s e m b l e s  
t h a t  r e p o r t e d  for h u m a n  v a s c u l a r  cel ls  {17,26L 1,2-Diacyl- 
G P I  and  1-alk-l ' -enyl-2-acyl-GPE were t he  subc lasses  con- 
t a i n i n g  t h e  h i g h e s t  p r o p o r t i o n s  of 18:0/20:4n-6. The  
mo lecu l a r  spec ies  w i t h  n-6 and  n-3 long-cha in  P U F A s  
were  m o s t l y  a s s o c i a t e d  w i th  1 -a lk - l : eny l -2 -acy l -GPE.  
1 ,2-Diacyl-GPC con t a ined  h igher  a m o u n t s  of 18:2n-6 and  
18:1. Tak ing  in to  accoun t  t h a t  1 ,2-d iacyl -GPC r e p r e s e n t s  
45 wt% of t h e  t o t a l  phospho l ip id s ,  450 g of m o l e c u l a r  

spec ies  w i th  a f a t t y  ac id  of n u t r i t i o n a l  i n t e r e s t  a t  t he  sn-2 
p o s i t i o n  could  be  pu r i f i ed  f rom 100 k g  of p l acen ta .  
1 ,2 -Diacy l -GPE and  1-a lk- l ' -enyl -2-acyl -GPE,  which  are  
r ich in 20:4n-6 and  22:6n-3, could also be  p repa red  by  large- 
sca le  p rocess ing .  

A d e q u a t e  e x t r a c t i o n  of p l a c e n t a  CPL,  E P L  and  I P L  
w a s  ach ieved  b y  t h e  la rge  scale  i so l a t i on  process .  These  
p h o s p h o l i p i d s  a re  m o s t l y  en r i ched  in P U F A s .  The  la rge  
sca le  pu r i f i c a t i on  of p h o s p h o l i p i d  c lasses  would  al low for 
p roduc t ion  of f rac t ions  enr iched  in n-6 f a t t y  acids,  ma in ly  
20:3n-6, 20:4n-6 and  22:4n-6, and  f rac t ions  enr iched  in n-3 
f a t t y  acids ,  such  as  22:5n-3 and  22:6n-3. 
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Because triacylglycerol (TAG) structure influences the 
metabolic fate of its component fatty acids, we have ex- 
amined human colostrum and mature milk TAG with par- 
ticular attention to the location of the very long chain 
polyunsaturated fatty acid on the glycerol backbone. The 
analysis was based on the formation of various diacyl- 
glycerol species from human milk TAG upon chemical 
(Grignard degradation) or enzymatic degradation. The 
structure of the TAG was subsequently deduced from 
data obtained by gas chromatographic analysis of the 
fatty acid methyl esters in the diacylglycerol subfractions. 
The highly specific TAG structure observed was identical 
in mature milk and colostrum. The three major fatty acids 
(oleic, palmitic and linoleic acids) each showed a specific 
preference for a particular position within milk TAG: oleic 
acid for the sn-1 position, palmitic acid for the sn-2 posi- 
tion and linoleic acid for the sn-3 position. Linoleic and 
a-linolenic acids exhibited the same pattern of distribu- 
tion and they were both found primarily in the sn-3 (50%) 
and sn-1 (30%) positions. Their longer chain analogs, ara- 
chidonic and docosahexaenoic acids, were located in the 
sn-2 and sn-3 positions. These results show that polyun- 
saturated fatty acids are distributed within the TAG 
molecule of human milk in a highly specific fashion, and 
that in the first month of lactation the maturation of the 
mammary gland does not affect the milk TAG structure. 
Lipids 28, 637-643 (1993). 

Breast milk is considered the optimal form of nutrition 
for infants (1) and contains both parent essential fatty 
acids (linoleic acid and a-linolenic acid) and very long chain 
polyunsaturated fatty acids (VLC-PUFA, i.a, PUFA >/20 
carbons). A balanced amount of these fatty acids is re- 
quired for normal maturation and function of the nervous 
system (2-5), as well as for adequate production of 
eicosanoids (2,3). Several expert committees now recom- 
mend the addition of both VLC-PUFA and a-linolenate 
to infant formulas (6,7). 

The structure of the triacylglycerols (TAG) used in com- 
mercially prepared formulas influences the pre- and post- 
enterocyte bioavailability of their constituent fatty acids. 
For example, the presence of some VLC-PUFAs, such as 
20:4n-6, 20:5n-3 and 22:6n-3, at the outer positions of TAG 
induces resistance to pancreatic lipase hydrolysis in vitro 
(8,9). In addition, the distribution of fat ty acid between 
the outer and the sn-2 position in the glycerol molecule 
governs the lumenal partition between the free and the 
2-monoacyl-sn-glycerol form (10-12), and subsequently 
modifies the rate of intestinal fatty acid uptake The 

1Recipient of a BSN group fellowship. 
*To whom correspondence should be addressed at Laboratoire de 
Nutrition et Clinique M6dicale A, Faculth de M6decine, Universith 
Frangois Rabelais, 2 bis Bd Tonnell6, 37032 Tours, cedex, France. 
Abbreviations: BHT, butylated hydroxytoluene; DHA, docosahex- 
aenoic acid; GPC, glycerophosphocholine; PUFA, polyunsaturated 
fatty acids; TAG, triacylglycerol; TLC, thin-layer chromatography; 
VLC-PUFA, very long chain polyunsaturated fatty acids. 

absorption of palmitic acid is improved when it is located 
in the sn-2 position of TAG as compared to the sn-l,3 posi- 
tions {13,14}. A similar difference in absorption was ob- 
served for stearic acid (15). The molecular form of fatty 
acid taken up by the enterocyte also modulates its incor- 
poration into either the TAG or the phospholipids frac- 
tion of chylomicrons (16), as well as its positional distribu- 
tion in the TAG of chylomicrons (16-18). As the fatty acids 
are differently metabolized whether bound primarily to 
the TAG or phospholipid fraction of chylomicrons (19,20), 
and because the post-heparin plasma lipoprotein lipase 
preferentially hydrolyzes the ester bond in the sn-1 posi- 
tion (21), the post enterocyte metabolic fate of component 
fatty acids is expected to depend on the structure of the 
ingested TAG. For instance, the positional structure of 
TAG species affects both the fractional plasma clearance 
rates of chylomicrons and the recoveries of TAG in the 
liver and spleen (22), modulates the atherogenic features 
of a given oil (23) and may effect the pharmacological ac- 
tions of dietary n-3 VLC-PUFA used for therapeutic pur- 
poses (24,25). Because breast milk is the natural source 
of fat for the newborn, the structure of its TAG may be 
used as a biological reference point. However, the propor- 
tion of VLC-PUFA in each position of the glycerol back- 
bone has not been carefully determined in human milk 
TAG. Furthermore, whether the TAG structure changes 
with maturation of the mammary gland along with 
changes observed in the fatty acid composition (26-28) 
is unknowrL To address these questions, we have examined 
the distribution of fatty acids in human colostrum and 
mature milk TAG. 

MATERIALS AND METHODS 
Subjects and milk collection. Fifteen Caucasian, healthy 
mothers living in the Loire Valley area of France volun- 
teered for this study. Women taking drugs, including 
alcohol, or with self-selected diets (vegetarian, vegan, food 
fad) or with complications of pregnancy, including cesarian 
section, were not included in the study. All mothers were 
on their usual diets and no dietary modifications were pr~ 
posed. Milk samples (4-5 mL) were taken prior to the 
mother's lunch. Colostrum was obtained on day 5 and 
mature milk on day 30 after delivery. All samples were 
immediately frozen and then stored at -70  ~ within one 
hour. The protocol was approved by the Ethics Commit- 
tee of our institution. Lipid analyses were performed 
within a week following milk collection. 

Chemicals and reagents. All solvents (chloroform, hex- 
ane, heptane, diethyl ether and di-isopropyl ether) were 
of high-performance liquid chromatography grade. Sol- 
vents and glacial acetic acid were purchased from Carlo 
Erba (Milan, Italy). Diethyl ether was purchased in small 
amounts and used within weeks to minimize peroxidation. 
Methanol and ammonia (25%) were from Prolabo (Vitry 
sur Seine, France). Pyridine and toluene were from Merck 
(Darmstadt, Germany). Fatty acid methyl ester stan- 
dards were from Nu-Chek-Prep (Elysian, MN) or Supelco 
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(Bellefonte" PA). Tri-tridecanoin, 1,2-dipentadecanoyl-sn- 
glycero-3-phosphocholine (GPC), 2,3-di-hexadecanoyl-sn- 
glycero-l-phosphocholine" choline chloride, butylated 
hydroxytoluene (BHT) and boron trifluoride in methanol 
were purchased from Sigma {St. Louis, MO). Boric acid 
and phosphorus oxychloride were purchased from Merck 
and ethyl magnesium bromide from Aldrich (Milwaukee, 
WI). Thin-layer chromatography (TLC) plates (type LK6 
plates, 250 ~m layer, 5 X 20 cm) were from Whatman 
(Maidstone, England). Porcine pancreatic lipase (EC 
33.1.1.3, type VI-S) and phospholipase C from C welchii 
(EC 3.1.4.3, type I) were from Sigma. All chemical and en- 
zymatic reactions were carried out under nitrogen, with 
BHT added as an antioxidant (0.005%, wt/vol). BHT was 
also added to all TLC developing solvents (0.05%, wt/vol), 
except as noted. 

TAG quantification. In order to carry out each stereo- 
specific analysis with an equal amount of TAG and to 
compensate for variations in milk fat content between 
the individuals, the TAG concentration in each milk 
sample was measured. Tri-tridecanoin (150 ~g) was added 
to 3 mL of milk as an internal standard. Lipids were then 
extracted as previously described (29) and a measured 
aliquot was used to purify TAG by TLC on silica gel 
plates. Hexane/diethyl ether/acetic acid (75:25:1, by vol) 
without BHT was used as the developing solvent. TLC 
plates were sprayed with 2',7'-dichlorofluorescein (2% in 
ethanol), and lipid fractions were visu~llzed under ultra- 
violet light and identified by comparison of their Rf 
values with those of authentic standards. Quantification 
of TAG was achieved by gas chromatography after con- 
version of TAG to fatty acid methyl esters. The internal 
tridecanoic acid methyl ester was used as the standard 
for both fatty acid and TAG quantification, and the mass 
of fatty acid methyl esters was considered as a close ap- 
proximation of that of TAG. The mill{ volume per sample 
was then adjusted to arrive at the desired amount of TAG 
in each sample 

Fatty acid analysis. Fatty acids were converted to the 
methyl esters with 14% (wt/vol) boron trifluoride in meth- 
anol (30). All reactions were carried out under nitrogen. 
Fatty acid methyl esters were analyzed by gas chromatog- 
raphy (Carlo Erba type GC 6000, Vega series 2) using a 
50 m • 0.32 mm i.d. fused silica capillary column with a 
0.25 om film of carbowax 20 M (Star, Cergy-Pontoise, 
France), an on-column injector and a flame-ionization 
detector connected to a digital integrator (Spectraphysics 
SP4270, San Jose, CA). Operating conditions have been 
detailed previously (29). The areas of nouidentified peaks 
were less than 2%. Results were expressed in mol% of the 
identified fatty acid methyl esters after conversion of the 
respective peak areas. Inter- and intra-assay coefficients 
of variation have been evaluated previously (29). 

Stereospecific analysis of milk TAG. This method is 
based upon the random generation of 1,3-diacyl-sn-glyc- 
erol along with an equimolar mixture of 1,2- and 2,3-diacyl- 
sn-glycerols (rac-l,2-diacylglycerols) by Grignard degrada- 
tion of TAG. rac-l,2-Diacylglycerols were converted to rac- 
phosphatidylcholines by chemical means, and the 1,2- 
diacyl-sn-glycer~3-phosphocholine was selectively hydro- 
lyzed by phospholipase C. This allowed the separation of 
enantiomeric 1,2-diacyl-sn-glycerol from the remaining 2,3- 
diacyl-sn-glycer~l-phosphocholine as described by Myher 
and Kuksis (31). 

In brief, 30 mg of TAG were purified from the milk total 
lipid extracts by preparative TLC on boric acid- 
impregnated plates {by submerging the TLC plates in a 
5% methanolic solution for 5 min) in order to minimize 
isomerization. The TAG fraction was eluted from the gel 
with chloroform/methanol/water (4:4:3.8, by vol). The 
TAGs were dried by evaporation after ethanol addition, 
dissolved in 1.2 mL of anhydrous diethyl ether, transfer- 
red to a glass flask and stirred under nitrogen at room 
temperature Ethyl magnesium bromide {3 M in diethyl 
ether, 0.1 mL) was added to the TAG solution, and the 
reaction was stopped after 25 s by addition of acetic 
acid]diethyl ether (1:9, vol/vol). The mixture was thor- 
oughly washed as described (31}, and dried. The rac-l,2- 
diacylglycerols were separated from the 1,3-diacyl-sn- 
glycerols on borate-impregnated silica gel plates using 
chloroform]acetone (97:3, vol/vol) as developing solvent 
{31). The fatty acids from the 1,3-diacyl-sn-glycerol and 
from an aliquot of the rac-l,2-diacylglycerols were con- 
verted to fatty acid methyl esters {30} for gas chromato- 
graphic analysis. 

For the synthesis of rac-phosphatidylcholines, the re- 
maining rac-l,2-diacylglycerols were evaporated to dryness 
from ethanol and dissolved in 0.65 mL of a mixture of 
chloroform/pyridine/phosphorus oxychloride at 0~ 
(47.5:47.5:5, by vol). The mixture was allowed to stand at 
0~ for 1 h and then at 25~ for 1 h (31). Choline chloride 
(200 mg, acetone-dried powder) was added, and the mix- 
ture was stirred at 30~ for 15 h. After addition of 20 ~L 
of water and 30 min of subsequent stirring, the volume 
was reduced under nitrogen, and the reaction products 
were extracted and thoroughly dried {31}. The rac-phos- 
phatidylcholines were separated from the unreacted 
rac-l,2-diacylglycerols by TLC on borate-impregnated 
silica gel plates {31}. The fatty acid composition of the 
rac-l,2<liacylglycerols and of the rac-phosphatidylcholines 
were identical, ensuring that the synthetic process did not 
alter the fatty acid composition nor did selective reaction 
occur with respect to particular diacylglycerol species. 

1,2-Diacyl-sn-glycero-3-phosphocholines were stereospe- 
cifically hydrolyzed from the rac-phosphatidylcholine frac- 
tion with phospholipase C, as previously described {31). 
The resulting 1,2-diacyl-sn-glycerols and 2,3-diacyl-sn- 
glycero-l-phosphocholines were resolved by TLC on borat~ 
impregnated K6 plates using chloroform/methanol/acetic 
acid (20:90:10, by vol) as the developing solvent. Specific- 
ity of phospholipase C used for the sn-3 position of the 
phosphocholine group was ascertained using 1,2-penta- 
decanoyl-sn-glycero-3-phosphocholine and 2,3-hexa- 
decanoyl-sn-glycero-l-phosphocholine as substrates. 

Hydrolysis of milk TAG with pancreatic lipas~ 2-Mono- 
acyl-sn-glycerols were obtained from milk TAG upon 
hydrolysis of the acyl group in the 1- and 3- positions of 
glycerol using porcine pancreatic lipase (31). Purified mill{ 
TAGs (2.5 mg) were resuspended by vigorous sb,l{ing in 
0.5 mL of TRIS/HC1 buffer (1 M, pH 8.0) containing gum 
Arabic (10%) and 14 uL of a CaC12 solution (45% in 
water). The solution was submitted to pancreatic lipase 
hydrolysis (5000 units dissolved in 0.5 mL buffer, 10 min 
at 37~ with vigorous stirring). The reaction products 
were extracted with diethyl ether and the 2-monoacyl- 
sn-glycerols purified on K6 borate-impregnated plates 
with heptane/iso-propyl ether/acetic acid (60:40:4, by 
vol) as developing solvent. Fat ty  acid composition was 
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determined by gas chromatography of the fat ty acid 
methyl esters {29). 

Determination of  the TAG structure. The structure of 
the original TAG was calculated from the fatty acid com- 
position of each lipid fraction (1,2-diacyl-sn-giycerol, 
2,3-diacyl-sn-glycero-l-phosphocholine and 1,3-diacyl-sn- 
glycerol). The proportion of individual fatty acids found 
in the three positions of the TAG was calculated accord- 
ing to the following equations (32): 

2-sn (tool%) = 2 • rac-l,2-diacylglycerol (tool%) 
- 1,3-diacyl-sn-glycerol (mol%) [1] 

1-sn (mol%) = 2 • 1,2-diacyl-sn-glycerol (mol%) -- 2-sn (mol%) [2] 

3-sn (tool%) = 2 • 2,3-diacyl-sn GPC (mol%) - 2-sn {mol%) [3] 

The 2-position fatty acid composition was also directly 
obtained by analysis of the 2-monoacyl-sn-glycerol frac- 
tion produced after pancreatic lipase hydrolysis of TAG. 

Statistical analysis. Data were computed using Stat- 
view 512+ | (Brain Power Ina, Calabassas, CA). Results 
are presented as the means +_ SD (mol%). The content of 
each fatty acid found in the sn-2 position by the pancreatic 
lipase method or deduced from the diacylglycerol species 
produced by Grignard degradation was compared by the 
Mann and Whitney signed rank test. The P value was set 
at 0.05. 

1.13% of the 2,3-diacyl-sn-glycero-l-phosphocholines were 
hydrolyzed to 2,3-diacyl-sn-glycerol and phosphocholin~ 

The positional distribution of fat ty acids in TAG from 
human colostrum is presented in Table 2. The sn-1 posi- 
tion was esterified predominantly with 18:1 (48%), 18:2n-6 
(14%), 16:0 (13%) and 18:0 (11%) fatty acids. The sn-2 posi- 
tion was esterified primarily with 16:0 (54%), 18:1 (13%), 
14:0 (11%) and 18:2n-6 (8%) fatty acids. The sn-3 position 
was principally composed of 18:1 (37%), 18:2n-6 (17%), 16:0 
(11%} and 14:0 (10%) fatty acids. 

The relative distribution of each saturated fat ty acid 
{from 10:0 to 18:0) at the three sites of esterification is 
shown in Figure 1. The proportion of 10:0 to 16:0 fatty 
acids found in the sn-2 position increased with the length 
of the carbon chain with a commensurate decrease in the 
sn-3 position. Conversely, 64% of stearic acid was found 
in the sn-1 position, 26% in the sn-3 position and only 9% 
in the sn-2 position. The profile of the positional distribu- 
tion of major monounsaturated fatty acids is depicted in 
Figure 2. The profile observed for 18:1 fat ty acids was 
similar to the one seen for its saturated homologue (see 
Figs. 1 and 2). The 18-carbon essential fatty acids {18:2n-6 

RESULTS 

Under our experimental conditions, the theoretical and 
observed ratios of selected fatty acids in rac-l,2- and in 
1,3-diacyl-sn-glycerols obtained after Grignard degrada- 
tion of TAG standards were very similar {Table 1). 

For all milk fatty acids except 18:0, the relative propor- 
tion found in the sn-2 position was not statistically dif- 
ferent whether determined by pancreatic lipase hydrolysis 
or calculated from the diacylglycerol species produced by 
Grignard degradation. However the difference was close 
to significant for 22:6n-3 {1.07% and 0.83%, with the pan- 
creatic lipase method and the Grignard degradation 
method, respectively; n = 13; P = 0.06). The gas chro- 
matographic quantification of lipid fractions obtained 
after phospholipase C action on standards showed that  
98.9% of the 1,2-diacyl-sn-glycer~3-phosphocholines were 
hydrolyzed to produce 1,2-diacyl-sn-giycerol, whereas only 

FIG. 1. Positional distribution of short,chain (CI0), medium-chain 
(C12 and C14) and major long-chain (>~Cle) saturated fatty acids in 
colostrum triacylglycerols. The horizontal dashed line indicates the 
proportion of each fatty acid expected on the basis of a random posi- 
tional distribution (33.3%). 

TABLE1 

Theoretical and Experimental Ratios of Selected Fatty Acids 
in rac-Diacylglycerols and 1,&Diacyl-sn-glycerols After Grignard 
Degradation of Triacylglycerol Standards 

rac-l,2-Diacylglycerols 1,3-Diacyl-sn-glycerols 

Triacylglycerols a 16:0/18:1 18:1/16:0 16:0/18:1 18:1/16:0 

18:1/16:0/18:1 1 b 0.96 c -- 0 0.003 -- 
16:0/18:1/16:0 -- 1 1.03 -- 0 0.033 
18:1/18:1/16:0 0.33 0.30 -- 1 0.93 -- 

aRacendc mixture of isomers. 
bTheoretical values are listed in the first column for each ratio 
analyzed. 
CExperimental values are listed in the second column for each ratio 
analyzed. 

FIG. 2. Positional distribution of major monounsaturated fatty adds 
in colostrum triacylglycerols. The horizontal dashed line indicates 
the proportion of each fatty acid expected on the basis of a random 
positional distribution (33.3%). 
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TABLE 2 

Results  (mol%; means +_ SD) of the Stereospocific Analys is  of Colastrum Triacylglycerols (TAG) (n = 11) 

Calculated Original 
Fat ty  acids sn-1 (%) sn-2 (%) sn-3 (%) TAG (%)a TAG (%) 

Saturated 
10:0 0.00 0.36 ___ 0.34 0.84 + 0.41 0.40 • 0.15 0.56 + 0.13 
12:0 1.41 _ 1.1 3.81 • 1.32 9.11 • 3.22 4.78 • 1.41 4.54 • 1.05 
14:0 4.80 _ 1.90 11.08 _ 2.20 9.73 • 2.91 8.54 • 2.11 7.41 • 1.63 
15:0 0.34 _ 0.22 0.69 -- 0.22 0.39 • 0.12 0.47 • 0.10 0.40 • 0.08 
16:0 12.58 • 3.38 53.50 • 3.21 11.21 • 3.33 25.76 • 2.33 26.22 • 1.70 
17:0 0.49 • 0.13 0.33 • 0.04 0.31 • 0.13 0.38 • 0.09 0.37 • 0.05 
18:0 11.35 • 1.34 1.65 • 0.42 4.67 • 1.08 5.89 • 0.67 6.65 +- 0.63 
20:0 0.14 • 0.08 0.15 • 0.05 0.17 • 0.08 0.15 • 0.04 0.17 +_ 0.04 

Monounsaturated 
14:1n-5 0.22 • 0.22 0.19 • 0.13 0.39 • 0.14 0.27 • 0.08 0.18 +__ 0.06 
16:1 b'd 2.93 • 1.05 3.15 +__ 0.64 3.52 • 0.83 3.20 ---+ 0.62 2.80 --+ 0.51 
18:1 b'a 48.43 +__ 5.54 13.84 +__ 1.58 36.62 • 3.35 32.62 • 2.20 34.40 +_ 3.07 
20:1 c 0.74 +__ 0.37 0.42 • 0.21 0.72 • 0.32 0.63 - 0.25 0.70 - 0.20 
22:1n-9 0.44 • 0.38 0.12 +__ 0.05 0.45 • 0.33 0.34 • 0.23 0.14 _ 0.04 
24:1n-9 0.00 0.00 0.11 • 0.15 0.00 0.07 • 0.05 

n-6 Polyunsaturated 
18:2n-6 a 14.05 • 3.65 8.42 • 2.22 17.25 + 3.89 13.24 • 3.18 13.13 _ 3.11 
20:2n-6 0.60 • 0.19 0.28 • 0.11 0.73 • 0.22 0.54 • 0.14 0.67 • 0.13 
22:2n-6 0.00 0.12 • 0.05 0.00 0.00 0.10 • 0.08 
20:3n-6 0.37 • 0.17 0.25 • 0.08 0.50 + 0.24 0.37 • 0.14 0.39 ----- 0.12 
20:4n-6 0.17 __+ 0.16 0.74 __+ 0.16 0.74 • 0.22 0.55 • 0.17 0.59 • 0.11 
22:4n-6 0.00 0.34 ___ 0.08 0.15 • 0.10 0.16 +--- 0.12 0.19 +-- 0.07 

n-3 Polyunsaturated 
18:3n-3 0.66 -- 0.15 0.41 • 0.10 1.03 • 0.21 0.70 • 0.25 0.68 +- 0.13 
20:3n-3 0.05 _+ 0.09 0.00 0.05 • 0.09 0.00 0.00 
18:4n-3 0.12 • 0.30 0.06 +- 0.09 0.20 • 0.29 0.12 +- 0.21 0.23 +_ 0.11 
20:4n-3 0.00 0.00 0.05 • 0.09 0.00 0.00 
20:5n-3 0.00 0.06 • 0.07 0.11 • 0.20 0.06 --- 0.10 0.06 • 0.12 
22:5n-3 0.00 0.34 • 0.18 0.15 • 0.14 0.16 • 0.10 0.19 • 0.11 
22:6n-3 0.10 -!-_ 0.12 0.74 • 0.65 0.62 • 0.55 0.49 • 0.40 0.52 + 0.35 

alsn-1 + sn-2 + sn-3}/3 was used for the calculated triacylglycerols. 
bn-7 + n-9 Isomers. 
Cn-9 + n - l l  Isomers. 
dlncludes trans isomers. 

a n d  18:3n-3) h a d  i d e n t i c a l  d i s t r i b u t i o n  p ro f i l e s  a t  t h e  
g l y c e r o l  m o l e c u l e  (Fig.  3). T h e i r  l o n g e r  c h a i n  a n a l o g u e s ,  
20:4n-6 a n d  22:6n-3 (Fig.  4A} a n d  22:4n-6 a n d  22:5n-3 
(Fig.  4B}, w e r e  s imi la r .  

50 

40 

30 
o ~ �9 18:2n-6 

[ ]  18:3n-3 20 

10 

sn.1 sn-2 sn-3 

FIG. 3. Positional distribution of 18-carbon essential fat ty  acids in 
colastrum triacylglycerols. The horizontal dashed line indicates the 
proportion of each fatty  acid expected on the basis of a random posi- 
tional distribution (33.3%). 

A l t h o u g h  t h e  V L C - P U F A  c o n t e n t  d e c r e a s e d  f r o m  col- 
o s t r u m  to  m a t u r e  mi lk ,  a s i m i l a r  p o s i t i o n a l  d i s t r i b u t i o n  
of  e a c h  i n d i v i d u a l  f a t t y  ac id  in  T A G  w a s  o b s e r v e d  (see 
Tab les  2 a n d  3). 

DISCUSSION 

T h i s  s t u d y  d e m o n s t r a t e s  t h a t  in  h u m a n  m i l k  TAG,  t h e  
V L C - P U F A s ,  e s p e c i a l l y  20:4n-6 a n d  22:6n-3,  a re  f o u n d  
p r i m a r i l y  e s t e r i f i ed  in t h e  sn -2  a n d  sn -3  p o s i t i o n s  a n d  t ha t ,  
m o r e  genera l ly ,  t h e  h i g h l y  spec i f i c  p o s i t i o n a l  d i s t r i b u t i o n  
of  f a t t y  a c i d s  is  m a i n t a i n e d  t h r o u g h o u t  t h e  f i r s t  m o n t h  
of  l a c t a t i o n .  

Seve ra l  a u t h o r s  (31,33,34} f o u n d  t h a t  G r i g n a r d  deg rada -  
t i o n  c a u s e d  s i g n i f i c a n t  acyl  m i g r a t i o n  in t h e  d iacy lg lyce ro l  
mo ie ty ,  e s p e c i a l l y  for  t h e  1 ,3 -d iacy l - sn-g lycero l s .  U n d e r  
o u r  e x p e r i m e n t a l  cond i t i ons ,  t h e  g o o d  a g r e e m e n t  b e t w e e n  
t h e o r e t i c a l  a n d  e x p e r i m e n t a l  18:1 / 16:0 or  16:0/18:1 r a t i o s  
f o u n d  in  t h e  1 ,2(2 ,3) -d iacy l - sn-g lycero ls  a n d  in  t h e  1,3- 
d i a c y l - s n - g l y c e r o l s  g e n e r a t e d  f r o m  T A G  s t a n d a r d s  
{Table 1) s h o w e d  t h a t  G r i g n a r d  d e g r a d a t i o n  d i d  n o t  l e a d  
to  p r o n o u n c e d  acy l  m i g r a t i o n .  F o r  al l  t h e  m i l k  f a t t y  ac id s  
b u t  s t e a r a t e ,  t h e  c o n t e n t  f o u n d  in  t h e  sn -2  p o s i t i o n  w a s  
s i m i l a r  w h e t h e r  c a l c u l a t e d  f r o m  d i a c y l g l y c e r o l s  p r o d u c e d  
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FIG. 4. Positional distribution of selected 20 and 22-curbon polyun- 
saturated fatty acids in colostrum triacylglycerols. The horizontal 
dashed line indicates the proportion of each fatty acid expected on 
the basis of a random positional distribution (33.3%). 

by Grignard degradation (i.e., 1,2(2,3)-diacyl-sn-glycerols 
and 1,3-diacyl-sn-glycerols) or determined after pancreatic 
lipase action on TAG. The difference found for stearic acid 
between the two methods has been previously described 
by Lawson and Hughes (35). It is known that some VLC- 
PUFA (20:4n-6, 20:5n-3 and 22:6n-3) are resistant to pan- 
creatic lipase hydrolysis when linked to the outer positions 
of glycerol. Consequently, an overestimation of their rela- 
tive proportion in the 2-monoacyl-sn-glycerol moiety after 
pancreatic lipase action was expected (8,9,36). Indeed, the 
22:6n-3 content of the sn-2 position obtained with the pan- 
creatic lipase method was higher than the content ob- 
tained by calculation after Grignard degradation. Because 
the difference was close to significance (P = 0.06), and as 
one of our aims was to focus on VLC-PUFA distribution, 
we chose the Grignard degradation method in order to 
most accurately assess the positional distribution of the 
fat ty acids. 

The stereospecificity of phospholipase C and the com- 
pleteness of the reaction induced by this enzyme were 
significant to selectively measure the distribution of fatty 
acids in the resulting 1,2-diacyl-sn-glycerols and in the 
2,3-diacyl-sn-glycero-l-phosphocholines, which were then 
used to calculate the fat ty acid content in the sn-1 and 
sn-3 positions. 

The positional distribution of saturated, monoun- 
saturated and 18-carbon essential fatty acids observed in 

the present study agrees with previous data (see Table 4). 
There are, however, minor discrepancies that  may be ac- 
counted for in part by differences in the number of sam- 
ples examined. Medium-chain saturated fat ty acids 
showed a highly selective distribution in human colostrum 
and mature milk TAG. The proportion of saturated fatty 
acids increased in the sn-2 position and decreased in the 
sn-3 position as the carbon chain lengthened from 10 to 
16 carbons. Such data indicate that  the length of the car- 
bon chain is a discriminating factor in the acylation 
process of medium-chain saturated fatty acids, especially 
to the sn-2 and sn-3 positions. However, this was not true 
for fatty acids with more than 16 carbons and]or with one 
or more double bonds as similar profiles were observed 
for 18:2n-6 and 18:3n-3, for 18:0 and 18:1, for 20:4n-6 and 
22:6n-3 and for 22:4n-6 and 22:5n-3. Whether common 
biochemical pathways are responsible for the incorpora- 
tion of these specific pairs of fat ty acids into milk TAG 
or whether specific acyl transferases and]or a fat ty acid 
binding protein (37) are involved in the stereospecific 
distribution of fatty acids in the glycerol molecule is 
u n k n o w n .  

In humans, the stereospecific distribution of the TAG 
fatty acids differs between milk and adipose tissue 
(Table 4). This underlines the relative specificity of the 
mammary gland for the placement of the fatty acids in 
the three positions of milk TAG. 

The similarities of the fatty acid positional distribution 
in colostrum and mature milk TAG indicate that  the 
maturation of the mammary gland does not affect the 
acylation of fatty acids to the glycerol backbone. 

About half of the 20:4n-6 and 22:6n-3 content of human 
milk TAG is found in the sn-2 position, the other half is 
esterified to the sn-3 position. From this positional dis- 
tribution, one may surmise that a similar proportion of 
20:4n-6 and 22:6n-3 is absorbed as 2-monoacyl-sn-glycerol 
and as free fatty acid by the newborn enterocytes after 
intestinal hydrolysis of ingested human milk TAG. This 
is likely to be the case in the breast-fed infant inasmuch 
as the resistance of the arachidonate and docosahexa- 
enoate located at the outer positions to pancreatic lipase 
hydrolysis (8,9,36) is circumvented by gastric lipase and 
bile salt stimulated lipase (38-44). Indeed, it has been 
shown that in the small intestine of five-week-old dogs, 
freshly expressed milk TAGs are almost completely hydro- 
lyzed by these three lipases mainly to yield free fatty acids 
and monoacylglycerols (45). 

In contrast to human milk, infant formulas are devoid 
of any bile salt stimulated lipase activity, and a conse- 
quent reduction in hydrolysis of the sn-1 and sn-3 ester 
bonds of TAG may be expected. This limitation could be 
overcome if the source of TAG was adequately chosen to 
fortify formulas with VLC-PUFA in the sn-2 position of 
TAG. 

Based on our results, the docosahexaenoic acid (DHA) 
status of infant fed formulas which are fortified only with 
a physiological amount of DHA equally distributed be- 
tween the free and the 2-monoacyl-sn-glycerol form, would 
be worthy of further investigation. 

In conclusion, the highly specific positional distribu- 
tion of VLC-PUFA in human milk TAG is likely to be 
of biological significance. These findings could prove 
valuable in designing efficient lipid sources for infant 
formulas. 
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TABLE 3 

Results (mol%; means -I" SD) of the Stereospecific Analysis of Mature Milk Triacylglycerols (TAG) (n = 4) 

Calculated Original 
Fat ty  acids sn-1 (%) sn-2 (%) sn-3 (%) TAG (%)a TAG (%) 

Saturated 
10:0 0.43 + 0.91 0.62 +_ 0.73 2.31 +- 1.31 1.12 +__ 0.53 1.52 + 0.64 
12:0 2.31 + 4.39 7.81 ___ 4.29 13.90 __. 4.01 8.00 +_ 4.01 7.75 + 3.49 
14:0 3.52 + 2.20 12.45 +_ 3.55 10.67 __. 4.01 8.88 +_ 2.91 8.02 +_ 2.27 
15:0 0.22 +- 0.10 0.75 + 0.20 0.41 + 0.21 0.46 --- 0.10 0.42 ___ 0.13 
16:0 12.40 ___ 4.14 51.22 +_ 1.54 11.65 +- 6.25 25.09 __. 3.56 24.02 + 1.21 
17:0 0.43 ___ 0.13 0.30 __- 0.09 0.22 +- 0.12 0,32 +- 0.09 0.32 + 0.05 
18:0 15.16 _ 2.05 1.45 + 0.50 5.16 ___ 1.28 7.26 +_ 0.83 7.39 +_ 0.29 
20:0 0.15 +__ 0.05 0.20 +. 0.03 0.00 0.10 +- 0.05 0.14 +_ 0.02 

Monounsaturated 
14:1n-5 0.28 +. 0.27 0.18 +. 0.06 0.73 +- 0.24 0.40 +. 0.16 0.22 +. 0.08 
16:1 b'd 1.59 +. 0.59 2.41 +. 0.31 3.20 +-- 0.95 2.40 +-- 0.23 2.16 +-- 0.45 
18:1 b'd 46.38 -- 5.48 11.48 +. 5.19 31.77 +. 7.25 29.88 +. 5.70 31.24 +-- 6.40 
20:1 c 0.47 +. 0.20 0.30 +. 0.15 0.34 -- 0.22 0.37 +. 0.18 0.47 +. 0.09 
22:1n-9 0.29 +__ 0.25 0.17 +. 0.17 0.21 +. 0.10 0.22 _ 0.10 0.10 _ 0.04 
24:1n-9 0.0O 0.00 0.00 0.00 0.00 

n-6 Polyunsaturated 
18:2n-6 d 14.64 +_ 4.20 8.45 +. 0.98 16.70 +. 1.35 13.26 +. 2.05 13.83 +. 1.96 
20:2n-6 0.37 +. 0.20 0.24 +. 0.25 0.27 +. 0.10 0.29 +. 0.14 0.30 +. 0.17 
22:2n-6 0.12 +. 0.25 0.00 0.00 0.00 0.00 
20:3n-6 0.23 +. 0.04 0.14 +. 0.04 0.22 + 0.04 0.19 +. 0.04 0.22 +. 0.07 
20:4n-6 0.05 +. 0.06 0.40 +. 0.12 0.37 +. 0.08 0.27 +_ 0.05 0.30 +. 0.10 
22:4n-6 0.00 0.14 +. 0.05 0.O0 0.05 +, 0.05 0.05 +. 0.04 

n-3 Polyunsaturated 
18:3n-3 0.89 _ 0.65 0.80 +. 0.76 1.41 -4-_ 0.92 1.03 +. 0.77 1.08 +. 0.86 
20"3n-3 0.00 0.00 0.00 0.00 O.00 
18:4n-3 0.0 0.00 0.00 0.00 0.21 +. 0.19 
20:4n-3 0.00 0.O0 0.00 0.00 0.00 
20:5n-3 0.00 0.00 0.00 0.00 0.00 
22:5n-3 0.00 0.22 +. 0.03 0.00 0.07 +. 0.05 0.07 +. 0.06 
22:6n-3 0.00 0.26 +_ 0.05 0.13 +. 0.06 0.13 +_ 0.03 0.15 +. 0.06 

=(sn-1 + sn-2 + sn-3)/3 was used for the calculated triacylglycerols. 
bn-7 + n-9 Isomers. 
Cn-9 + n - l l  Isomers. 
dIncludes trans isomers. 

TABLE 4 

Preferential Distribution of Fatty Acids in the Triacylglycerols of Human Milk and Subcutaneous Adipose Tissue a 

Fat ty  acids 

n 10:0 12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 20:1 20:4 

Milk fat 
Present s tudy b 15 3,2,1 3,2,1 2,3,1 2,1,3 3,2,1 1,3,2 1,3,2 3,1,2 3,1,2 
Breckenridge c 3 3,1,2 3,2,1 2,3,1 2,1,3 3,2,1 1,2,3 3,1,2 3,1,2 3,2,1 
Christie d 1 3,2,1 3,2,1 2,3,1 2,1,3 3,1,2 1,2,3 3,1,2 3,1,2 
Smith e 3 2- 2- 2- 2- 1,3- 1,3- 1,3- 
Tomarelli[ 1 1,3- 2- 2- 1,3- 1,3- 1,3- 1,3- 

Adipose tissue 
Brockerhoff g 2 2,1,3 1,3,2 2,1,3 1,3,2 {3,2},1 2,3,1 (1,2,3) 

1,3,2 (2,3),1 
1,2,3 2,3,1 

aFor each fatty acid, the numbers denote the sites of esterification in glycerol (1, sn-1; 2, sn-2; 3, sn-3). The sequence of numbers indicates 
the distribution in a decreasing order. Numbers in parentheses denote sites occupied by a similar proportion of fat ty acids. 
b'c'~gStereospecific analysis (CRef. 46; dRef. 47; gRef. 49). 
e, fPancreatic lipase analysis {eRef. 48; fRef. 14). 
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Dietary Saturated, Monounsaturated, n-6 and n-3 Fatty Acids, 
and Cholesterol Influence Platelet Fatty Acids 
in the Exclusively Formula-Fed Piglet 
Sheila M. Innisa, *, Roger D~er a, Louis Wadsworth b, Paul Quinlan c and Deborah Diersen-Schade d 
aDepartments of Paediatrics and uPathology, University of British Columbia, Vancouver, British Columbia, V5Z 4H4, Canada, 
CUnilever Research, Colworth Laboratory, Sharnbrook, Bedford, MK441LQ, United Kingdom and dMead Johnson Research Center, 
Evansville, Indiana 47721-0001 

Platelet lipid composition is important to normal platelet 
morphology and function, and is influenced by dietary fat- 
ty acids and cholesterol. The fatty acid composition and 
cholesterol content of infant formulas differs from those 
of human milk, but the possible effects on platelet lipids 
in young infants is not known. This was studied in piglets 
fed from birth to 18 d of age with one of eight formulas 
differing in saturated fatty acid chain length, or content 
of 18:1, 20:5n-3 plus 22:6n-3, or cholesterol. A reference 
group of piglets fed sow milk was also studied. Sow milk 
has a fatty acid composition and cholesterol content 
similar to that of human milk. Piglets fed formulas high 
in 18:1 (34.9-40.8% wt fatty acids) and low in 16.0 (<6.5% 
wt fatty acids) had lower platelet counts and greater 
platelet size than piglets fed sow milk (40.4% 18:1, 30.7% 
16:0). Piglets fed formulas high in 16:0 (27-29.6%) and 18:1 
(40-40.6%), or low in both 16:0 {5.9-6.1%) and 18:1 (10.8- 
11.2%), had similar platelet counts and size to piglets fed 
sow milk. Platelet phospholipid % 20:4n4} was lower in all 
the groups of piglets fed formula than in the group fed 
sow milk. Addition of fish oil with 20:5n-3 plus 22:6n-3 to 
the formula further decreased platelet phospholipid 
20:4n-6. Addition of cholesterol to the formula increased 
the platelet phospholipid % 20:4n-6 and platelet volume. 
Lipids 28, 645-650 (1993). 

Numerous studies in adult humans and other species have 
shown that dietary fat composition influences the fatty acid 
composition of platelet phospholipids and that changes in 
platelet phospholipid fatty acids may be accompanied by 
alterations in platelet function and platelet number (1-15). 
Diets containing marine animal fat or fish oil are known to 
increase platelet membrane levels of eicosapentaenoic acid 
(20:5n-3) and docosahexaenoic acid (22:6n-3) and decrease 
arachidonic acid (20:4n-6), alter platelet half-life, size and 
number, decrease aggregatory activity and increase bleeding 
time (2-7). Studies that show that dietary saturated fat, 
saturated to monounsaturated fatty acid balance and oleic 
acid (18:1) and linoleic acid (18:2n-6) content alter platelet 
phospholipid fatty acids, platelet number and/or platelet 
function have been published (1-5,8-12). High dietary in- 
takes of cholesterol, on the other hand, have been found to 
increase platelet phospholipid 20:4n-6 levels {8,13) and sen- 
sitivity to some aggregatory agonists (13-15). 

Fat represents about 45-50% of the energy in human milk 
and infant formulas, and milk or formulas often provide the 
sole source of nutrition for infants for at least three months 

*To whom correspondence should be addressed at University of 
British Columbia, Department of Paediatrics, Research Centre, 950 
West 28th Avenue, Vancouver, B.C., V5Z 4H4, Canada. 
Abbreviations: APTT, activated partial thromboplastin time; GLC, 
gas-liquid chromatography; MCT, medium-chain triglycerides; PDW, 
platelet distribution width; PT, prothrombin time. 

after birth. The fatty acid composition and cho- 
lesterol content of infant formulas usually differs from that 
of human milk (16). Human milk fatty acids usually con- 
tain 20-25% palmitic acid (16:0), 32-38% oleic acid (18:1), 
7-16% linoleic acid (18:2n-6), small amounts of linolenic acid 
(18:3n-3), 20:4n4~ and 22:6n-3 and about 20 mg cholesterol]dL 
milk (16,17). Infant formulas often contain much lower 
amounts of 16:0 and 18:1, higher 18:2n-6 and little or no 
20:4n-6, 22:6n-3 or cholesterol. Formulas for preterm and 
other infants who may have low bile salt pools and/or lipase 
activity often contain medium-chain fatty acids (8:0 plus 
10:0), whereas formulas for term infants often contain 12:0 
and 14:0, rather than 16:0, as the major source of saturated 
fatty acids. Some formulas contain 16:0, but the positional 
distribution of fatty acids in the triglycerides differs from 
that in milk fats (16,17). Fish oils have recently been added 
to some preterm infant formulas to provide a dietary source 
of 22:6n-3 (18,19). The information published on the effects 
of dietary fat on platelet lipid composition~ size and number 
in adult humans and other species suggests that the dif- 
ferences in fat composition among formulas and milk may 
result in differences in platelet lipid composition, possibly 
in platelet size and number and in infants. The effects of 
formula feeding on platelet lipids or morphology in human 
infants has not been reported and is difficult to study be- 
cause of practical limits in blood sample size 

Pig milk has a lipid composition similar to that of human 
and pathways of lipid digestion, absorption and me~ 

tabolism are also similar in piglets and in human infants 
(20,21). The objective of the present studies was to deter- 
mine the effect of the saturated fatty acid chain length (8:0 
plus 10:0, 12:0 plus 14:0, or 16:0), 18:1 content, addition of 
20:5n-3 and 22:6n-3 from fish oil, and cholesterol content 
of formula on platelet phospholipid fatty acid composition, 
platelet size and number in piglets fed with formulas from 
birtl~ For practical reasons related to the number of samples 
studied, and difficulty of extrapolating results from in vitro 
tests of platelet function to physiological events in viva tests 
of platelet aggregatory activity were not included. 

MATERIALS AND METHODS 
Animals  and diets, Male Yorkshire piglets of term gesta- 
tion were taken within 12 h of birth and randomly as- 
signed to one of eight formula groups. Piglets fed sow milk 
were identified at birth, but left with their natural moth- 
ers. Animals within a dietary group were not littermates. 
Piglets were fed the formulas by bottle every 3-4 h from 
0700 to 2400 h until the eighteenth day after birth. Pas- 
sive immunity was provided by addition of pig serum-de- 
rived immunoglobulin to the formula for the first 72 h (20). 

Eight formulas, identical in all respects except for fat 
composition, were designed as two groups, four formulas 
each, as shown in Table 1 and 2. The formulas in Group 
1 had similar amounts of 18:2n-6 and 18:3n-3, and all 
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TABLE 1 

Oil Blends of Formulas 

Fat blend 
(% total fat 
by vol) 

Group 1 

A B C 
Group 2 

D E F G H 
MCT a 40 40 
Coconut 20 20 
Soybean 40 37 
High oleic b 
Canola 
Palm 
Safflower 
Betapol 
Menhaden 3 
Cholesterol 
(mg/dl) 

40 20 31 
20 10 34.7 7 7 
40 40 

30 26.1 8.9 9 
33.3 33.3 33.1 

42.4 
9.6 8.8 8.6 3.2 

42 
aMCT, medium-chain triglycerides. 
bHigh oleic safflower or sunflower oil. 

contained a low amount  of 16:0 (Table 2). In three of the 
formulas, 40% of the fat blend was medium-chain tri- 
glyceride oil (MCT, 42.5 wt% formula fa t ty  acids as 8:0 
plus 10:0) with 10.8-11.2% 18:1; one formula had no ad- 
ditions (A), one had 3% fat blend as fish oil [0.5 and 0.3 
wt% formula fa t ty  acids as 20:5n-3 and 22:6n-3, respec- 
tively (B}] and one had 42 mg cholesterol (10 mg free 
cholesterol, 32 mg cholesteryl palmitate)/dL (C) {Table 1). 
The other formula in Group 1 had 20% of the formula fat 
blend as MCT (21.2 wt% formula fa t ty  acids as 8:0 plus 
10:0) with 18:1 increased to 34.9% 18:1 (D) (Table 2). The 
formulas in Group 2 contained similar amounts  of 18:1, 
18:2n-6 and 18:3n-3 bu t  differed in the chainlength of the 
predominant  sa turated fa t ty  acids; 8:0 plus 10:0 {E), 10:0 
plus 12:0 {F) or 16:0 (G and H). Formula G had 27.0% 16:0, 
largely from palm oil (Table 2), with 6.5% 16:0 esterified 
to the 2-position of the triglyceride glycerol (22}. Formula 
H contained Betapol, a synthet ic  triglyceride which had 
29.6% 16:0, of which about  70% was esterified to the 
2-position of the triglyceride glycerol (22), as it is in human 
(17) and in pig (22) milk. Formula H was included because 

previous studies found that  the position of 16:0 in formula 
triglycerides influenced the fa t ty  acid composition of 
plasma lipids in formula-fed piglets (22}. All procedures 
used in these studies were approved by the University of 
British Columbia Animal Care Committee and conformed 
to guidelines set by the Canadian Council on Animal Cam 

Analytical procedures. Blood was collected {20) from 
anesthetized piglets (Ketamine~ MTC Pharmaceuticals,  
Cambridge, Ontario, Canada; plus Rompun, Bayvet  Divi- 
sion, Chemagro Ltd. Etobicoke~ Ontario, Canada; 37.5 
mg/kg plus 3.75 mg/kg, respectively} after an overnight 
fast. The first 10 mL blood collected was not  used for 
platelet assays. Platelet-rich plasma was prepared from 
blood by centrifugation for 15 min at  120 X g at 4~ The 
platelets were recovered by further centrifugation, 15 min 
at 1100 X g at 4~ using plastic tubes. The platelets were 
washed twice with 3 mM ethylenediaminetetraacetic acid 
in saline Plasma was separated by centrifugation of whole 
blood at  2500 X g for 15 min at  4~ Samples for lipid 
analyses were stored at -70~ Measurements of platelet 
count, volume and platelet distr ibution width (PDW, a 
measure of the variat ion in platelet volume} and of pro- 
thrombin time (PT) and activated partial  thromboplast in 
t ime (APTT) were done by routine procedures used in the 
Hematopathology Laboratory of the B.C. Children's Hos- 
pital, employing an automated mult iparameter  blood 
counter  TOA Sysinex NE-8000, NE-5500 (CanLab, Van- 
couver, Bri t ish Columbia, Canada). 

Plasma and platelet lipids were extracted, and phosph~ 
lipids, triglycerides and cholesteryl esters were separated 
by thin-layer chromatography and recovered (20). Platelet 
and plasma phospholipid fa t ty  acids were converted to 
their  respective methyl  esters with methanolic HC1 (1:5, 
vol/vol) at  100~ for 5 min. Methyl  esters of fa t ty  acids 
in plasma triglycerides and cholesteryl esters were pre- 
pared by reaction with BFJbenzene]methanol  (25:20:55, 
by vol) at 100~ for 30 min and BFJbenzene/methanol  
{35:30:35, by vol) at 100~ for 45 min, respectively. Methyl 
esters were recovered, separated and quant i ta ted  by 
capillary column gas-liquid chromatography (GLC) with 
17:0 as the internal s tandards (20). The fa t ty  acid com- 
position of plasma lipids from these piglets has been 
published {22). 

TABLE 2 

Major Fatty Acid Components a 

Formula 
Fatty acids 
(% total fatty Group 1 Group 2 Pig 
acids by wt) A B C D E F G H milk 

8:0 30.5 30.5 30.5 15.2 22.2 3.2 0.5 0.6 0.1 
10:0 12.0 12.0 12.0 6.0 8.2 1.9 0.4 0.4 0.2 
12:0 9.4 9.4 9.4 4.7 0.6 19.1 3.3 3.3 0.2 
14:0 3.6 3.9 3.6 1.8 0.1 6.8 2.1 1.8 3.1 
16:0 5.9 6.1 5.9 6.0 4.3 6.5 27.0 29.6 30.7 
18:0 2.4 2.3 2.4 3.7 3.0 3.4 5.6 3.1 4.4 
18:1 11.2 10.8 11.2 34.9 40.8 39.0 40.0 40.6 40.4 
18:2n-6 21.7 20.2 21.7 23.7 16.2 15.6 16.4 16.4 8.2 
18:3n-3 3.1 2.9 3.1 3.2 3.4 3.2 3.1 3.2 0.8 
20:1 0.5 0.4 0.4 0.4 0.1 
20:5n-3 0.5 0.2 
22:6n-3 0.3 0.1 
aThe formulas contained no C20 o r  C22 -b n-6 fatty acids, the sow milk had 0.7% 20:4n-6. 
Levels of 22:1 did not exceed 0.1% fatty acids in any formula. 
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The cholesterol content  in extracted platelet  lipid was 
determined with enzymatic  kit reagents (BioPacific Diag- 
nostic Inc ,  Nor th  Vancouver, Bri t ish Columbia, Canada). 
Phospholipid content  was calculated from the quan- 
t i ta t ive  analyses of phospholipid f a t ty  acids by  GLC. 
Phospholipid f a t ty  acid unsa tura t ion  indices (UIs) were 
calculated as described previously (23). 

Statistical analysis. Differences between a group of 
formula-fed and the sow milk-fed piglets, differences be ~ 
tween piglets  fed Formula  B, C or D and piglets  fed For- 
mula  A, and differences among  the groups fed Formulas  
E, F, G and H were determined using two-way analysis 
of variance~ The number  of animals in each group was six, 
except for the Formula G with sa tura ted  f a t ty  acids from 
pa lm oil, in which there were five piglets. The s tat is t ical  
analyses were performed with the Number  Cruncher 
Stat is t ical  System, version 5.01 (Kaysville, UT). 

RESULTS 

Platelet number and siza Considerable variability in plate- 
let numbers,  PDW and volume was found among  the pig- 
lets (Table 3). Similar variabil i ty in platelet  size and num- 
bers also occurs within and among  heal thy humans  (24). 
Piglets  fed Formula  D with 20% MCT plus 34.9% 18:1 
had significantly lower platelet  numbers  and higher 
platelet PDW and volumes than  piglets fed sow milk, and 
lower platelet  numbers  than  piglets  fed Formula  A with 
40% MCT plus 11.2% 18:1 (Table 2). Piglets fed Formulas 
E and F with high 18:1 and sa tura ted  f a t ty  acids as 8:0 
plus 10:0, or 12:0 plus 14:0, also had significantly lower 
platelet  numbers  and higher platelet  PDW and volumes 
than  piglets  fed sow milk or piglets  fed Formulas  G and 
H with high 18:1 and sa tu ra ted  f a t ty  acids as 16:0. The 
three formulas  (D, E and F) associated with reduced 

platelet  number  and increased platelet  size differed f rom 
sow milk and Formulas A, B, C, G and H in tha t  they con- 
tained high 18:1 (34.9 to 40.8% fa t t y  acids) bu t  low 16:0 
(4.3 to 6.5% fa t ty  acids) (Table 2). 

Piglets  fed Formula  C with 40% MCT and cholesterol 
had a significantly higher mean platelet  volume than  pig- 
lets fed sow milk; the value, however, was not significantly 
different from tha t  of piglets  fed the same formula with- 
out  cholesterol (Formula A). Addition of n-3 f a t ty  acids 
from fish oil to the formula had no significant effect on 
platelet  number  or s ize No significant differences in PT 
or A F F F  were found among  the groups of formula- and 
sow milk-fed piglets. 

Platelet phospholipid and cholesterol. The platelet  lipid 
cholesterol]phospholipid (mol]mol) ratio was significantly 
higher in piglets  fed Formula  A, B, E, F, G or H than  in 
piglets fed sow milk (Table 4). Piglets fed Formula C with 
cholesterol, or Formula D with low 16:0 and high 18:1 had 
lower cholesteroYphospholipid ratios in platelet lipid than  
piglets  fed Formula  A with low 16:0 and low 18:1, and no 
added cholesterol. No significant stat ist ical  relationships 
were found between the p lasma cholesterol concentration 
(data not  shown) and the platelet  lipid cholesterol/phos- 
pholipid ratio. 

Platelet phospholipid fatty acids. Formulas A, B, C and 
D contained lower levels of 16:0 (5.9-6.1% fa t ty  acids) and 
higher 18:2n-6 (20-24%) and 18:3n-3 (2.9-3.2%) than  the 
sow milk (Table 2). The platelet  phospholipids of piglets  
fed these formulas  had a significantly lower percentage 
of 16:0 and 20:4n-6 and significantly higher 18:0 and 
18:2n-6 than  piglets  fed sow milk (Table 4). The platelet  
phospholipid 18:1 percentage was significantly lower in 
piglets  fed Formulas  A, B and C containing 10.8-11.2%, 
than  in piglets fed Formula  D with 34.9% 18:1, or piglets 
fed sow milk. The 18:1 percentage in platelet  phos- 

TABLE 3 

Platelet  Counts and Size and Clotting Factor Indices in Piglets  Fed Formulas 
of Varying Fat  Composition or Sow Milk a 

Platelet Partial 
count Mean platelet Mean platelet Prothrombin thromboplastin 

Diet group (X 109/L) diameter (fl) volume (fl) time (s) time (s) 
Sow milk 691 ___ 150 11.4 ___ 0.7 9.0 --- 0.2 12.1 • 0.1 14.0 • 0.6 

Group 1 
formulas 

A 617 • 45 12.2 • 0.8 10.0 • 0.4 11.9 • 0.1 14.1 • 0.7 
B 596 --- 124 12.2 • 0.8 9.8 • 0.4 12.3 • 0.2 14.1 • 0.6 
C 558 -- 55 12.8 • 0.6 10.1 • 0.3 c 12.7 • 0.4 13.9 • 3.6 
D 474 • 30 b,d 13.3 • 0.5 b 10.2 • 0.2 c 12.2 • 0.2 14.5 • 1.2 

Group 2 
formulas 

E 500 -+ 35 b 14.7 - 0.8 c 10.8 _ 0.4 c 11.8 • 0.4 13.6 • 1.5 
F 436 _+ 17 c 15.5 -+ 1.0 c 10.9 -+ 0.5 c 11.9 • 0.2 15.5 • 0.5 
G 684 • 45 e 12.4 • 0.6 9.9 • 0 .3  12.6 • 0.8 15.0 • 0.5 
H 628 +_ 70 12.0 +- 0.7 f 9.5 • 03 f .  11.9 • 0.3 13.7 • 0.2 

aValues are means __ SEM for piglets. The formulas are described in Tables 1 and 2, fl, 
~emtoliters. 
,CThe P yalue for the difference between piglets fed a given formula and piglets fed sow 

are op < 0.05 and cp < 0.0125, respectively. 
uValue for piglets fed Formula D significantly different from value for piglets fed For- 
em,~vla A, P = 0.03. 

alue for piglets fed Formula G or H, respectively, significantly different from value 
for piglets fed Formula F, P < 0.05. 
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pholipids from piglets fed Formula D, however, was higher 
than in piglets fed the sow milk containing 40.4% 18:1. 
Although Formulas A and D had similar amounts of 18:0, 
18:2n-6 and 18:3n-3, the platelet phospholipid % 18:0, 
18:2n-6 and 22:5n-3, and the phospholipid fatty acid UI 
was significantly lower in piglets fed Formula D than in 
piglets fed Formula A. 

Piglets fed Formula B with fish oil had significantly 
higher platelet phospholipid 20:5n-3, 22:5n-3 and 22:6n-3 
and significantly lower % 20:4n-6, 22:4n-6 and 22:5n-6 
than piglets fed Formula A without fish oil (Table 4). The 
C20 plus C22 n-6 to n-3 fatty acid ratio was 4.7 +_ 0.3 in 
piglets fed Formula B, compared to 11.7 _+ 0.4 in piglets 
fed sow milk and mean values of 13.6-15.5 in piglets fed 
Formulas A, C and D (Table 4). The UI, however, was 
similar in piglets fed Formula A and B, and significantly 
lower than in piglets fed sow milk. 

Although the fatty acid composition of Formulas A and 
C were similar, piglets fed Formula C with cholesterol had 
a significantly lower % 16:0 and higher % 20:4n-6 in 
platelet phospholipids than piglets fed Formula A without 
cholesterol. The UI value of piglets fed Formula C was 
also significantly increased when compared to piglets fed 
Formula A, but it was not different from that  of piglets 
fed sow milk. Piglets fed Formulas E, F, G and H with 
39-40.8% 18:1 and 15.6-16.4% 18:2n-6 had a significantly 
higher % 18:1 and 18:2n-6 and a significantly lower % 
20:4n-6, 22:4n-6 and 22:5n-6 in their platelet phospholipids 
than piglets fed sow milk (Table 4). The % 16:0 and 18:0 
in the phospholipid was significantly, and inversely, 
altered by the saturated fatty acid composition of the for- 
mula fed. Piglets fed Formulas E or F containing 8:0 plus 
10:0 or 12:0 plus 14:0 had significantly higher 18:0 and 
lower 16:0 in platelet phospholipids than in piglets fed sow 
milk or Formulas G or H with 16:0. The % 18:1, 20:4n-6, 
22:5n-3 and 22:6n-3 in platelet phospholipids was also in- 
fluenced by the saturated fatty acid composition of the 
formula~ Piglets fed Formulas G or H with 27-29.6% 16:0 
had a significantly lower % 18:1 and higher % 20:4n-6, 
22:5n-3 and 22:6n-3 in platelet phospholipids than piglets 
fed Formulas E or F with 8:0 plus 10:0 or 12:0 plus 14:0 
(Table 4). The % 18:1 and 18:2n-6 was significantly higher, 
and % 20:4n-6, 22:4n-6 and 22:5n-6 was significantly lower 
in platelet phospholipids of piglets fed Formulas E, F, G 
and H than in piglets fed sow milk. The platelet phos- 
pholipid % 20:5n-3 in piglets fed Formula F, G or H and 
the % 22:6n-3 in piglets fed Formula G was significantly 
higher, but the % 22:5n-3 in piglets fed Formula E was 
lower than in piglets fed sow milk. The platelet phos- 
pholipid UI was similar among piglets fed sow milk and 
Formulas G or H, but piglets fed Formulas E or F had 
a significantly lower UI than in piglets fed sow milk. The 
difference in the position of 16:0 in the triglycerides of For- 
mulas G and H had no apparent effect on the fatty acid 
composition of the platelet phospholipids. 

D I S C U S S I O N  

The results of these studies show that  the fat composi- 
tion of the formula fed to young piglets influences the lipid 
composition, number and size of platelets. Diet-related 
changes in platelet phospholipid fatty acids could occur 
during de novo phospholipid synthesis, or later during ex- 
change of intact phospholipids with plasma lipoprotein 

L I P I D S ,  Vo l .  28, no.  7 (1993)  



PLATELET FATTY ACIDS AND FORMULA FEEDING 

649 

phospholipids, or by phospholipid deacylation and reacyla- 
tion (25-27). The fatty acid composition of human platelet 
phospholipid is known to show a high degree of cor- 
respondence with plasma phospholipid, triglyceride and 
cholesteryl ester fatty acids (28). The piglet platelet 
phospholipid % 16:0, 18:1 and 18:2n-6 was significantly 
(P < 0.001, n -- 53 piglets) correlated with the % 16:0, 18:1 
and 18:2n-6 in plasma phospholipids, r -- 0.53, 0.95, 0.85; 
triglycerides, r = 0.70, 0.95, 0.91; and cholesteryl esters, 
r -- 0.78, 0.91, 0.89, respectively. The platelet phospholipid 
% 20:4n-6 showed a significant correlation to the % 
20:4n-6 in plasma phospholipid (r = 0.46, P < 0.01), but 
not in triglyceride or cholesteryl ester fatty acids. These 
relationships suggest that changes in platelet phospho- 
lipid fat ty acid composition should be considered in in- 
fants known to have altered plasma lipid fatty acid com- 
positions due to formula rather than breast-feeding. 

Significant inverse correlations between the platelet 
phospholipid % 16:0 and 18:0, r = -0.71 P < 0.001; 18:1 
and 18:2n-6, r = -0.70, P < 0.001; and 18:2n-6 and 20:4n-6, 
r = -0.40 P < 0.05; and a positive correlation between the 
% 16:0 and 20:4n-6, r = 0.51, P < 0.001, were also found. 
Palmitic acid (16:0) and 18:0 are usually esterified to the 
1-position, whereas most of the 18:1, and almost all of the 
18:2n-6 and 20:4n-6, is usually esterified to the 2-position 
of platelet phospholipids (26,29,30). An inverse relation- 
ship between 16:0 and 18:0 is apparent in other studies 
on the effects of dietary fat on human and animal platelet 
phospholipid fatty acids (5,10). As particular saturated 
fat ty acids are preferentially combined with certain un- 
saturated fatty acids (30), it seems possible that the 
changes in 16:0 and 18:0 may have been secondary to diet- 
induced changes in 18:1, 18:2n-6 or 20:4n-6 at the 
2-position of the platelet phospholipids. The higher % 
18:2n-6 in the platelet phospholipids of piglets fed the for- 
mulas than in piglets fed sow milk was consistently ac- 
companied by a lower % 20:4n-6. Competition between 
18:2n-6 and 20:4n-6 for acylation into phospholipids has 
been suggested (31), and could be the result of the higher 
amounts of 18:2n-6 in the formulas than in the sow milk 
(Table 2). Lower platelet phospholipid 20:4n-6 has been 
reported for animals fed diets high in 18:2n-6 rather than 
saturated fat (8), and vegetable oils high in 18:1 or 18:2n-6 
have been found to decrease platelet phospholipid 20:4n-6 
in humans (1,10,11). The small amount of 20:4n-6 in sow 
milk, but absence of 20:4n-6 in the formula, could also ex- 
plain the lower platelet 20:4n-6 in piglets fed formula 
rather than milk. 

The increased % 20:4n-6 in the platelet phospholipid of 
piglets fed the formula with cholesterol (Table 4) is con- 
sistent with published data on the effects of dietary 
cholesterol on platelet cholesterol and 20:4n-6 in other 
species (8,13). The increase in platelet phospholipid 20:4n-6 
was not accompanied by increased plasma phospholipid 
20:4n-6 (6.6 __ 0.4% and 6.9 + 0.4%, piglets fed Formula 
A with cholesterol and Formula C without cholesterol, 
respectively). Whether cholesterol as a component of 
natural milk is related to high platelet phospholipid % 
20:4n-6 has not been considered. 

Platelet phospholipid levels of 20:5n-3 are increased and 
20:4n-6 is decreased in humans and in other animals fed 
diets containing marine lipid (2-7). Formula B with fish 
oil contained only 0.5% formula fatty acids as 20:5n-3, but 
still resulted in a significant decrease in the % 20:4n-6 in 

the platelet phospholipids of piglets fed the product (Table 
4). Premature infants fed with formula have low plasma 
phospholipid levels of 20:4n-6, and 20:4n-6 is further 
reduced when these infants are fed formula with fish oil 
(18). The % 20:5n-3 in the platelet phospholipids of piglets 
fed Formula B was much higher than the % 22:6n-3 
(2.2 4- 0.1, 0.8 + 0.1% 20:5n-3 and 22:6n-3, respectively). 
Liver and brain of piglets fed similar formulas with fish 
oil, in contrast, contained only small amounts of 20:5n-3, 
and 22:6n-3 was present in much higher amounts (32). 
Evidence that 20:5n-3 may be incorporated into platelet 
phospholipids in higher amounts than 22:6n-3 has been 
published for humans consuming marine oils (3,7) and rats 
fed fish oil (5). The activity of rat platelet 1-acylglycero- 
phosphocholine acyltransferase has been reported to be 
higher with 20:5n-3 than with 22:6n-3 as the substrate 
(33). Such enzyme substrate selectively could explain the 
apparent greater propensity of platelets than other cells 
to accumulate dietary 20:5n-3. 

Liberation of 20:4n-6 from platelet phospholipid and 
subsequent oxygenation to proaggregatory eicosanoids is 
part of the mechanism involved in platelet reactivity 
(26,34,35). Although the availability of 20:4n-6 is a major 
determinant of platelet reactivity, this can be modified 
by other fatty acids, such as 20:5n-3, or fatty acid 
metabolites which compete or antagonize 20:4n-6 or its 
products.  Changes in membrane cholesterol or 
phospholipid can also influence the response to stimuli 
by altering the physical properties of the membrane struc- 
ture Decreased platelet sensitivity to aggregating 
agonists has been found after feeding diets high in marine 
lipids (6,7), 18:2n-6 (9,10,12) or 18:1 (1,11), which also 
decreased platelet 20:4n-6. Oral administration of 20:4n-6 
and diets high in saturated fat or cholesterol, on the other 
hand, have been found to increase platelet aggregability 
and 20:4n-6 (7,10,15,25,36). 

Platelet volume is known to vary inversely, although not 
linearly, with platelet number in adult humans (24). The 
inverse changes in platelet number and size found in 
piglets in response to the different formula diets is, 
therefore, not unusual. The relationship of changes in 
platelet numbers and size to thrombopoiesis, and/or 
destruction, however, is not well understood. Decreased 
platelet numbers accompanied by increased platelet size 
was found in these studies in piglets fed formulas high 
in 18:1 (34.9-40.8%) and low in 16:0 (4.3-6.3%), but not 
in piglets fed formulas high in both 18:1 and 16:0 
(27.0-29.6%), or low in both 16:0 (5.9-6.1%) and 18:1 
(10.8-11.2%). Reduced platelet number and increased 
platelet size has been associated with reduced respon- 
siveness to some aggregating agonists and lower platelet 
lipid 20:4n-6 (6,10,37). The decrease in platelet number has 
been suggested to possibly reflect decreased reactivity of 
platelets low in 20:4n-6, leading to reduced thrombopoiesis 
by reason of decreased thrombopoietin (37). Whether or 
not the lower platelet phospholipid 20:4n-6 in piglets fed 
formula rather than milk was accompanied by any change 
in platelet activity, survival rates, or thrombopoiesis is 
not known. 

Our studies with piglets fed formulas with fat blends 
similar to those in infant formulas emphasize the need to 
consider the possible effects of formula feeding on platelet 
lipid composition and, more importantly, platelet size. 
number and function in human infants. The statistical 
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relationships between plasma and platelet lipid fatty acid 
composition may be of value in predicting possible groups 
at risk for diet-related changes in platelet composition. 
The possible sensitivity of platelet phospholipids to ac- 
cumulate 20:5n-3 should be considered in the choice of oils 
used to provide a source of 22:6n-3 for infant formulas. 
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Rat Vitamin E Status and Heart Lipid Peroxidation: Effect of Dietary 
a-Linolenic Acid and Marine n-3 Fatty Acids 
Anne Javouhey.Donzela, b, *, Lucien Guenot a, V~ronique Maupoil b, Luc Rochette b and Gerard Rocquel in a 
alNRA, Unit6 de Toxicologie Nutritionnelle, 21034 Dijon cedex and bLaboratoire de Physiopathologie et Pharmacologie 
Cardiovasculaires Exp~rimentales, Faculte de M~decine, 21033 Dijon cedex, France 

Three groups of sixteen male rats each were fed semi- 
purified diets containing 15% by weight of lipid for a 
period of 4 wk. The diets contained the same amount of 
polyunsaturated fatty acids (PUFA) (20% of total fatty 
acids) and saturated fatty acids (19% of total fatty acids). 
Dietary PUFA were represented exclusively by iinoleic acid 
(18:2 diet), or 10% linoleic acid and 10% iinolenic acid (18:3 
diet), or 10% linoleic acid and 10% long<hain n-3 fatty 
acids (LCn-3 diet). The overall amount of vitamin E was 
similar in the three diets, Le., 140, 133 and 129 mg/kg diet, 
respectively. Following appropriate extraction, tocopherol 
levels in heart, liver, brain, adipose tissue (AT) and plasma 
were measured by high-performance liquid chromatog- 
raphy. The level of vitAmlu E in the heart decreased with 
n-3 PUFA diets, most markedly with LCn-3 PUFA. Liver 
and AT vitamin E contents also decreased with n-3 PUFA 
diets when expressed as ~ghng total iipids and pghng 
phospholipids, respectively. Total plasma vitamiu E was 
lower in rats fed the LCn-3 diet, but there was no signifi- 
cant difference when expressed as ~ghng total lipids. Brain 
vitamin E was not affected by the various diets. In vitro 
cardiac lipid peroxidation was quantified by the thiobar- 
bituric acid reactive substances (TBARS) test. Heart 
homogenates were incubated at 37~ for 15 and 30 min 
in both the absence (uninduced) or presence (induced) of 
a free radical generating system (1 mM xanthine, 0.1 IU 
per mL xanthine oxidase, 0.2 mM/0.4 mM Fe/ethylenedi- 
aminetetraacetic acid). TBARS release was time-inde- 
pendent but significantly higher when LCn-3 fatty acids 
were fed to rats in either the unlnduced or induced system. 
The study demonstrated that n~3 PUFA diets can influence 
vitamin E status of rats even in short-term experiments 
and can change the susceptibility of the heart to in vitro 
lipid peroxidation. 
Lipids 28, 651-655 (1993). 

Polyunsaturated fatty acids (PUFA) of vegetable or marine 
origin have been recommended to lower the incidence of co~ 
onary heart disease Epidemiological studies in particular 
have shown an apparent beneficial effect of marine n-3 
PUFA intake in reducing mortality from heart disease (1,2). 
Fish oils contain the longest chain n-3 PUFA, namely eico- 
sapentaenoic acid (20:5n-3, EPA) and docosahexaenoic acid 
(22:6n-3, DHA). These PUFA have five and six double 
bonds, respectively, and when they are present in the diet, 
they are readily incorporated into membrane phospholipids 
(PL), mainly at the expense of arachidonic acid {20:4n-6) (3). 

*To whom correspondence should be addressed at INRA, Unith de 
Toxicologie Nutritionnelle, BV 1540, 17 rue Sully, 21034 Dijon cedex, 
France. 
Abbreviations: AT, adipose tissue; DHA, docosahexaenoic acid; 
EDTA, ethylenediaminetetraacetic acid; EPA, eicosapentaenoic acid; 
FA, fatty acids; HPLC, high-performance liquid chromatography; LC, 
long-chain; NPL, nonphosphorus lipids; PL, phospholipids; PUFA, 
polyunsaturated fatty acids; TBARS, thiobarbituric acid reactive 
substances; TL, total lipids; X, xanthine; XO, xanthine oxidase. 

The result is an increase in the unsaturation of the mem- 
branes, making them more susceptible to peroxidation in 
vitro and in vivo (4-6). The major lipid-soluble chain-break- 
ing antioxidant in plasma, red cells and tissues is vitamin 
E (7). The most potent antioxidant and biological form of 
the vitamin is a-tocopherol which scavenges peroxyl radicals 
by donating its phenolic hydrogen to them_ Although several 
studies of feeding fish oils on the vitamin E status of 
animals have been carried out, few have compared diets pr~ 
viding the same amount of PUFA (5,6,8). 

In the present study, rats were fed diets containing not 
only the same amount of PUFA from the n-6 and~or n-3 
families [20% of the total fatty acids (FA)] but also the same 
amount of saturated FA. Dietary PUFA were represented 
exclusively by linoleic acid (18:2 diet), by 10% linoleic acid 
and 10% linolenic acid (18:3 diet), or by 10% linoleic acid 
and 10% long chain n-3 fatty acids (LCn-3 diet). The vitamin 
E status of the rats was measured, and the susceptibility 
to induced or uninduced heart lipid peroxidation conferred 
by n-6 or n-3 PUFA was determine& 

MATERIALS AND METHODS 

Animals  and diets. Male specific pathogen-free rats of the 
Sprague-Dawley (Iffa Credo, UArbresle" France) strain 
were used. The animals weighed 80-100 g at the start of 
the experiment and were housed in individual stainless 
steel cages in a room of controlled temperature (21 +__ I~ 
humidity (55-60%) and lighting (12 h dark-light cycle). 
The animals were allowed free access to food and sterile 
water. The rats were maintained on a commercial non- 
purified diet (Usine d'Alimentation Rationnelle, Villemois- 
son-sur-Orge, France) for 5 d before transfer on the ex- 
perimental diets (9). Three groups of sixteen animals each 
were fed semipurified diets for 4 wk. The diets contained 
15% by weight of fat varying in the n-6 and n-3 PUFA 
content and type" but the total amount of PUFA was kept 
constant (20% of total FA). The 18:2 diet contained small 
amounts of n-3 PUFA (0.4% of total FA), the 18:3 diet con- 
tained linolenic acid as the only source of n-3 PUFA (10% 
of total FA), the LCn-3 diet contained the same amount 
of LCn-3 C20 and C22 PUFA (10% of the total FA). Sat- 
urated FA content was similar in all diets (19% of total 
FA). Various mixtures of refined vegetable oils (olive, palm, 
sunflower, linseed) and menhaden oil were used to obtain 
the appropriate fatty acid composition of the dietary fats 
(Table 1). The overall amount of vitamin E was high and 
similar in the three diets, i.e., 140, 133 and 129 mg/kg diet 
for 18:2, 18:3 and LCn-3 diets, respectively. Thus, these 
levels were well above the 50 mg/kg vitamin E normally 
recommended for rat diets (10,11). Animals were given free 
access to diets which were freshly prepared and changed 
every two days. 

Blood and tissue sampling. At the end of the feeding 
period, six rats of each diet group were anaesthetized with 
an air/diethyl ether mixture" and blood was collected over 
ethylenediaminetetraacetic acid (EDTA) via the abdomi- 
nal aorta. The samples were immediately centrifuged at 
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TABLE 1 

Composition of Dietary Fats a and Their Fatty Acid Profiles b 

Oil 18:2 Diet 18:3 Diet LCn-3 Diet 
Olive 63.7 63.0 63.5 
Palm 15.7 17.8 -- 
Sunflower 20.6 -- 8.0 
Linseed -- 19.2 -- 
Menhaden -- -- 28.5 

Fatty acid 

14:0 0.2 0.2 1.8 
16:0 14.6 15.5 12.3 
16:1n-7 0.7 0.6 3.0 
18:0 3.9 3.4 3.4 
18:1n-9 56.9 56.5 51.9 
18:1n-7 2.4 2.6 2.8 
18:2n-6 19.7 9.9 10.4 
18:3n-3 0.4 10.4 0.8 
18:4n-3 - -  - -  1.1 
20:0 0.3 0.3 0.3 
20:1n-9 0.2 0.2 0.5 
20:4n-3 -- -- 0.4 
20:5n-3 -- -- 4.0 
21:5n-3 -- -- 0.2 
22:5n-3 -- -- 0.6 
22:6n-3 -- -- 4.1 
Others 0.7 c 0.4 c 2.4 d 

Saturated 19.3 19.6 18.6 
n-6 PUFA 19.7 9.9 10.9 
n-3 PUFA 0.4 10.4 11.3 
n-6 plus n-3 PUFA 20.1 20.3 22.2 
PUFA/saturated ratio 1.04 1.04 1.19 

aExpressed as percentage (w/w) of total dietary fats. PUFA, poly- 
unsaturated fatty acids. LCn-3, long chain n-3 fatty acids. 
bExpressed as percentage (w/w) of total fatty acids present. 
CRepresented by the sum of the values for 15:0, 16:1n-9, 17:0, 22:0, 
each being lower than 0.2%. 
dRepresented by the sum of the values for 15:0, 16:1n-9, 16:2n-4, 
16:3n-4, 16:4n-1, 17:0, 18:2n-4, 18:3n-6, 18:3n-4, 18:4n-1, 20:1n-7, 
20:2n-6, 20:3n-6, 20:4n-6, 20:3n-3, 22:0, 22:1n-11, 22:1n-9, 22:5n-6, 
24:0, 24:1n-9, each being lower than 0.2%. 

+4~  to collect plasma. After  the animals were killed, the 
hear ts  were rapidly excised and rinsed in ice-cold saline 
solution. Liver, brain and adipose t issue were also taken. 
P lasma and all organs were divided into two portions; one 
pa r t  was frozen in liquid nitrogen and stored a t  - 8 0 ~  
awaiting vi tamin E analysis, and the other par t  was stored 
in chloroform/methanol (2:1, vol/vol) prior to lipid analysis. 
Ton ra ts  from each diet group were sacrificed as described 
above, but  only the hear ts  were removed and frozen in li- 
quid nitrogen for use in lipid peroxidation studies. 

Vitamin E extraction and quantification. Prior to ex- 
traction, t issues were homogenized in 3 vol of distilled 
water. Vitamin E was extracted from the plasma, the heart  
and the brain, using a method based on tha t  ment ioned 
by Burton et al. {12). To 0.5 m L  of plasma, or 0.5 m L  of tis- 
sue homogenate,  were added 1 m L  of 0.1 M sodium dode- 
cylsulfate (SDS) and 2 m L  of ethanol. The mixture  was 
vortex-stirred for 30 s. Then, 1 mL of n-heptane was added, 
the sample  was vigorously mixed by  vortexing for 30 s 
and the aqueous and the organic layers were separated 
by centrifugation for 2 rain at  1700 )< g. The organic layer 
was carefully drawn off and measured with a 1-mL syr- 
inge and t ransferred to a screw-cap vial. The residue was 
reextracted two times with 1 mL of n-heptane as described 

abov~ The ext rac ts  were combined and stored at  - 2 0 ~  

for analysis. 
The method for measur ing  v i tamin  E in liver and adi- 

pose tissue was adapted from tha t  by Butriss and Diplock 
(13). To 0.5 m L  of t issue homogenate  was added 2 m L  of 
1% pyrogallol in absolute ethanol. After  2 min equilibra- 
t ion at  70~ 0.3 m L  of sa tura ted  po tass ium hydroxide 
was added, and the result ing mixture  was incubated for 
another  30 min a t  70~ After  cooling in ice, 1 m L  of 
distilled water  was added, followed by 1 m L  of n-heptane 
The organic layer was removed, and the residue was reex- 
t rac ted  two t imes with 1 m L  of n-heptane as described 
above. 

Separat ion and quantif icat ion of the four isomers of 
tocopherol was accomplished by high-performance liquid 
chromatography (HPLC) coupled with fluorescence spec- 
t rophotometr ic  detection (Kontron, Milan, Italy}. The 
analytical column used a 5-~ amino bonded phase  (4.6 m m  
i.d. X 15 cm length}. The mobile phase  was n-heptane/2- 
propanol (98:2, vol/vol), and the flow rate was 1.6 mL/min. 
Fluorimetr ic  measurements  of tocopherols were done a t  
285 n m  excitat ion and 325 nm emission. Quantif icat ion 
was done relative to solutions containing known amounts  
of a,/3, y and 6 tocopherol. 

Lipid analysis. I t  has been suggested tha t  expressing 
v i tamin  E content  as mill igrams of tocopherol per g ram 
of fat  is a be t te r  index than  using mill igrams per g ram 
of fresh t issue (14). Tissue and p lasma total  lipids (TL) 
were therefore extracted according to Folch et al. (15}, and 
in the case of t issues total  PL were separated from non- 
phosphorus lipids (NPL) using silicic acid cartr idges (16). 

In  vi tro lipid peroxidation in heart homogenates. In 
vitro hear t  lipid peroxidation was measured on hear t  
homogenates  in phospha te  buffer {10%, wt/vol). One m L  
of hear t  homogenate  was incubated in vials in a shaking 
wate rba th  at  37~ for 15 or 30 min in the absence {unin- 
duced) or presence (induced} of xanthineJxanthine oxi- 
dase]Fe-EDTA (X/XO/Fe-EDTA. 1 mM/O.1 IU per mL/0.2 
mM/0.4 mM) as free radical generating systeIXL Hear t  Upid 
peroxidation was measured by  the thiobarbi tur ic  acid 
reactive substances (TBARS, nmol/g wet weight} assay in 
the medium after  incubation (17}. 

Statistical analysis. One-way analysis of variance was 
applied to the data. Group means  were compared  by  the 
Newman Keuls'  test. 

RESULTS 

Food consumption,  animal weight gains and organ 
weights were similar in the three dietary groups. Only the 
a-tocopherol isomer could be detected in extracts, and the 
levels found in p lasma  and organs were similar or even 
higher than  those found in earlier studies (6,8,18,19}. Vita- 
min E and lipid levels in various organs are shown in 
Figures 1-4 and Table 2. 

Tissues and plasma vitamin E. Hear t  a-tocopherol con- 
tent  (~g/g wet  tissue} was significantly lower when n-3 
PUFA were fed to rats  (Fig. 1). I t  decreased by about  20% 
when the diet was rich in LCn-3. TL, N P L  and PL were 
not  significantly affected by  the diets {Table 2). The a- 
tocopherol concentrations expressed as/ag/mg of TL {Fig. 
2) and N P L  (Fig. 3) were not  different between the three 
groups. Only the a-tocopherol concentrat ion expressed 
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FIG. 1. Total vitamin E (Vit. E) content expressed per g wet  t issue 
or per mL of plasma from rats fed experimental diets. The data are 
means +_ SEM (n = 6). For the plasma, the value bearing an asterisk 
is significantly different from the other dietary treatments (P < 0.01). 
For the heart, the value bearing a triangle is significantly different 
from the long-chain n-3 fatty acids (LCn-3 diet) (P < 0.01). AT, adipose 
tissue. 

~_ Diet 18:2 
Diet 18:3 

m Diet LCn-3 

Brain AT Plasma 

FIG. 2. Total vitamin E content expressed per mg of total lipids (TL) 
in t issues and plasma of rats fed experimental diets. The data are 
means _ SEM (n -- 6). For the Hver, the value bearing an asterisk 
is significantly different from the other dietary treatments O ~ < 0.05). 
For abbreviations, see Figure 1. 

as pg/mg of PL differed significantly between the 18:2 diet 
and the LCn-3 diet (Fig. 4). 

Liver a-tocopherol concentrations (~g/g wet tissue) were 
not  significantly different in the three diets (Fig. 1). As 
for the heart, the diets did not significantly modify lipid 
parameters (Table 2). However, when the liver a~tocopherol 
concentration was expressed as ~g/mg TL, the two n-3 
PUFA diets caused significantly lower values (Fig. 2). This 
decrease could be related to an increase in TL in liver with 
n-3 FA feeding. 

The diets had no effect on a-tocopherol and lipid con- 
tents  in the brain (Figs. 1-4, Table 2). The a-tocopherol 
concentration in AT was not  affected when n-3 FA were 
present in the diet (Fig. 1). However, vitamin E content, 
expressed as t~g/mg PL, was significantly decreased by n-3 

P U F A  diets  (Fig. 4). This  could be expla ined by the  h igher  
P L  c o n t e n t  of ad ipose  t i s sue  when  n-3 P U F A  were added  
to  t he  d ie t  (Table 2). 

V i t am in  E c o n c e n t r a t i o n s  in p l a s m a  were s ign i f i can t ly  
dec reased  by n-3 P U F A  (Fig. 1). L ip id  levels  were also 
r educed  by 30% w h e n  the  LCn-3 d ie t  was  adm in i s t e r ed  
(Table 2). Therefore,  p l a s m a  v i t a m i n  E c o n t e n t s  when  ex- 
p ressed  as ~g /mg p l a s m a  T L  were no t  s ign i f i can t ly  dif- 
fe ren t  f rom one die t  to t he  o the r  (Fig. 2). 

In  v i t ro  heart lipid peroxidation. A s  expected ,  the  free 
radical genera t ing  sys tem X/XO/Fe-EDTA enhanced  hear t  
l ipid perox ida t ion ,  b u t  in a t i m e - i n d e p e n d e n t  manner .  
T B A R S  were s ignif icant ly  higher  in the  LCn-3 fed animals  
t h a n  in ra t s  fed the  18:2 or 18:3 diets  af ter  15 min  at  37~ 
in e i the r  an u n i n d u c e d  or  induced  s y s t e m  (Fig. 5). T h e  

T A B L E  2 

Lipid Contents of Heart, Liver, Brain, Adipose Tissue and Plasma After Four Weeks 
on the Experimental Diets  a 

18:2 Diet 18:3 Diet LCn-3 Diet 

Heart TL (mg/g tissue) 37.0 - 0.6 35.9 • 0.7 35.1 __- 0.7 
NPL (mg/g tissue) 8.3 • 0.6 7.7 • 0.7 7.1 +-- 0.4 
PL (mg/g tissue) 28.8 - 0.5 28.2 • 0.3 28.1 • 0.5 

Liver TL {mg/g tissue) 66.6 • 5.4 76.8 • 3.8 75.4 • 5.6 
NPL (mg/g tissue) 34.4 • 4.8 41.9 • 4.1 42.1 -+ 4.9 
PL (mg/g tissue) 32.2 • 0.7 34.9 • 0.7 33.3 • 1.4 

Brain TL (mg/g tissue) 81.3 • 0.4 80.6 • 0.5 81.7 --- 0.6 
NPL (mg/g tissue) 18.1 • 0.3 18.7 • 0.3 18.4 • 0.2 
PL (mg/g tissue) 63.2 • 0.5 61.8 • 0.3 63.3 • 0.5 

Adipose tissue TL (mg/g tissue) 835.0 • 38.7 891.8 • 8.6 878.7 ---+ 9.9 
NPL (mg/g tissue) 826.8 • 37.~ 878.3 • 8.5 867.3 • 10.~ 
PL (mg/g tissue) 8.2 • 1.7 13.4 • 1.3 c 11.4 • 0.7 ,c 

Plasma TL (mg/mL plasma) 4.3 • 0.4 b 3.7 • 0.4 b'c 2.9 • 0.1 c 

aValues are expressed as means • SEM (n = 6). Within a line, values bearing different superscript letters 
differ at P < 0.05. Abbreviations: LCn-3, long-chain n-3 fatty acids; TL, total lipids; NPL, nonphosphorous 
lipids; PL, phospholipids. 
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FIG. 3. Total vitamin E content expressed per mg of nonphesphorus 
lipids (NPL) in tissues of rats fed experimental diets. The data are 
means • SEM (n = 6). For other abbreviations, see Figure 1. 
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FIG. 5. Lipid peroxidation of heart homogenates from rats fed ex- 
perimental diets. The data are means +_ SEM (n = 10). Heart  homo- 
genates were incubated at 37~ for 15 rain in the absence (U) or 
presence (I) of a free radical generating system (1 mM xanthine, 0.1 
IU per mL xanthine oxidase, 0.2 mMI0.4 mM Fe/ethylenediamine- 
tetraacetie acid). The values bearing an asterisk are significantly dif- 
ferent from the other dietary t reatments  in the same incubation 
system (P < 0.05). TBARS, thiobarbituric acid reactive substances. 
LCn-3, long chain n-3 fatty acid. 
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FIG. 4. Total vitamin E content expressed per mg of phospholipids 
(PL) in tissues of rats fed experimental diets. The data are means 
+__ SEM (n = 6). For the adipose tissue, the value bearing an asterisk 
is significantly different from the other dietary treatments (P < 0.01). 
For the heart, the value bearing a triangle is significantly different 
from the LCn-3 diet (P < 0.05). For other abbreviations, see Figure 1. 

same profiles were observed after 30-rain incubation at 
37~ but differences between groups were no longer 
significant. 

DISCUSSION 

In the present study we compared the effect of three diets 
varying in the type and composition of PUFA on vitamin 
E status and on heart lipid peroxidizability in rats. Mem- 
brane PUFA composition and consequently susceptibility 
to peroxidation is largely dependent on the dietary sup- 
ply of PUFA. When studying the effect of the type of 
PUFA administered (i.e., n-6 vs .  n-3) on both vitamin 

E status and tissue peroxidizability, care must be taken 
to feed the rats the same amount of total PUFA. Previous 
studies (5,6,8,20) have compared diets which supplied total 
PUFA or saturated FA unequally thus making data in- 
terpretation difficult. In the present study, all rats were 
fed with 20% of the total FA as PUFA as well as saturated 
FA. Consequently, the PUFA/saturated ratio was the same 
in the three diets and only the nature of the PUFA varied; 
18:2n-6 was partially replaced by 18:3n-3 or LCn-3 PUFA 
(essentially 20:5 and 22:6n-3). Moreover, our protocol per- 
mitted a comparison of n-6 PUFA vs .  n-3 PUFA on the 
one hand, and of the precursor (a-linolenic acid) vs .  its 
metabolites (essentially EPA and DHA) on the other. In 
a previous study (3), significant increases in unsaturation 
in heart PL were seen in rats fed n-3 PUFA in comparison 
to n-6 PUFA. It was also clearly demonstrated that  
dietary LCn-3 PUFA had a stronger effect on the fat ty 
acid composition of rat heart PL than their precursor 
linolenic acid which was also present at the same level in 
the diet. Dietary consumption of LCn-3 PUFA resulted 
in a much greater incorporation of 20:5n-3 and 22:6n-3 and 
a much lesser proportion of 20:4n-6 into heart phospha- 
tidylcholine and phosphatidylethanolamine than an equi- 
valent intake of 18:3n-3. 

In the present study, it was shown that the type of 
dietary PUFA also significantly affected the heart vitamin 
E content which decreased with the n-3 diets, most 
markedly with the LCn-3 diet. Our data are not in com- 
plete agreement with those of Chautan e t  al.  (8) who 
showed that  heart a-tocopherol levels in rats fed LCn-3 
PUFA were higher than those in rats fed 18:2n-6. In fact, 
these authors found vitamin E concentrations similar to 
ours in rats fed LCn-3 diets, but obtained much lower 
values for animals fed 18:2n-6. This discrepancy between 
the two sets of data remains to be explained inasmuch 
as the levels of dietary 18:2n-6 and vitamin E admin- 
istered to the rats in Chautan's study (8) were higher than 
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those used in our study. The decrease in hear t  v i tamin  E 
content  observed with the n-3 diets in the present  s tudy  
could sugges t  tha t  more t issue E is required to protect  
a membrane  enriched in n-3 PUFA against  peroxidation. 
Our in vitro exper iments  on hear t  peroxidation, indeed, 
confirmed tha t  membranes  enriched in n-3 are more 
susceptible to peroxidation. The da ta  are also in agree- 
men t  with other  studies {5,6) showing tha t  peroxidation 
in liver and kidney homogenates  as well as in liver and 
heart  slices was enhanced by fish oil diets. Disappearance 
of vi tamin E in hearts  of rats  fed LCn-3 PUFA is therefore 
likely to be due to mechanisms tha t  take place within the 
organ, such as peroxyl  radical scavenging by v i tamin  E 
(21). 

Although tota l  p l a sma  v i tamin  E content  was shown 
to be lower in ra ts  fed LCn-3 PUFA, it  was not  different 
from tha t  of the other  die tary  groups when expressed as 
~g/mg TL. Our results  agree with those by Chantan  et  al. 
(8) who found the same a-tocopherol/(cholesterol + tri- 
glycerides) rat io for all diets they used. 

Liver and AT are the major  s torage sites for a-toco- 
pherol. Both  stores tend to be lowered when n-3 PUFA 
are fed to rats, bu t  the decrease in v i tamin  E content  is 
significant only if expressed as ~g/mg PL in AT or as 
~g/mg TL in liver. Our results  agree wi th  those of other  
studies which have shown tha t  fish oils lower the a-toco- 
pherol content  in the liver of bo th  ra ts  (8) and mice us ing  
a-tocopherol supplemented diets (20). However, Leibovitz 
et aL (6) did not find any difference in ra t  liver a-tocopherol 
levels following corn oil- lard or menhaden  oil diets. In  
spite of the high levels of v i tamin  E in the diets (180 
mg/kg), the values they found were very low in comparison 
with ours (about 17 pg v i tamin  E/g t issue vs. more than  
60 pg/g), and it cannot  be excluded tha t  v i tamin  E was 
incompletely extracted.  According to Drevan (22), an in- 
creased die tary  intake of EPA may  enhance the demand 
and util ization of a-tocopherol as an ant ioxidant  by 
various t issues and, consequently, the amount  of v i t smln  
E available for hepatic  secretion may  be reduced in hepa- 
tocytes exposed to die tary  EPA. 

Brain v i tamin  E was not  affected by  dietary PUFA. 
This  could be expected since PUFA composi t ion of brain 
lipids was not  modified by feeding ra ts  the same diets for 
four weeks (Javouhey-DonzeL A., unpublished data). Many 
studies have shown tha t  brain f a t t y  acid composi t ion is 
more res is tant  to changes in d ie tary  lipids than  are other  
t issues (e.g., Ref. 23). 

We conclude tha t  n-3 PUFA diets can influence the 
v i tamin  E s ta tus  of ra ts  even in shor t - term exper iments  
and tha t  n-3 PUFA can change the susceptibi l i ty of the 
hear t  to peroxidation. Beneficial cardiovascular effects of 
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fish oils could thus  be counterbalanced by an increase in 
lipid peroxidation. This would suggest  tha t  caution would 
be warranted  in us ing fish oil concentrates  as n-3 PUFA 
supplements  of the human  diet. 
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The purpose of this study was to determine the ef- 
fects of dietary fat quantity and fatty acid composition 
on hepatic H202-metabolizing systems, activities of 
NADPH-generating enzymes and lipid peroxidation. One- 
month-old male C57BL/6J mice were fed one of six diets: 
(i) 5% fat, rich in 18:2n-6 fatty acid (5% N-6); (ii) 20% fat, 
rich in 18:3n-3 (N-3); (iii) 20% fat, rich in 18:2n-6 (N-6); 
(iv) 20% fat, rich in 18:1n-9 (N-9); (v) 20% fat, rich in 
saturated fatty acids (SAT); and (vi) 20% fat, deficient in 
essential fatty acids (EFAD); for 11 wk. Comparisons be- 
tween animal groups receiving different fat quantities 
showed that activities of glucose-6-phosphate dehydroge- 
nase (G6PDH, EC 1.1.1.49) and malic enzyme (ME, EC 
1.1.1.40) and the levels of conjugated dienes were signifi- 
cantly lower in the N-6 than in 5% N-6 group. Conversely, 
activities of catalase (CAT, EC 1.11.1.6) and selenium- 
glutathione peroxidase (SeGSHPx, EC 1.11.1.9) were 
higher in the N-6 than in 5% N-6 group. Among the five 
dietary groups receiving 20% fat but differing in fatty 
acid composition, CAT activity was lower in the N-9 
group, SeGSHPx activity was lower in the EFAD group, 
and glutathione reductase (GSSGR, EC 1.6.4.2) activity 
was higher in the N4} than in the N-3, N-9, SAT and EFAD 
groups. The EFAD group had much higher levels of total 
lipids and conjugated dienes, as well as activities of 
NADPH-generating enzymes, including G6PDH, ME and 
isocitrate dehydrogenase (EC 1.1.1.42), than the other four 
high-fat groups. The hepatic levels of malondialdehyde 
were not different among the five groups fed 20% fat. In 
the EFAD group, higher hepatic lipid content can be at- 
tributed to higher activities of NADPH-generating en- 
zymes, and the elevation of conjugated diene levels may 
be related to increased oxygenation of 20:3n4i (Mead acid) 
via the lipoxygenase/cyclooxygenase pathway. In short, 
both dietary fat quantity and fatty acid composition 
selectively affected hepatic H202-metabolizing systems, 
activities of NADPH-generating enzymes and lipid per- 
oxidation status. 
Lipids 28, 657-662 (1993). 
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hyde; ME, malic enzyme (EC 1.1.1.40); SAT, saturated fatty acid(s); 
SeGSHPx, selenium-glutathione peroxidase (EC 1.11.1.9); TBA, 
2-thiobarbituric acid. 

The/3-oxidation of fatty acids in peroxisomes is distinct 
from that of mitochondria in that  the location, enzymes 
involved, end products and regulation of the processes are 
different between these two systems (1). Of particular in- 
terest is that peroxisomal, but not mitochondrial, fatty 
acyl-CoA oxidase produces H20~ as the by-product (1). 
Although H202 is a weak oxidant and is not very active 
in the aqueous environments of cells, it may cross bio- 
logical membranes and participate in the iron-catalyzed 
Fenton reaction, generating highly reactive hydroxyl radi- 
cals under physiological conditions (2). Thus, H202 may 
cause or promote oxidative damage to macromolecules at 
sites distal to its production (2). 

The primary H202-detoxifying systems are catalase 
{CAT} and selenium-glutathione peroxidase (SeGSHPx). 
CAT is a peroxisomal enzyme and induction of perox- 
isomal/3-oxidation by peroxisome proliferators and high- 
fat diets is associated with up to a twofold increase in CAT 
activity (3). SeGSHPx is mainly a cytosolic enzyme 
capable of reducing H202 and organic hydroperoxides 
with the cofactor reduced glutathione (GSH). For the ac- 
tion of SeGSHPx, the intraceUular GSH needs to be main- 
tained at a proper concentration, which can be achieved 
by regenerating from oxidized glutathione (GSSG) via 
NADPH-dependent glutathione reductase (GSSGR) and 
by synthesis via ),-glutamylcysteine synthase (4). The 
NADPH needed for GSH regeneration may be provided 
by various NADPH-generating enzymes, such as glucose- 
6-phosphate dehydrogenase (G6PDH), malic enzyme (ME) 
and isocitrate dehydrogenase (ICDH} (4). The finding that 
NADPH is tightly bound to mammalian CAT (5,6} sug- 
gests that CAT may also be a NADPH-dependent enzyme 
Thus, the provision of NADPH for regeneration of GSH 
from GSSG, as well as to protect CAT from inactivation 
by H202, is of great physiological significance 

Certain high-fat diets, such as diets high in n-3, n-6 or 
saturated fatty acid (SAT}, cause a significant increase 
in hepatic peroxisomal /3-oxidation (7-10} and the ac- 
tivities of CAT and/or SeGSHPx (7,8). High-fat diets have 
also been shown to affect antioxidant defense mechanisms 
and lipid peroxidation status (11,12}. However, most of 
these studies used fats varying in several fatty acids 
(7-12}. Thus, a quantitative comparison using one single 
variable has not been achieved. In the present study we 
use blends containing comparable fatty acid compositions 
to study the effects of fat quantity and fatty acid composi- 
tion on hepatic H202-metabolizing systems, activities 
of NADPH-generating enzymes and lipid peroxidation 
status in C57BL/6J mice. 

MATERIALS AND METHODS 
Chemicals. Methanol, isobutanol, chloroform, hexane, sul- 
furic acid and H20 2 were purchased from Fisher Scien- 
tific (Fair Lawn, N J). NADPH, NADP, GSSGR, GSH, 
GSSG, glucose-6-phosphate (G6P), malic acid, isocitrate, 
5,5"-dithiobis(2-nitrobenzoic acid}, bovine serum albumin 
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(BSA), 1,1,3,3-tetramethoxypropane, trichloroacetic acid 
and 2-thiobarbituric acid (TBA) were obtained from Sigma 
Chemical Co. (St. Louis, MOL Ethanol  was from Midwest 
Grain Products  of Illinois (Perkin, IL) and potassium 
dichromate from Allied Chemical Co. (Morristown, N J). 
Dietary components were purchased from Teklad Test 
Diets (Madison, WI). Linseed, safflower, olive, corn and 
hydrogenated coconut oils were purchased from Bio-Serv 
(Frenchtown, N J). 

Diet  preparation. Modified AIN-76 diets were composed 
as described in Table 1. High- (20%) and low-fat (5%) diets 
contained equal amounts  of protein, vitamins, minerals 
and fiber per calorie consumed. The fats used were blends 
of several plant oils resulting in fats of defined fa t ty  acid 
compositions. Fat  blends contained approximately equal 
basal amounts of SAT, linoleic acid (18:2n-6), linolenic acid 
{18:3n-3) and oleic acid (18:1n-9). An essential fa t ty  acid 
deficient (EFAD) diet was made with hydrogenated coco- 
nut  oil devoid of unsaturated fa t ty  acids. The basal fa t ty  
acids accounted for 11% of the diets, and additional fa t ty  

TABLE 1 

Diet Composition 

Control Experimental 
Component (5% fat) (20% fat) 

High-protein casein 20.0 a 20.0 
Choline bitartrate 0.2 0.2 
d,l-Methionine 0.3 0.3 
AIN-76A vitamin mix 1.0 1.0 
AIN-76 mineral mix 4.0 4.0 
Cellulose 4.0 4.0 
Corn starch 29.5 16.7 
Glucose monohydrate 36.0 20.2 
Fat b 5.0 16.6 

100.0 g 83.0 g 

3.713 kcal]g 4.468 kcaYg 

aAmount of each diet component added, in grams. 
bSpecific fat sources for each dietary treatment outlined in Table 2. 

acids (SAT, 18:1n-9, 18:2n-6 or 18:3n-3) accounted for 9% 
of the total diet. These six diets (detailed in Table 2) were: 
(i) 5% fat, rich in 18:2n-6 fa t ty  acid (5% N-6); (ii) 20% fat, 
rich in 18:3n-3 (N-3); (iii) 20% fat, rich in 18:2n-6 (N-6); (iv) 
20% fat, rich in 18:1n-9 (N-9); (v) 20% fat, rich in SAT, and 
(vi) 20% fat, EFAD. 

Anima l  care. Male weaning C57BL/6J mice (Jackson 
Laboratories, Bar Harbor, ME), five or six per group, were 
fed one of the six diets (described in Tables 1 and 2) for 
11 wk. Feed and water were provided ad libitum. In order 
to minimize autoxidation of dietary lipids, diets were 
prepared in small batches and stored at -20~ until use. 
Packets containing one week's worth of food were stored 
at 4~ and feed was changed daily. Mice were housed in 
plastic cages with pine shavings as bedding with a 12-h 
light/dark cycle 

Tissue preparations and methods. Mice were sacrificed 
by cervical dislocation following light diethyl ether anes- 
thesia, and the liver was removed immediately. Body and 
liver weights were recorded. The liver was washed, blot- 
ted dry and homogenized in 3 vol of 1.15% KC1 in 0.05 M 
phosphate buffer, pH 7.4. An aliquot of liver homogenate 
was centrifuged at 9,000 • g for 30 min and the superna- 
tant  ($9 fraction) stored at - 7 0 ~  until analyzed. Hepatic 
GSH (13) and CAT (14) activities were measured in 
homogenates. Activities of SeGSHPx (15), GSSGR {16), 
G6PDH (17), ME (18) and ICDH (19) were determined in 
the $9 fraction. Lipid peroxidation indices were measured 
by the assays of malondialdebyde (MDA) (20) and con- 
jugated dienes (21) in homogenates. The TBA-MDA com- 
plex was detected by high-performance liquid chromatog- 
raphy with fluorescence detection and quantified relative 
to authentic MDA as standard. Protein was measured by 
the method of Miller (22) using BSA as standard, and 
hepatic total lipids by the method of Chiang et aL (23) with 
corn oil as standard. 

Statistics.  Data  are expressed as means +__ SD with 
n = 5-6 per group; differences in mean were analyzed by 
one-way analysis of variance followed by Newman-Keuls 
multiple comparison test at  P = 0.05 (24). Statistical 

TABLE 2 

Percent of Diet (w/w) Supplied as Specific Fatty A d d s  a 

Dietary Basal Extra Basal Extra Basal Extra Basal Extra 
group b SAT SAT 18:1 18:1 18:2 18:2 18:3 18:3 

5% N-6 0.6 -- 1.4 -- 3.0 -- -- -- 
20% N-3 3.5 -- 4.6 -- 3.0 -- -- 9.0 
20% N-6 2.5 -- 5.0 -- 3.0 9.0 -- -- 
20% N-9 3.0 -- 5.0 9.0 3.0 -- -- -- 
20% SAT 3.0 9.0 5.0 -- 3.0 -- -- -- 
20% EFAD 3.0 1 7 . 0  . . . . . .  

aThe fatty acid composition of oil sources was analyzed by gas chromatography on a 
Shimadzu (Tokyo, Japan) 9A gas chromatograph equipped with a 2-m glass column (3 
mm i.d.} packed with Silicon 1Q-Chrom QII 100/120 mesh 275 (Supelco, Bellefonte, PA) 
and a flame-ionization detector. Temperature was increased from 160 to 210~ at 2 ~ C/milx 
b5% N-6 group, consisting of four parts safflower oil and one part olive oil. 20% N-3 groul~ 
consisting of 16.75 parts linseed oil, 0.25 parts safflower oil and three parts hydrogenated 
coconut oil. 20% N-6 group, consisting of 12 parts corn oil, 6.5 parts safflower oil and 
1.5 parts olive oil. 20% N-9 group, consisting of 14.75 parts olive oil, 0.3 parts safflower 
oil, 3 parts corn oil and 1.95 parts hydrogenated coconut oil. 20% saturated fatty acids 
(SAT) group, consisting of 11 parts of hydrogenated coconut oil, 4.5 parts olive oil and 
4.5 parts corn oil. 20% essential fatty acid deficient (EFAD) group, consisting of 20 parts 
hydrogenated coconut oil. 
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comparisons were performed between the groups 5% N-6 
and N-6 and among the five high-fat diet groups N-3, N-6, 
N-9, SAT and EFAD. 

RESULTS 

Effects of fat quantity. The effects of dietary fat quan- 
t i ty  on various parameters  are summarized in Table 3. 
Mice consuming the N-6 diet had significantly higher 
body weight than those fed the 5% N-6 diet. However, this 
change was not  reflected in wet liver weight, liver to body 
weight ratio or hepatic lipid content.  The N-6 group 
had significantly higher activities of CAT (Fig. la) and 
S e G S H P x  (Fig. lb), but  significantly lower activities of 
G 6PDH (Fig. 2a) and ME (Fig. 2b), and conjugated diene 
levels (Table 4) than  the 5% N-6 group. No difference was 
found in GSSGR (Fig. lc) and ICDH (Fig. 2c) activities, 
or in GSH (Fig. ld) and MDA (Table 4) levels. 

Effects of fatty acid composition. The effects of enrich- 
ment  of N-3, N-6, N-9, f a t ty  acids or SAT and deficiency 
in EFA in the 20% fat diets on body weight, liver weight 
and hepatic total  lipids are summarized in Table 3. The 
N-3 group had significantly higher body weight than the 
N-6 and EFAD groups and the N-9 and SAT groups were 
higher than  the EFAD group. The order of body weights 
is as follows: N-3 N-9 SAT > N-6 > EFAD. However, this 
effect was not  reflected in liver weight or liver to body 
weight ratios. As for hepatic lipid content,  the EFAD 
group was significantly higher than the N-3, N-6, N-9 and 
SAT groups, and no difference was found among the lat- 
ter  four groups. 

The N-9 group had significantly lower CAT activi ty 
than the N-3 and N-6 groups, but  not  the SAT and EFAD 
groups; there was no difference in CAT activi ty among 
the N-3, N-6, SAT and EFAD groups (Fig. la). The EFAD 
group had a significantly lower activity of SeGSHPx than 
the other high-fat diet groups (Fig. lb). The N-6 group had 
a higher activity of GSSGR than the N-3, N-9 and EFAD 
groups, bu t  not  the SAT group; there was no difference 
in GSSGR activi ty among the N-3, N-9, SAT and EFAD 
groups (Fig. lc). As for hepatic GSH levels, there was no 
statist ically significant difference among the five groups 
(Fig. ld). 

Activities of G6PDH and ME were markedly increased 
in the EFAD group as compared to the N-3, N-6, N-9 and 
SAT groups (Figs. 2a and b). ICDH act ivi ty was also 
significantly higher in the EFAD group than in N-6, N-9 
or SAT, bu t  not  in N-3 (Fig. 2c). There were no differences 
among the lat ter  four groups. The indices of lipid perox- 
idation are summarized in Table 4. Conjugated diene levels 
were significantly higher in the EFAD group than  in the 
N-3, N-6, N-9 and SAT groups, and there was no difference 
in the levels of MDA among all five groups. 

DISCUSSION 

To bet ter  understand the effects of dietary fat quant i ty  
and fa t ty  acid composition on hepatic H202 metabolism, 
we have devised several diets containing fat blends dif- 
fering in only one type of fa t ty  acid. Our results show tha t  
even though high-fat diets increase mouse body weight, 
not  all high-fat diets of the same quant i ty  affect body 
weight to the same extent.  For instance, the high-fat diet 
rich in linolenic acid was most effective in increasing body 
weight, while the high-fat diet rich in linoleic acid or 
EFAD was less effective. 

Similarly, both  fat  content  and fa t ty  acid composition 
can affect the activities of H202-metabolizing enzymes in 
a selective manner. For example, where other  studies 
showed tha t  the activities of CAT and S eG S H P x  were in- 
creased in animals fed corn oil or other fats high in polyun- 
sa turated fa t ty  acids (7-10), our results indicate tha t  not  
all high-fat diets increase these two enzyme activities. In 
our study, a high-fat diet rich in linoleic or linolenic acid 
increased activities of S e G S H P x  and CAT. The lat ter  ac- 
t ivi ty is frequently used as an indicator of peroxisome in- 
duction (3). Our results, however, also suggest tha t  a high- 
fat diet rich in oleic acid does not induce CAT activity and 
perhaps peroxisomal/3-oxidation to the same extent  as 
other  diets rich in either linoleic acid or linolenic acid. 
Thus, oleic acid is probably not a good substrate for perox- 
isomal/3-oxidation in viva Indeed, this is supported by 
in vitro evidence showing tha t  linoleic and linolenic acids 
were/1-oxidized more quickly than oleic acid by perox- 
isomal ~-oxidation enzymes (25,26). Additionally, the 
EFAD group had lower SeGSHPx activity than the other 

T A B L E 3  

Effects  of Dietary Fat Quantity and Fat ty  Acid Composition on C57BL/6J Mouse Body 
Weight  (g), Liver Weight  (g and %) and Hepatic  Lipid Content (mg/g) 

Dietary Body weight a Liver weight Liver weight Hepatic lipids 
group (g) (g) (%)b (mg/g) 

5% N-6 26.9 • 2.3 1.49 • 0.21 5.47 • 0.95 104 • 11 
20% N-3 35.9 • 2.0 d 1.59 • 0.18 d 4.53 • 0.36 d 75 • 6 d 
20% N-6 31.2 • 2.4 *,e,i 1.57 • 0.23 d 5.04 • 0.62 d 80 • 11 d 
20% N-9 34.5 • 2.5 d'e 1.70 • 0.23 d 4.92 • 0.31 d 90 • 15 d 
20% SAT c 34.0 • 4.8 d'e 1.74 • 0.35 d 5.15 • 0.91 d 96 • 19 d 
20% EFAD c 29.0 • 2.2 f 1.65 • 0.16 d 5.69 • 0.36 d 146 • 23 e 

aData represent the means and SD of five or six mice maintained on the respective diets 
for 11 wk. Statistical analysis was performed by analysis of variance coupled with Newman- 
Keuls multiple comparisons test at P= 0.05 (Ref. 24). Significant differences between 
the 5% N-6 and 20% N-6 groups are indicated by an asterisk; differences among all 20% 
fat diet groups are indicated by different superscript letters (d-f). 
bExpressed as percent of body weight. 
CAbbreviations as in Table 2. 
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FIG. 1. Effects of dietary fat quantity and fatty acid composition on hepatic (a) catalase (CAT), (b) selenium- 
glutathione peroxidase (SeGSHPx), (c) ghtathione reductase (GSSGR) activities and (d) on reduced glutathione 
levels. For 11 wk, male weaning C57BL/6J mice were fed one of the six diets described in Tables 1 and 2. 
Other treatments are detailed in the Materials and Methods section. Each column and bar represent the mean 
and SD of five or six animals. Differences in means were analyzed by one-way analysis of variance coupled 
with Newman-Keuls multiple comparisons test at P = 0.05 (Ref. 24). An asterisk indicates significant dif- 
ference between the means of the 5% N4~ and the N-6 groups. The differences among the five 20% fat diet 
groups are denoted by different letters. Throughout all the figures: 5% N-6 signifies a 5% fat diet rich in 
N-6 fatty acid; N-3 signifies 20% fat rich in N-3 fatty acid; N4} signifies 20% fat rich in N4} fatty acid; N-9 
signifies 20% fat rich in N-9 fatty acid; SAT signifies 20% fat rich in saturated fatty acid; and EFAD signifies 
20% fat deficient in essential fatty acids. 

TABLE 4 

Hepatic Lipid Peroxidatiou Indices in C57BL/6J Mice Fed Diets 
Containing Different Fat Quantities and Fatty  Acid Compositions 

Dietary Malondialdehyde a Conjugated dienes b 
group (nmol/g tissue} (unit/mg lipid} 

5% N-6 16.8 + 5.0 0.425 • 0.008 
20% N-3 17.6 +_ 3.6 d 0.311 4- 0.003 d 
20% N-6 15.7 • 2.2 d 0.298 • 0.001 d 
20% N-9 15.9 _ 2.2 d 0.344 • 0.010 d 
20% SAT e 17.6 __ 3.3 d 0.334 • 0.002 d 
20% E F A D  C 15.2 • 2.7 d 0.543 • 0.014 e 

aData represent the means and SD of five or six mice maintained 
on the respective diets for 11 wk. Data were analyzed by analysis 
of variance coupled with Newman-Keuls multiple comparisons test 
(Ref. 24). Significant differences (P < 0.05) between the means of the 
5% N-6 and 20% N-6 groups are indicated by an asterisk and the 
comparison among all 20% fat diet groups by different superscript 
letters (d-e}. 
bExpressed as the ultraviolet absorbance at 234 nm per mg lipid. 
CAbbreviations as in Table 2. 

four high-fat diet groups, indicating that EFA are neces- 
sary for the increase in SeGSHPx activity in mice fed 
high-fat diets. Fat content of the diet did not affect 
GSSGR activity except that enrichment with linoleic acid 
(n-6 fatty acid} increased it. The reason why enrichment 
with linoleic acid increased GSSGR activity is not clear 
at present. 

The pentose phosphate pathway is involved in several 
functions, including regenerating GSH for the degrada- 
tion of H202 by SeGHSPx (4). However, the provision of 
NADPH for the metabolism of hydroperoxides may not 
be solely dependent on the pentose phosphate shunt, as 
in the case of red blood cells (4). Other enzymes, such as 
ME and ICDH, may provide some NADPH for GSH 
regeneration {4,27}. Induction of peroxisomes by perox- 
isome proliferators often accompanies the induction of ME 
and G6PDH {28-31}. Dietary fat content is known to af- 
fect hepatic lipogenesis. In particular, high-fat diets sup- 
press activities of lipogenic enzymes, i.a, G6PDH and ME 
(32}. Although high-fat diets and peroxisome proliferators 
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FIG. 2. Effects of dietary fat quantity and fatty acid composition 
on hepatic (a) glucose-6-phosphate dehydrogenase (G6PDH), (bt malic 
enzyme (ME) and (c) isocitrate dehydrogenase (ICDH) activities. For 
details of diet preparation and animal treatment see the Materials 
and Methods section. Data are the means and SD of five or six mice. 
Significant differences in means are indicated by an asterisk or dif- 
ferent letters as analyzed by one-way analysis of variance and 
Newman-Keuls multiple comparisons test at P = 0.05 (Ref. 24). All 
symbols and designations are the same as described for Figure 1. 

similarly induce peroxisomal/~-oxidation, they differ in 
their effects on ME and G6PDH activities. Nevertheless, 
EFA deficiency overcomes this suppression and increases 
the activities of all three NADPH-generating enzymes. 
This may be due to the increased lipogenesis and syn- 
thesis of 20:3n-6 (Mead acid) (33). It has been shown that 
ICDH and enzymes of the pentose phosphate pathway are 
present in peroxisomes (34). Moreover, treatment with the 
peroxisome proliferator clofibrate increases peroxisomal, 

but not cytosolic, G6PDH activity (34). It is possible that 
increased H202 production in peroxisomes may subse- 
quently increase the oxidation of NADPH and activate 
antioxidant defense mechanisms, such as the pentose 
phosphate shunt, GSH regenerating pathways and 
SeGSHPx. 

It is interesting that  mice fed the 5% N-6 diet or the 
EFAD diet had significantly higher levels of hepatic con- 
jugated dienes. A similar effect was also seen with hepatic 
lipid content in these two groups. Although NADPH- 
producing capacity was elevated in the EFAD and 5% N-5 
groups, it did not help prevent conjugated diene forma- 
tion. However, the greatly increased levels of conjugated 
dienes in the EFAD groups may not be due to lipid perox- 
idation and/or impairment of antioxidant defense mech- 
anisms. First, the hepatic vitamin E levels in the EFAD 
groups were approximately twice as much as the other 
four high-fat diet groups (data not shown), without impair- 
ment of other antioxidant defense mechanisms. Secondly, 
the source of dienes are unlikely of dietary fat origin, as 
in the case of rats fed choline devoid diet (35). We hypothe- 
size that  the accumulation of conjugated dienes is due to 
increased oxygenation of 20:3n-9 fatty acid via the cyclo- 
oxygenase and/or lipoxygenases. This particular fatty acid 
is not normally seen in animal tissues except when devoid 
of EFA (33). There is evidence showing that  20:3n-9 can 
be metabolized to a variety of hydroxy eicosanoids 
by cyclooxygenase (36) and leukotriene A 3 by 5-lipoxy- 
genase (37}. However, it is known that the measurement 
of conjugated dienes is subject to interference of various 
origin (38). Further chemical analyses are needed to con- 
firm this effect. Whether this mechanism of enzymatic 
oxygenation (to linoleic acid and its elongated and desatu- 
rated derivatives) can be attributed to the increase in con- 
jugated diene levels in the 5% N-6 group also warrants 
exploration. 

Both fat quantity and fatty acid composition were ex- 
pected to affect the generation of lipid peroxidation prod- 
ucts. However, dietary fat was not found to cause any dif- 
ference in MDA levels. Generally, it is assumed that  the 
formation of conjugated dienes will eventually lead to/~- 
scission of lipid hydroperoxides leaving at least two dou- 
ble bonds, forming MDA (39). Similar to the cases of 
EFAD and the 5% N-6 groups in this study, treatments 
with peroxisome proliferators have been shown to elevate 
hepatic levels of conjugated dienes without increasing 
MDA levels (40-42). Elevated conjugated diene levels were 
not reflected in increased MDA levels in our study or in 
previous investigations. Perhaps the liver possesses active 
enzymatic systems for aldehydic products (43), which is 
inducible by treatment with peroxisome proliferators (44). 
Also, the procedure we used for the measurement of MDA 
was more specific (20), which may partly explain our 
findings. 

In summary, the levels of dietary fat and fatty acid com- 
positions were found to selectively affect hepatic H202- 
metabolizing systems, activities of NADPH-generating 
enzymes and lipid peroxidation status. The 5% N-6 and 
EFAD groups had higher activities of NADPH-generating 
enzymes than their respective counterparts; consequen- 
tially, both groups also had higher hepatic lipid content. 
EFAD resulted in elevated levels of conjugated dienes, 
possibly due to increased oxygenation of 20:3n-9 via the 
lipoxygenase/cyclooxygenase pathway. 
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Diabetes Increases Excretion of Urinary Malonaldehyde Conjugates 
in Rats t 
Daniel D. Gallaher*, A. Saari Csallany, Don W. Shoeman and Judith M. Olson 
Department of Food Science and Nutrition, University of Minnesota, St. Paul, Minnesota 55108 

The effect Of streptozotocin-induced diabetes on the 
urinary excretion of thiobarbituric acid test-positive 
materials was examined. In diabetic rats, urinary excre- 
tion of thiobarhituric acid reactive substances was in- 
creased 5-fold over that in nondiabetic animals. High- 
performance liquid chromatography of urine samples re- 
vealed that five of the six fractions previously found to 
be increased in vitamin E deficiency [Lee, H.-S., Shoeman, 
D.W., and Csallany, A.S. (1992) Lipids 27, 124-128] were 
also significantly increased in streptozotocin-induced 
diabetes. The data suggest that a high level of oxidative 
stress is induced by uncontrolled diabetes in rats. 
Lipids 28, 663-666 (1993). 

Lipid peroxidation, the nonenzymatic autooxidation of 
polyunsaturated fatty acids, has numerous deleterious ef- 
fects on biological systems (1) and has been implicated 
in the process of aging as well as the pathogenesis of 
several diseases (2). One of the most studied products of 
lipid peroxidation is malonaldehyde (MDA), a dialdehyde 
known to react with proteins (3-5) and amino acids (6,7). 
Several studies have shown a positive relationship be- 
tween in vivo lipid peroxidation and urinary excretion of 
MDA (8,9). 

Diabetes mellitus is a disease characterized by a state 
of prolonged hyperglycemia. Jain (10) has demonstrated 
that red blood cells exposed to high concentrations of 
glucose (45 mM) in vitro showed increased levels of mem- 
brane peroxidation. Further, the level of thiobarbituric 
acid reactive substances (TBARS), which include MDA, 
was found to be higher in the red blood cells of strep- 
tozotocin-induced diabetic rats compared to nondiabetic 
animals (11). Serum TBARS have also been reported to 
be increased in diabetes, both in rats (12) and humans (13). 
These results suggest that  diabetes increases oxidative 
stress. 

Recently, Lee et al. (14) have fractionated the TBARS 
from urine of normal and vitamin E-deficient rats using 
high-performance liquid chromatography (HPLC). They 
demonstrated that, in the state of increased oxidative 
stress caused by vitamin E deficiency, the amount of 
several of these materials was significantly increase& The 
purpose of the present study was to determine if a similar 
increase occurs under another condition of oxidative 
stress, Le., in streptozotocin-induced diabetes. 

1 Paper No. 20,002 of the scientific series of the Minnesota Agri- 
cultural Experiment Station on research conducted under the Min- 
nesota Experiment Station projects Nos. 18-058 and 18-085. 
*To whom correspondence should be addressed at the Department 
of Food Science and Nutrition, 1334 Eckles Avenue, University of 
Minnesota, St. Paul, MN 55108. 
Abbreviations: GHb, glycated hemoglobin; HPLC, high-performance 
liquid chromatography; MDA, malonaldehyde; TBA, thiobarbituric 
acid; TBARS, thiobarbituric acid reactive substances. 

METHODS AND MATERIALS 

Animals. Male Wistar rats (initial weight, 150-175 g) were 
purchased from Harlan Sprague-Dawley (Indianapolis, 
IN) and housed individually in suspended wire-mesh 
stainless steel cages in a temperature-controlled room 
(22~ with a 12-h light/dark cycle Animals were given 
ad libitum access to food and water. 

Experimental  design. All animals were fed the semi- 
purified diet prior to the beginning of the experiments to 
allow adaptation to the diet and environment. The diet 
consisted of (g/kg): cornstarch, 650; casein, 200; cellulose, 
50; corn oil, 50; AIN-76 mineral mix (U.S. Biochemical 
Corp., Cleveland, OH), 35; AIN-76 vitamin mix (U.S. 
Biochemical Corp.), 10; DL-methionine, 3; and choline 
bitartrate, 2. This diet provides 50 mg rac-a-tocopherol 
acetate per kg, equivalent to 35 mg D-a-tocopherol per kg, 
from the vitamin mix and approximately 9 mg per kg diet 
of a-tocopherol activity from the corn off, for a total a- 
tocopherol equivalent of 44 mg/kg diet. Butylated hydrox- 
ytoluene (10 mg/kg) and menadione sodium bisulfite 
(1.33 mg/kg) were also added. 

In the first experiment, the animals were adapted to the 
semi-purified diet for 9 d before administration of in- 
traperitoneal injections of either streptozotocin (60 mg]kg 
body wt in 0.1 M citrate, pH 4.5) to induce diabetes, or 
a sham injection of citrate buffer alone. All animals con- 
tinued on the semi-purified diet. After 12 wk, the animals 
were anesthetized, blood was collected by cardiac punc- 
ture for determination of glycated hemoglobin (GHb) and 
both kidneys were removed and weighed. 

Body weights were determined at the beginning of the 
experiment, at week 2 and weekly thereafter. Twenty-four 
hour food intake was determined once a week at week 2 
and weekly thereafter. At the beginning of the experiment 
and weekly thereafter, the animals were transferred to 
stainless steel metabolic cages once a week. Twenty-four- 
hour urine samples were collected and the volumes ac- 
curately measured. The collection from week 11 was cen- 
trigued to remove debris and an aliquot was frozen at 
-20~ for determination of the urinary excretion of 
TBARS and for fractionation by HPLC. 

A second experiment was conducted to determine 
whether diuresis per se was responsible for the increase 
in urinary TBARS found in the diabetic animals. Male 
Wistar rats were adapted to the semi-purified diet for 
10 d. The animals were housed in metabolic cages and 
given intraperitoneal injections of hydrochlorothiazide 
(120 mg/kg dissolved in PEG 200) (Sigma Chemical 
Co., St. Louis, MO) four times over 24 h. Control ani- 
mals were injected with vehicle only. Body weight at 
the time of injection ranged from 220-270 g. Twenty-four 
hour urine samples were collected, the volume noted and 
aliquots stored at -20~ until analyzed for urinary 
TBARS. 

Analyses.  GHb was determined on whole blood by af- 
finity chromatography using a commercial kit (GlycAf- 
fin, Isolabs, Akron, OH). 
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The levels of TBARS in urine samples were measured 
by the modified filtration procedure of 2hrladgis et aL (15), 
as described by Lee et aL {14). Chromatographic fractiona- 
tion and free MDA analysis of urine samples were carried 
out by HPLC using a TSK G1000 PW column (7.5 mm 
i.d. X 30 cm) (Beckman Instruments, Berkeley, CA) with 
a mobile phase of 0.1 M Na3PO 4 buffer, pH 8.0, at a 
flow rate of 0.6 mL/min, and monitoring the eluant at 
267 nm (16). 

Stat is t ics .  Group means were compared by Student's 
t-test. Differences were considered significant at P < 0.05. 

RESULTS AND DISCUSSION 

As shown in Figure 1, the diabetic animals exhibited 
typical signs of diabetes. Panel A shows that the control 
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FIG. 1. Body weight change (Panel A), food intake (Panel B) and 24-h 
urine volume (Panel C) in normal ( �9 ) or diabetic (O) rats. Values are 
means of eight to nine animals per group. Body weight  and food in- 
take differences between the control group and the diabetic group 
were statist ical ly significant (P < 0.05) at all t ime points, as judged 
by Student's  t-test. Urine volume differences between the groups 
were statist ical ly significant (P < 0.05) at all t ime points except 
week 8. 

group gained weight steadily over the course of the ex- 
periment, whereas the diabetic group gained relatively lit- 
tle weight. Food intake {Panel B) was greatly increased 
in the diabetic group compared to the control group dur- 
ing the entire 12-wk experiment. Twenty-four hour urine 
volume increased immediately in the diabetic compared 
to the control group and remained elevated throughout 
the 12-wk experiment {Panel C}. The urine volume in the 
diabetic group compared to that in the control group was 
significantly greater at each week except week 8: 

The GHb values and kidney weights (per 100 g body 
weight} are shown in Table 1. GHb is a measure of long- 
term blood glucose level used routinely in monitoring 
human diabetics and reflects the time-averaged blood 
glucose concentration over the preceding 60 to 90 d (17}. 
The degree of glycation correlates well with other 
measures of diabetic control, such as fasting blood glucose 
concentration, response to a glucose tolerance test and 
urinary glucose excretion {18,19). The mean hemoglobin 
glycation of =14% in the diabetic group indicates that 
these animals had experienced high plasma glucose con- 
centrations. The diabetic group also showed an increase 
in relative kidney weights compared to the control group. 
Renal enlargement in rats is known to begin within days 
of the induction of diabetes and continues for at least 6 
wk {20). The degree of enlargement has been correlated 
to the degree of glycemic control, as measured by fasting 
plasma glucose concentration (21). The significantly 
enlarged kidneys in the diabetic animals relative to the 
nondiabetic controls further confirm the diabetic state of 
these animals. 

Diabetic rats excreted approximately five times more 
urinary TBARS per 24 h compared to nondiabetic con- 
trols, a statistically significant increase {Fig. 2). Draper 
et  al. {4) had demonstrated that most {75%) of the MDA- 
containing components of rat urine was present as N-a- 
acetyl-e-(2-propenal)lysine They further demonstrated 
that  this MDA adduct increased with the feeding of a 
highly polyunsaturated fat. None of the nondiabetic 
animals and only two of six diabetic animals had detec- 
table amounts of free MDA in urine when analyzed by 
HPLC. The absence of free MDA could result from the 
fact that  most MDA is rapidly metabolized by the liver 
{22) and thus only a very minor fraction of the body 
burden of MDA is excreted in the urin~ Another possibil- 
ity is that the reactivity of free MDA might lead to its 
rapid combination with other compounds and excretion 
in the urine in a derivatized form {23}. This MDA would 
be released from its derivatized forms by acid hydrolysis 
during the determination of TBARS. A third possibility 

T A B L E  1 

Giycated Hemoglobin and Kidney Weight in Normal 
and Diabetic Rats  After  12 Weeks a 

Normal Diabetic 

Glycated hemoglobin (%) 3.9 -- 0.1 14.4 +_ 0.5 b 
Kidney weight, 

g/100 g body weight 0.67 +- 0.06 1.33 +_ 0.03 b 

aValues are means +- SEM of eight to nine animals per group. 
bSignificantly (P < 0.001) different from the normal group by Stu- 

dent's t-test. 
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FIG. 2. Comparisons of high-performance liquid chromatography 
(HPLC) separated urinary carbonyl-containing compounds, as 
measured by absorbance at 267 nm, and of urinary excretion of 
thiobarbituric acid reactive substances (TBARS), both per 24 h per 
100 g body weight  in normal and diabetic rats. Values represent 
means • SEM of five to six animals per group for HPLC fractions 
and eight to nine animals per group for TBARS. *P < 0.002; **P 
< 0.001, by Student's  t-test. MDA, malonaldehyde. 

is the presence in urine of certain carbonyl  compounds  
besides derivatized MDA (14). The carbonyl  groups pres- 
ent in urine could be derived from short- or medium-chain 
secondary lipid peroxidation products  which also react  
with the TBA reagent.  

To examine the possibil i ty tha t  the increased ur inary  
TBARS in the diabetic animals were due only to diuresis, 
diuresis was induced in normal  animals with hydrochlorm 
thiazid~ Table 2 shows tha t  in these nondiabetic animals, 
the increase in urine volume of >250% was not  accom- 
panied by a s tat is t ical ly significant (P = 0.22) increase 
in ur inary TBARS. Thus, diuresis per  se does not  appear  
to influence ur inary TBARS. 

In  a previous study, urine was fract ionated on a 
Spherogel-TSK 1000 PW column and the effluent moni- 
tored at  267 nm. In this system, free MDA (when present) 
is well separated [retention t ime (Rt), 44 min] from a 
number  of other  fractions found in urine (14). The areas 
of six of these fractions (Rt, 19, 21, 29, 48, 56, 62 min) 
were larger in the v i tamin  E-deficient group than  in the 
control group. I t  was suggested tha t  these six urine frac- 
t ions are v i tamin  E-deficiency dependent,  and therefore 
may  be related to in vivo lipid peroxidation. 

TABLE 2 

Urine Volume and 24-Hour Urinary TBARS in Normal 
and Hydrochlorothiazide~Treated Rats  a 

Hydrochlorothiazide 
Control treated 

Urine volume (mL/24 h) 17.7 _ 2.0 46.6 • 4.9 b 
Urinary TBARS 

(Mg equiv. MDA/24 h/100 g 
body weight) 3.5 • 0.6 4.5 • 0.5 

aValues are means • SEM of five animals per group. 
bSignificantly (P < 0.001) different from the control group by Stu- 

dent's t-test. 

In  the present  study, the areas of five of six peaks  
previously identified as lipid peroxidation-related were 
significantly increase (P < 0.002) (Fig. 2) in diabetic ra ts  
over nondiabetic controls. The magnitude of the difference 
between the groups in this s tudy  was equal to or greater  
than  the difference between the normal  and v i tamin  E- 
deficient animals  found in the previous study. This sug- 
gests  tha t  diabetes induced by streptozotocin increase 
in vivo lipid perioxidation to a level comparable  to t ha t  
which occurs during severe v i tamin  E deficiency. 

The increase in in vivo peroxidation in diabetes could 
be due to elevated blood glucose concentrations. Jain et aL 
(11) found increased red blood cell thiobarbi tur ic  acid 
(TBA) react ivi ty  in vitro with increasing concentrat ions 
of glucose. TBA react ivi ty  of red blood cells was also in- 
creased in streptozotocin-induced diabetic ra ts  compared 
to non-diabetic animals  (12). However, in animals  whose 
blood glucose concentrat ion was normalized by insulin 
t rea tment ,  no significant increase in TBA react ivi ty  oc- 
curred (12). 

How elevated blood glucose concentrat ions might  in- 
crease the oxidative stress of an animal remains to be 
established. However, H u n t  et al. (24) have presented evi- 
dence from in vitro studies tha t  glucose undergoes metal- 
catalyzed autooxidat ion reactions leading to the produc- 
t ion of hydroxyl radicals. These highly reactive radicals 
are known to a t t ack  polyunsa tura ted  f a t ty  acids in bio- 
membranes,  inducing increased lipid peroxidation. In this 
way, high blood glucose concentrat ions could produce a 
metabolic  s ta te  similar to v i tamin  E deficiency. Whether  
increased levels of chelating agents  or quenchers of free 
radicals such as v i tamin  E could in ter rupt  this sequence 
of events, and thereby reduce the oxidative stress of 
diabetes, is a quest ion deserving fur ther  study. 
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by High-Performance Liquid Chromatography 
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In the present study we have used statistical experi- 
mental design and multivariate optimization to formally 
optimize a reversed-phase high-performance liquid chroma- 
tography method for the analysis of triacylgiycerol molecu- 
lar species of natural oils. The optimal conditions found 
were, on an octadecylsUan~column, from acetonitrile/isooc- 
tane (90:10, vol#vol) to acetonitrile/ethanol/isooctane 
(40:35:25, by vol), at a column temperature of 50~ and a 
flowrate of 1.5 mL/min using a negative exponential gra- 
dient profile. Several examples of separations of natural 
seed and animal oils, Le., soybean oil, rapeseed oil, palm 
oil, linseed oil, tallow and fish oil, are given. A version of 
the equivalent carbon number concept, utilizing the Snyder 
polarity index, was used to identify the molecular species. 
Lipids 28, 667-675 (19931. 

Triacylglycerols (TAG) are the most abundant lipid class 
found in nature TAG are also the most complex with n 3 
potential molecular species possible, n being the number of 
fatty acids. The TAG molecular species profile represents 
a key to the understanding of the physical characteristics 
of an oil and also is a unique means of identification which 
has been utilized in various instances (1,2). The degree of 
certainty in the identification is dependent upon the com- 
plexity of the oil and on the degree of separation attainable 
in a given chromatographic systen~ In order to minimize 
ambiguity, optimal separation between molecular species is 
desirable This has been accomplished in some cases by high 
resolution gas chromatography (HRGC) at temperatures 
above 300~ (3). However, due to the tendency of species 
containing polyunsaturated fatty acids to decompose at 
high temperatures, there has been a major trend toward the 
use of reversed-phase high-performance liquid chromatog- 
raphy (RP-HPLC) (2,4-9). 

Choosing the solvent system in HPLC is often a t ime 
consturning and tedious chore which requires the localiza- 
tion of the region of optimal separation in the multidimen- 
sional solvent mixture space Statistical experimental design 
and multivariate modeling (10-15) have been shown to 
drastically reduce the experimental task to arrive at optimal 
conditions. 

The choice of the solvent system is also dependent on the 
mode of detection used. A lack of strong chromophores in 
TAG molecules makes ultraviolet (UV)-detection difficult. 

*To whom correspondence should be adresssed at Karlshamns Lipid- 
Teknik AB, P.O. Box 66 86, S-113 84 Stockholm, Sweden. 
Abbreviations: Ad, arachidic acid; CN, carbon number; CRS, chr~ 
matographic resolution statistic; D, decanoic acid; ECN, equivalent 
carbon number; Hd, heptadecanoic acid; HPLC, high-performance li- 
quid chromatography; HRGC, high resolution gas chromatography; 
L, linoleic acid; La, lauric acid; Ln, linoleuic acid; M, myristic acid; 
Nd, nonadecanoic acid; O, oleic acid; P, palmitic acid; P', Snyders 
polarity index; Pd, pentadecanoic acid; PN, partition number; PLS, 
partial least squares correlations in latent variables; P, palmitic acid; 
RP-HPLC, reversed-phase high-performance liquid chromatography; 
St, stearic acid; TAG, triacylglycerol; UV, ultraviolet. 

In addition, in UV-dectection the response depends on the 
degree of unsaturation in a given molecular species, which 
can be highly variable Refractive index detection limits the 
choice of solvent to isocratic systems resulting in a concomi- 
tant loss in resolution. The fight-scattering detector has 
gained in popularity due to its ability to permit gradient 
elution and thus comes close to the ideal detector for lipid 
analysis. It is not without drawbacks, however, as its re- 
sponse function is sigmoidal in shape, necessitating careful 
calibration for quantitative worl~ 

In RP-HPLC of TAG molecular species, retention is a 
function of both the total chainlength of the fatty acyl 
moieties and the total number of double bonds. Increasing 
chainlength increases the elution time while increasing the 
degree of unsaturation reduces the elution time This rela- 
tionship has been utilized in the partition number (PN) con- 
cept {16), a general rule of thumb being that PN = CN - 
2 • U, where CN is the total number of carbons and U is 
the total number of double bonds in the fatty acyl chains. 
This simple relationship can be extended into the equivalent 
carbon number (ECN) concept, where differences between 
species of equal PN are taken into consideration. This last 
relation is empirically derived by building a mathematical 
model between the retention times of a set of saturated stan- 
dards and their respective ECN values (1,2,5,9,17,18), 
thereby enabling one to predict ECN values for unknown 
species from their retention times. 

The goal of the present study was to optimize an existing 
RP-HPLC system developed in our laboratory for the analy- 
sis of natural TAG oils utilizing statistical experimental 
design and response surface modeling. The utility of the 
method is illustrated for the analysis of several natural TAG 
oils,/.e, soybean oil, rapeseed oil, palm oil, linseed oil, tallow 
and fish oil The separated peaks were identified by their 
ECN values. 

MATERIALS AND METHODS 

Materials. Chromatographically purified natural oils were 
obtained from Karlshamns LipidTeknik AB (Stockholm, 
Sweden). TAG standard mixtures were obtained from 
Larodan (MaimS, Sweden} and from Sigma (St. Louis, 
MO). Acetonitrile and isooctane were of analytical grade 
and purchased from E. Merck (Darmstadt, Germany}. 
Ethanol was of spectroscopic grade (99.5 vol%) from 
Kemetyl (Stockholm, Sweden). A mixture of standards 
containing the saturated molecular species tridecanoin 
(DDD), trilaurin (LaLaLa), trimyristin (MMM), tripen- 
tadecanoin (PdPdPd), tripalmitin (PPP), triheptadecanoin 
(HdHdHd) and tristearin (StStSt) was used to develop the 
ECN models. 

HPLC. The HPLC system consisted of two Shimadzu 
LC-6A pumps (Kyoto, Japan) integrated with a Shimadzu 
SCL-6B system controller and an ODS-column (Super- 
spher RP-100, 250 • 4.6 mm, 100 ~,} from Merck. The col- 
umn was thermostatted with a water bath. Detection was 
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T A B L E  1 

Reduced  Factor ia l  D e s i g n s  of  the  F irs t  a E x p e r i m e n t a l  B lock  

Run EtOH Isooctane Temperature Flowrate Gradient b B% CRS c 
number (vol%) (vol%) (~  (mL/min) profile endpoint value 

1 45 15 50 1.5 0 100 8.935 
2 45 25 50 0.8 - 4  50 10.556 
3 45 25 70 0.8 0 100 -- 
4 35 25 70 1.5 0 50 - -  
5 45 15 70 1.5 - -4  50 - -  
6 35 25 50 1.5 - 4  100 7.634 
7 35 15 70 0.8 - 4  100 - -  
8 35 15 50 0.8 0 50 10.640 

aplackett-Burman. 
bGradient: A to B in 80 rain. 
cCRS, chromatographic resolution statistic. 

done with a l ight-scat ter ing detector  from Cunow, model 
D D L  11 (Cergy, St. Christophe, France). The detector 
nebulizer was set  at  35 psi and held a t  a t empera ture  of 
90 oC. Collection and integrat ion of da ta  was done on the 
PC integrat ion Pack (Kontron, Milan, Italy). 

Sample preparation. Twenty-five m g  of the oil was 
dissolved in 5 m L  of ethanol/isooctane (3:1, vol]vol). One 
hundred m g  of each s tandard  mixture  was dissolved in 
25 m L  ethanol / i sooctane  (3:1, vol/vol), and 10 ~L of each 
sample  was injected. 

Multivariate methods. These methods  have been de- 
scribed in detail in the l i terature (19-21), and their  use 
in lipid analysis has recently been reviewed (22). In  brief, 
the underlying s t ra tegy  of par t ia l  leas t  squares correla- 
t ions in la tent  variables (PLS), which is a widely used 
method for mul t ivar ia te  calibration, is to consider each 
experimental variable (vol% of a solvent, eta) and response 
variable (peak resolution, etc.) as coordinate axes in two 
separate  mult idimensional  spaces. The goal is thereafter  
to build the defining relationship between the two dif- 
ferent blocks of variables, i.e., the independent  and the 
dependent  blocks. Each  object (object -- sample) is de- 
scribed by a vector containing the values of the experi- 
mental  variables or the response variables and can thus  
be seen as a point  in each respective space. A set  of ob- 
jects with the same measured variables form a swarm of 
points  in this space and objects similar to each other  will 
be near  to each other, so tha t  distance therefore con- 
s t i tutes  a measure  of similarity/dissimilarity. New vari- 
ables representing a m a x i m u m  amount  of the systemat ic  
variance present  in the da ta  are calculated as linear com- 
binat ions of the experimental  and response variables. 
These are often called the la tent  factors, which describe 
the intrinsic, underlying variance s t ructure  of the sys tem 
under  study. The defining relationship between the two 
blocks is built  by using information from the dependent  
block to adjus t  or rota te  the la tent  factors from the in- 
dependent  block until  maximal  linear correlation is ob- 
tained between the blocks. PLS thus  models both  the 
dependent  and independent  blocks simultaneously. The 
PLS method can also be used to ex t rac t  certain specified 
port ions of the sys temat ic  variance from the experi- 
menta l  da ta  (19-22}. 

Optimization 'procedure. Optimizat ion of an exist ing 
method  was done in two sequential  s teps utilizing statis-  
tical experimental  design, response-surface modelling 
(10,11,22) and PLS regression (19,20). Opt imizat ion was 

done using chromatographical ly  purified soybean oil 
th roughout  the study. Calculations were done in Excel  
(Microsoft, Seattle, WA); response surface modelling was 
done in Sta tgraphics  (STSC, Rockville, MD); PLS regres- 
sion was done in SIMCA 3B (Sepanova, Enskede, Sweden) 
and calculation of ECN values were done in MATLAB 
(Mathworks, Natick,  MA). 

In  the first  step, the composit ion of eluent B was op- 
timized. This was done in two different blocks, the first  
was a screening block where the impor tan t  factors were 
determined v/a a highly reduced factorial design (Plackett- 
Burman). The design and experimental  domain are shown 
in Table 1. The eight chromatograms,  conditions given by  
each row in Table 1, were evaluated quant i t ively and 
ranked using a mul t ivar ia te  ranking function, where op- 
t imal chromatographic conditions are attained at  the mini- 
m u m  of the function. The chromatographic  resolution 
s ta t is t ic  (CRS) function takes peak  resolution, peak dis- 
tr ibution and total  analysis t ime into account, thus enabl- 
ing an objective and quant i ta t ive  ranking (23). 

In  the second block of the first  step, the best  chroma- 
tog ram from the first block was used as the basis  for a 
new experimental  design (Table 1, row 6). The experi- 
menta l  factors identified as influential in the first block 
were varied according to a fractional factorial design 
(24-1) shown in Table 2. These chromatograms  were also 
evaluated and ranked according to the above described 
procedure  

Response surfaces of the experimental  domain were 
developed in two different ways, either by f i t t ing a linear 

TABLE 2 

Reduced  Factor ia l  D e s i g n  of  the  Second a Exper imenta l  B lock  

Run EtOH Isooctane Gradient b B% CRS c 
number (vo l%)  (vol%) profile endpoint value 
1 40 10 --2 75 13.775 
2 50 10 --2 75 19.133 
3 50 10 +2 75 12.099 
4 40 20 +2 75 9.910 
5 50 10 --2 100 12.416 
6 40 20 --2 100 12.418 
7 50 10 +2 100 11.688 
8 50 20 +2 100 10.022 

aChosen from a full factorial (Ref. 24). 
bGradient: A to B in 80 rain. 
cCRS, chromatographic resolution statistic. 
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polynomial function in the experimental factors to the cor- 
responding CRS values and plotting two factors at a time, 
or by developing a PLS regression model relating the ex- 
perimental factors to the resolution and peak asymmetry 
factors and the total analysis time. These response sur- 
faces enabled location of optimal experimental conditions 
for the B eluent. 

The optimal A eluent composition was obtained in the 
second step by varying the content of isooctane, i.a, alter- 
ing the elution strength of the solvent system. 

Identification. The TAG molecular species were identi- 
fied on the basis of their ECN values. These were deter- 
mined using the Snyder's polarity index values (P') (24), 
calculated for the solvent system composition at the time 
of elution of the set of TAG standards. The ECN values 
were determined by fitting a fifth degree polynomial in 
the calculated P' to the known ECN values of a set of 
saturated TAG standards, where 

ECNi =/:Jo + ~lP ' i  + ~2P'i 2 + ~aP'i a +/34P'i  4 +/35P'i5 [1] 

and the vector of regression coefficients was found by 
matrix least squares 

= ( x ' x l - l x ' Y  [2] 

where Y is the vector of ECN values of the saturated set 
of nine TAG standards and the X-matrix is the right-hand 
side of the ECN equation. Thereafter the ECN values were 
predicted for unknown TAG molecular species. The rela- 
tive prediction (PRED) error (ER) for each standard 
(STD) species was calculated as 

E a = (ECNsT D - ECNpBED)/ECNsTI) [3] 

RESULTS AND DISCUSSION 

The results of the optimization can be seen in Figures 1 
and 2. The experimental domain was mapped by response ~ 
surface modelling and PLS response surface modelling 
which thus enabled the graphical localization of optimal 
chromatographic conditions. The PLS-1 and PLS-2 axes 
are the linear combinations of the original experimental 
variables, the so-called latent factors, which have maximal 
linear correlation to the response variable, the CRS values 
(Fig. 1). In this plot the location of each experiment on 
the response surface can be seen (Fig. 1). As stated above, 
optimal chromatography is attained where the CRS func- 
tion shows a minimum, in this figure at the bottom left 
corner (Fig. 1). The correlations between the original ex- 
perimental variables and the latent factors can be utilized 
to elucidate the relation between the chromatographic con- 
ditions and the quality of the chromatography, expressed 
as the CRS value. The response surfaces can be compared 
with one another, in order to graphically locate experi- 
mental conditions at the minimum of the function, thus 
enabling optimization of chromatographic conditions. Op- 
timal values of the chromatographic conditions can also 
be directly predicted using PLS regression. These were 
from acetonitrile/isooctane (90:10, vol/vol) to acetoni- 
trile/ethanol/isooctane (40:35:25, by vol), at a column 

CRS 15 

,6 

- 1 5 ~  PLS -2 
PL$-I 

FIG. 1. Partial least squares correlations in latent variables (PLS) 
response surface plot, chromatographic resolution stat ist ic  (CRS) 
value as a function of the first and second linear combinations of 
the original experimental variables. 

CRS 

250 

200 

150 

100 

5O 

o 
0 '~ 4 B 8 10 12 14 

isooctane (vol%) 

FIG. 2. Chromatographic resolution statist ic  (CRS) value as a func- 
tion of isooctane level in the A eluent. 

temperature of 50~ a flowrate of 1.5 mL/min and a gra- 
dient of 100% A to 100% B in 80 min with a negative ex- 
ponential profile 

The results from the optimization are strongly depen- 
dent on the optimization criteria; different chromato- 
graphic systems can be obtained by altering the goal of 
the optimization. In order to develop a system showing 
maximal separation within the explored domain, with no 
regard to the total analysis time, the resolution factors 
can be emphasized in the PLS regression. The system 
predicted to give maximal resolution (within the explored 
domain) had the composition of acetonitrile to acetoni- 
trile]ethanol (59:41, vol/vol), at a column temperature of 
50~ and a flowrate of 1.5 mL/min. 

Some general remarks can be made based on Table 1. 
A lower elution temperature causes a decrease in the CRS 
values. Temperature was subsequently held at 50~ in the 
second set of experiments. The flowrate was also held 
constant at 1.5 mL/min in order to reduce the number 
of variables. Increasing the amount of isooctane in 
eluent A up to 12% (Fig. 2) was shown to yield lower CRS 
values. The final analysis time was shown to be strongly 
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dependent on the amount  of isooctane in both eluent A 
and B. 

Retention indices such as the ECN concept have found 
widespread use in lipid analysis, especially for the iden- 
tification of molecular species of TAG (2,16,17). In  the 
ECN concept, a mathematical  model is built between the 

T A B L E  3 

ECN Values of Molecular Species a 

Species b PN ECN 

DDD 30 30.00 

LnLnLn 36 35.24 
LaLaLa 36 36.00 

LLnLn 38 37.06 

LLLn 40 39.13 
LnLnO 40 39.13 
LnLnP 40 39.61 

LLL 42 40.79 
LLnO 42 41.03 
LLnP 42 41.23 
LnLnSt 42 n.d. a 
MMM 42 42.01 

LLO 44 42.79 
LnO0 44 42.79 
LLP 44 43.06 
LLnSt 44 n.d. 
LnOP 44 43.06 
LnPP 44 n.d. 

LO0 46 44.63 
LLSt 46 n.d. 
PdPdPd 45 45.01 
LOP 46 45.01 
LnOSt 46 n.d. 
LPP 46 45.40 
LnPSt 46 n.d. 

0 0 0  48 46.77 
LOSt 48 n.d. 
OOP 48 47.29 
LPSt 48 n.d. 
OPP 48 47.87 
PPP 48 48.49 
LnStSt 48 n.d. 

OOSt 50 49.16 
LStSt 50 49.16 
OPSt 50 49.89 
PPSt 50 50.68 

HdHdHd 51 51.54 

OStSt 52 52.47 
PStSt 52 53.49 

StStSt 54 54.59 

NdNdNd 57 57.08 

AdAdAd 60 60.02 

retention times of the TAG molecular species and a 
weighted sum of the total number of carbon atoms and 
the number of double bonds in the fa t ty  acyl chains pre- 
sent in the TAG molecule The most  common mathe- 
matical model used is a logarithmic relation {4,9). The 
results have been used to provide a means of identifying 
TAG molecular species and also to predict the chainlength 
and number of double bonds (4,9,17,18). 

Different nomenclatures are used by workers in this 
field. In the present s tudy we will restrict ourselves to the 
nomenclature used by Podlaha and T~reg~ird (9). Our 
choice of using a polynomial expansion to model the data  
was motivated by the fact tha t  we use gradient elution. 

p,c Any nonlinearity in the data  due to the solvent gradient 
4.70 would therefore be properly handled by choosing the ap- 
4.45 propriate degree of the polynomial. A fifth degree poly- 
4.41 nomial model was found to give the lowest relative predic- 
4.36 tion error {approximately 1%). We also used P '  (Snyders 

polarity index; Ref. 24) instead of the retention times in 
4.27 the ECN model in order to compensate for different gra- 
4.27 
4.25 dient profiles. The P'-value is a measure of the chromato- 
4.20 graphic environment experienced by each individual 
4.19 molecular species at  the time of elution and can thus be 
4.18 considered as a more pertinent description of the chemical 

characteristics of the molecule The P:value for the sol- 
4.15 vent mixture at  the time of elution can be estimated by 
4.12 calculating the amounts  of the different solvents present 
4.12 in the mobile phase and by using the volume fractions as 
4.11 coefficients in a simple linear function of each pure sol- 

vent P'  (24). Further, our use of the ECN values is re- 
4.11 stricted to simply obtaining an identification or an order- 

ing number for each of the separated peaks. The results 
4.06 can thus be compared to virtually any RP-HPLC system 
4.05 just  by employing a set of saturated TAG standards to 
4.05 build the ECN model. 

Prediction of the ECN values for molecular species was 
4.04 done for a range of different natural oils (Table 3). Molecu- 

lar species tha t  are not determined in this chromato- 
4.01 graphic system are placed in the expected elution order 

(25,26). The separation potential of the system can be 
4.00 described by comparing the number of carbons and the 
3.99 degree of unsaturat ion in the fa t ty  acid moieties, i.e., the 
3.98 part i t ion number, PN, to the observed P '  differences of 

different TAG, a selection of which are listed in Table 4. 

3.97 
3.97 
3.96 
3.95 

3.94 

3.93 
3.92 

3.91 

3.89 

3.87 

TABLE 4 

P' Relation to Partition Number (PN) 

PN difference Example of fatty P' 
in TAG acid substitution a difference 

0 
2 

aAbbreviations: Ad, arachidonic acid; D, decanoic acid; PN, patti- 2 2 tion number; ECN, equivalent carbon number; Hd. heptadecanoic 2 
acid; Ln, linolenic acid; La, lauric acid; L, linoleic acid; Nd, nona- 2 
deanoic acid; O, oleic acid; P, palmitic acid; Pd, pentadecanoic acid; 
St, stearic acid. 4 
bFatty acids given in arbitrary order in regard to the glycerol 4 
backbone. 4 
CCalculations not corrected for system void volume. 6 
dn.d., Not determined, species given in the expected elution order 
according to References 25 and 26. 

P replaced with O 0.02-0.01 
P replaced with L 0.11-0.06 
O relaced with L 0.09-0.05 
L replaced with Ln 0.09-0.06 
St replaced with O 0.10-0.02 
St replaced with P 0.08-0.01 
P replaced with Ln 0.20-0.12 
O replaced with Ln 0.18-0.11 
St replaced with L 0.19-0.06 
St replaced with Ln 0.28-0.12 

aAbbreviations: TAG, triacylglycerols; see Table 3 for other ab- 
breviations. 
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FIG. 3. P' difference as a function of average equivalent carbon 
number (ECN) of (A) triacylglycerol (TAG) molecular species and (B) 
TAG molecular species containing stearic acid. Abbreviations: O, 
olei~ P, puimitir L, linoleic; Ln, linolenic. 

Plots of these (Fig. 3) show decreasing trends when mov- 
ing from low ECN values (early-eluting) to high values 
(late-eluting). Species that will coelute in this system, pro- 
vided they coexist in the same oil, can be seen in this plot 
where the lines intersect (Fig. 3B). 

The number of RP-HPLC distinguishable molecular 
species (not considering positional or optical isomers) is 
given by (n 3 + 3n 2 + 2n)/6, where n is the number of fat- 
ty  acids (27). This number is the upper limiting value, the 
random distribution. The number of species found in most 
biosystems is much lower. Alsa many of the species in- 
cluded in this number are probably present at levels below 
the detection limit (100 ng). Soybean oil (Fig. 4A) with 
6 major fat ty acids can contain at the most 56 molecular 
species (random distribution); 12 peaks are separated and 
11 are identified, these are listed in Table 5. By changing 
the optimization criteria as mentioned above to emphasize 
separation at the expense of total analysis time, the 
average resolution can be enhanced from 3.9 to 4.4 {Fig. 
4A), thus separating 16 peaks (Fig. 4B). Rapeseed oil (Fig. 
5A) has 5 major fatty acids and can exhibit 35 molecular 
species at the most according to the random distribution, 
12 are separated and identified in this chromatogram (Fig. 
5A, Table 5). Palm oil (Fig. 5B) also has 5 major fatty acids 
as does linseed oil (Fig. 6A), 11 and 13 peaks are separated 

A 

L 
B 

10 
Minutes 

20 

§ 

I 

50 
Minutes 

FIG. 4. Reversed-phase high-performance liquid ehromatograms for 
soybean oil. Solvent system for (A): acetonitrile/isooctane (90:10, 
vol/vol) to acetouitrile/ethanoi/isooctane (4(k.35:25, by vol), and for (]3): 
acetouitrile to aestouitrile/ethanol {5~.41, vol/vol). Conditions: see text. 
Peak numbering refers to Table 4. See Figure 3 for abbreviations. 

separated and identified, respectively (Figs. 5B, 6A, Table 
5). Tallow has a more complex fatty acid composition with 
9 major fatty acids (Fig. 6B), 165 random combinations 
are possible while 16 peaks are separated and 12 are iden- 
tified (Fig. 6B, Table 6). The decidedly more complex fish 
oil, a commercial commodity (Fig. 7), has a fatty acid com- 
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TABLE 5 

ECN of Oils from Different Sources  a 

Soybean 
Peak ECN Area Species Area 
number p,b value % % 

Rapeseed 
Species 

Palm Linseed 

Area Species Area Species 
% % 

1 4.70 3O.OO 
2 4.45 35.24 
3 4.43 35.61 
4 4,41 36.00 
5 4.36 37.06 
6 4.35 37.28 0.2 LLnLn 
7 4.34 37.50 
8 4.33 37.73 
9 4.31 37.20 

10 4.30 38.43 
11 4.28 38.90 
12 4.27 39.13 5.6 LLLn 
13 4.25 39.61 
14 4.22 40.32 
15 4,20 40.79 32.3 LLL 
16 4,19 41.03 
17 4,18 41.27 
18 4,17 41.51 1.4 LLnP 
19 4,15 42.01 
20 4.14 42.26 
21 4,14 42.26 
21 4.13 42.52 
22 4.12 42.79 23.4 LLO 
23 4.11 43.06 17.0 LLP 
24 4.10 43.35 
25 4.09 43.65 
26 4.08 43.96 
27 4.06 44.6 36.9 LOO 
28 4.05 45.01 1.5 LOP 
29 4.04 45.40 0.7 LPP 
30 4.03 45.82 
31 4.02 46.28 
32 4.01 46.77 0.6 OOO 
33 4.00 47.29 0.4 OOP 
34 3.99 47.87 
35 3.98 48.49 
36 3.97 49.16 
37 3.96 49.89 
38 3.95 50.68 
39 3.94 51.54 
40 3.93 52.47 
41 3.92 53.49 
42 3.91 54.59 
43 3.89 57.08 
44 3.87 60.02 

Total area%: 100.0 

0.8 LLLn 

5.1 LLL 
0.4 LLnO 

18.9 LLO/LnOO c 
0.4 LLP/LnOP d 

26.8 LOO 
2.0 LOP 

41.4 OOO 
2.1 OOP 

0.4 OPP 
0.8 OOSt 

99.1 

34.7 LnLnLn 

14.0 LLnLn 

19.3 LnLnO 
5.2 LnLnP 

5.7 LLnO 
6.5 LLnP 

6.4 LnOO 
0.6 LLP 3.8 LnOP 

0.6 LOO 0.7 LOO 
7.5 LOP 2.2 LOP 
7.5 LPP 

2.3 OOO 0.8 OOO 
29.2 OOP 0,4 OOP 
42.8 OPP 

4.6 PPP 
1.1 OOSt 0.3 OOSt 
3.5 OPSt 
O.3 PPSt  

100.0 100.0 

aAbbreviations: See Table 3. 
bCalculations not corrected for system void volume. 
r species LLO {0.9%} and LnOO do not coelute, as can be seen in Figure 5A, but have the same P' value 
in this example of rapeseed oil. 
dThe species LLP and LnOP coelute. 
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FIG. 5. Reversed-phase high-performance liquid ehromatograms for 
(A) rapeseed oil and (13) palm oil. Solvent system: acetonitrile/isooo 
tane (90:10, vol/vo|) to acetouitrile/ethanoi/isooctane (40:35:25, by voI). 
Conditions: see text. Peak numbering refers to Table 4. 

io 20 
Minutes 

FIG. 6. Reversed-phase high-performance liquid chromatograms for 
(A) linseed oil and fiB) tallow. Solvent system: acetouitrile/isooetaue 
(90:.10, vol/vol) to acetonitrileSethanol/isooctane (40:.35:25, by vol). Con- 
ditions: see text. Peak numbering re|ers to Tables 4 and 5, 
respectively. 
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TABLE 6 

ECN of Oils from Dif ferent  Sources  a 

METHOD 

Fish 

Peak ECN Area Species 
number p,b value % 

Tallow Standard 

Area  Species Area Species 
% % 

1 4.70 30.00 
2 4.45 35.24 2.3 
3 4.43 35.61 3.3 
4 4.41 36.00 
5 4.36 37.06 
6 4.35 37.28 3.5 
7 4.34 37.50 7.9 
8 4.33 37.73 4.5 
9 4.31 37.20 1.9 

10 4.30 38.43 2.7 
11 4.28 38.90 8.7 
12 4.27 39.13 1.0 
13 4.25 39.61 
14 4.22 40.32 1.4 
15 4.20 40.79 14.3 
16 4.19 41.03 7.3 
17 4.18 41.27 0.8 
18 4.17 41.51 
19 4.15 42.01 0.9 
20 4.14 42.26 1.1 
21 4.13 42.52 13.8 
22 4.12 42.79 7.4 
23 4.11 43.06 2.1 
24 4.10 43.35 
25 4.09 43.65 2.7 
26 4.08 43.96 2.3 
27 4.06 44.63 
28 4.05 45.01 
29 4.04 45.40 3.6 
30 4.03 45.82 2.1 
31 4.02 46.28 
32 4.01 46.77 
33 4.00 47.29 
34 3.99 47.87 2.5 
35 3.98 48.49 0.9 
36 3.97 49.16 
37 3.96 49.89 
38 3.95 50.68 
39 3.94 51.54 
40 3.93 52.47 
41 3.92 53.49 
42 3.91 54.59 
43 3.89 57.08 
44 3.87 60.02 

2.2 LPP 
1.9 
0.7 
0.8 0 0 0  

16.4 OOP 
15.1 OPP 

5.0 PPP 
1.1 LStSt 

40.6 OOSt/OPSt c 
4.8 PPSt 
0.4 
5.6 OStSt 
4.5 PStSt 
0.7 StStSt 

Total area%: 99.0 99.8 

9.8 DDD 

10.9 LaLaLa 

11.4 MMM 

16.8 PdPdPd 

11.6 PPP 

23.2 HdHdHd 

12.1 StStSt 

2.1 NdNdNd 
2.1 AdAdAd 

100.0 

aAbbreviations: See Table 3. 
bCalculations not corrected for system void volume. 
CThe species OOSt (7.2%) and OPSt do not coelute, as can be seen in Figure 6B, but have the same P" value 
in this sample of tallow. 

pos i t i on  of 15 m a j o r  f a t t y  ac ids  w i th  680 poss ib le  r a n d o m  
combina t ions .  Th is  oil con ta ins  molecu la r  species  of qu i te  
a d i f fe ren t  n a t u r e  t h a n  t h o s e  p r e s e n t  in seed  oils, due  to  
t he  h igh  con ten t  of p o l y u n s a t u r a t e d  f a t t y  acids.  However,  
in less t h a n  25 rain some  46 species  are separated~ of which 
24 are  m a j o r  (:>0.8 a rea  %) (Fig.  7, Table  6). 

In  conclusion,  we have  fo rmal ly  op t imized  an  R P - H P L C  
m e t h o d  for t he  s epa ra t i on  of TAG molecu la r  species  u s i n g  
s t a t i s t i ca l  expe r imen ta l  des ign  and  mu l t i va r i a t e  opt imiza-  
t ion.  Th is  s t r a t e g y  enab les  g r e a t  f lex ib i l i ty  in t h e  develop- 

m e n t  p rocess  to  t a i lo r  t h e  s y s t e m  a f t e r  des i r ed  specif ica-  
t ions ,  l im i t e d  on ly  b y  the  chosen  e x p e r i m e n t a l  domain .  
T h e  s y s t e m  t h u s  deve loped  a f fo rded  exce l len t  r e so lu t i on  
w i t h i n  a s h o r t  t o t a l  a n a l y s i s  t ime,  wh ich  was  exempl i f i ed  
on severa l  e x a m p l e s  of  n a t u r a l  s eed  oils, t a l low a n d  f i sh  
off. I d e n t i f i c a t i o n  of t h e  TAG spec ies  was  done  u t i l i z i ng  
the  E C N  concept  wi th  Snyders  P '  a t  t he  t ime  of e lu t ion in- 
s t e a d  of r e t en t ion  t imes.  Th is  concept  was  shown, t h r o u g h  
h P ' -ECN plots ,  to  furn ish  a means  of de t ec t ing  po ten t i a l ly  
c r i t i ca l  pa i r s  of mo lecu la r  spec ies  p r e s e n t  in  d i f fe ren t  oils. 
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FIG. 7. Reversed-phase high-performance liquid chromatogram for 
fish oil. Solvent system: acetonitrile/isooctane (90:10, vol/vol) to 
acetouitrile/ethanol/isooctane (40:35:25, by vol). Conditions: see text. 
Peak numbering refers to Table 5. 
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Maternally.Supplied Fish Oil Alters Piglet Immune Cell Fatty Acid 
Profile and Eicosanoid Production' 
Kevin L. Fritsche*, David W. Alexander, Nancy A. Cassity and Shu-Cai Huang 2 
Department of Animal Sciences, University of Missouri, Columbia, Missouri 65211 

This study was designed to examine the incorporation of 
omega-3 (n-3) fatty acids into the immune tissues of pigs 
nursing fish oil-fed sows and to determine the effect of 
maternal dietary n-3 consumption on in vitro immune cell 
eicosanoid production. On day 107 of gestation, 12 sows 
were randomly allotted to a diet containing either 7% 
menhaden fish oil {MFO) or lard (LRD). The fatty acid 
profile of serum, liver, thymus, splenocytes and alveolar 
macrophages {AM) of 18-21-day~ld pigs was significantly 
affected by the fat source provided to the sow. Ara- 
chidonic acid (20:4n-6) content was typically reduced by 
more than 50% in MFO as compared with LRD pigs. In 
MFO pigs, eicosapentaenoic acid (20:5n-3) was the major 
n-3 polyunsaturated fatty acid, and its levels matched or 
exceeded those of arachidonic acid. Basal release of 
prostaglandin E, thromboxane B and leukotriene B by 
AM was 60-70% lower in MFO vs. LRD pigs. However, 
when these immune cells were stimulated with calcium 
ionophore A23187, release of leukotriene B was similar 
in MFO and LRD pigs. In conclusion, substituting MFO 
for LRD in a sow's late-gestation and lactation diet 
greatly elevated the content of n-3 fatty acids in the 
nursing pig immune cells and generally reduced in vitro 
eicosanoid release by pig immune cells. 
Lipids 28, 677-682 (1993). 

Apart from their role as storage and transport forms of 
metabolic fuel, the fatty acid portion of dietary fats serves 
several other important functions in the body. These in- 
clude providing for the essential fatty acid requirements, 
acting as structural components of cell membranes and 
serving as precursors for eicosanoid production. Eicosa- 
noids, such as prostaglandins and leukotrienes, are recog- 
nized as important modulators of humoral and cell-medi- 
ated immune responses {1,2). Considerable evidence has 
accumulated which demonstrates that  dietary fats influ- 
ence the immune response, partly through their ability 
to modulate eicosanoid production {3). The fatty acid 
moieties of phospholipids determine many membrane 
functions. The possible influence of lipids on receptor bind- 
ing, signal transduction and lymphocyte proliferation 
makes knowing the fatty acid composition of immune cells 
of particular interest (4,5}. 

IPresented in part at the 1991 Midwest Animal Sciences meeting, 
Des Moines, Iowa. 
*To whom correspondence should be addressed at Department of 
Animal Sciences, 110 Animal Sciences Research Center, Columbia, 
MO 65211. 
2Current address: Oklahoma Medical Research Foundation, 825 
N.E. 13th St., Oklahoma City, OK 73104. 
Abbreviations: AA, arachidonic acid; AM, alveolar macrophage; 
EDTA, ethylenediaminetetraacetate; EPA, eicosapentaenoic acid; 
HEPES, N-2-hydroxyethylpiperazine N'-2-ethanesulfonic acid; LRD, 
lard; LTB, leukotriene B; MEM, Minimal Essential Medium; MFO, 
menhaden fish oil; PGE, prostaglandin E; PUFA, polyunsaturated 
fatty acids; TXB, thromboxane B. 

With the increased interest in providing premature in- 
fants and neonates lipid emulsions or infant formulas en- 
riched with n-3 polyunsaturated fat ty acids (PUFA}, it is 
important that we understand the potential impact of 
these lipids on immune tissues in this age group. Little 
is known about the influence that maternal dietary fat 
source has on the fat ty acid composition and eicosanoid 
production of neonatal immune cells. The use of swine in 
biomedical research has been growing steadily. Miller and 
Ullrey (6) have described some of the advantages of using 
the pig as a model for human nutrition research. Previous 
studies in this laboratory demonstrated that the inclusion 
of fish oils in sow diets during lat~gestation and lacta- 
tion significantly elevated n-3 PUFA levels in the blood 
of nursing pigs (7). 

The objectives of this study were: (i} to determine the 
incorporation of n-3 PUFA into the immune cells of pigs 
nursing fish oil-fed sows and (ii) to quantitate the impact 
of n-3 PUFA incorporation on eicosanoid production by 
pig immune cells. 

MATERIALS AND METHODS 
Animals and diets. On day 107 of gestation, 12 crossbred 
sows {Landrace X Duroc, Columbia, MO) were randomly 
allotted to one of two diets, in which menhaden fish oil 
(MFO) was substituted for lard (LRD} at 7% by weight 
of the diet. Diets were isocaloric and formulated to meet 
National Research Council requirements {8). See Table 1 

TABLE 1 

Composition of Experimental Diets Fed to Sows 

Ingredient 

Dietary treatment groups 
LRD (g/lO0 g) MFO (g/lO0 g) 

Ground corn 58.9 58.9 
Oats i0.i I0.I 
Soybean meal (44% crude protein) 20.0 20.0 
Lard {LRD) a 7.0 -- 
Menhaden fish oil (MFO) b -- 7.0 
Dicalcium phosphate 2.7 2.7 
Vitamin mix c 0.5 0.5 
Trace mineral salt mix d 0.5 0.5 
Ground limestone 0.4 0.4 
aAnalyzed fatty acid composition (wt%): 14:0, 1.0; 16:0, 25.4; 
16:1n-7, 2.8; 18:0, 13.7; 18:1n-9, 42.3; 18:2n-6, 10.8; 18:3n-3, 0.7. 
bCourtesy of Zapata Haynie Corp. (Reedville, VA) with an analyzed 
fatty acid composition of (wt%): 14:0, 6.4; 16:0, 16.6; 16:1n-7, 10.4; 
18:0, 2.6; 18:1n-9, 13.9; 18:2n-6, 1.5; 18:3n-3, 1.2; 20:1, 2.6; 20:5n-3, 
14.3; 22:1, 1.8; 22:5n-3, 2.2; 22:6n-3, 12.6. Fish oil was stabilized 
against autooxidation by the addition of 500 ppm of ethoxyquin. 
cSupplied per kg of diet: 5,506 IU vitamin A, 550 IU vitamin D3, 
27 IU vitamin E, 5.5 nag riboflavin, 27 mg d-pantothenic acid, 33 
mg niacin, 2.2 mg thiamin, 2.2 mg vitamin B 6, 1.1 rag folic acid, 669 
mg choline, 0.038 mg vitamin B12, 2.2 mg menadione and 0.165 mg 
biotin. 
dSupplied in mg per kg of diet: 125 Zn, 125 Fe, 25 Mn, 15 Cu, 0.5 
I, 0.1 Se, 4,258 NaCl. 
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for complete composition. Sows were individually fed 
1.8-2.1 kg of experimental diets daily from day 107 of 
gestation until farrowing. An additional 0.45 kg was fed 
to each sow per day for each suckling pig during the 28-d 
lactation perio& Additional details regarding housing and 
handling of animals is described elsewhere (7). Housing, 
handling and sample collection procedures conformed to 
policies and recommendations of the University of 
Missouri's Laboratory Animal Care Advisory Committee. 

Sample collection. At 3-4 wk of age, one pig from each 
litter (n = 6) was killed for tissue collection. The pigs were 
anesthetized with ketamine (20 mg/kg) and acepromazine 
(1 mg/kg). Blood (20 mL) was collected by venipuncture 
and left to clot for subsequent serum isolation. A portion 
of the spleen was removed and placed on ice in a 50-mL 
tube filled with sterile-filtered ice-cold Hank's balanced 
salt solution without Ca 2+ and Mg a+ (UMC Immunobiol- 
ogy Core Facility, Columbia, MO) for subsequent spleno- 
cyte isolation. Single cen suspensions of splenocytes were 
made by forcing the spleen sample through a tissue sieve 
(Sigma, St. Louis, MO) equipped with an 80-mesh stain- 
less steel screen. Using a 10-mL syringe without a needle, 
cell clumps were dispersed by several gentle washings 
through the sieve. Red blood cells and dead cells were 
removed by centrifugation of the spleen cell suspension 
over lymphocyte separation medium, density 1.077-1.080 
g/mL at 20~ as described by the manufacturer (Organon 
Teknika Corp., Durham, NC). Mononuclear cells at the in- 
terface (predominantly lymphocytes and monocytes) were 
collected, washed twice and stored in 1 mL 10 mM ethyl- 
enediaminetetraacetate (EDTA). Samples of the liver and 
thymus were snap frozen in 20-mL glass vials using a dry 
ice-acetone bath. All samples were stored at -80~ until 
lipid analysis. 

Alveolar macrophage (AM) and peritoneal cell isolation 
and eicosanoid production. Resident peritoneal cells were 
collected by filling the peritoneal cavity with =400 mL 
of sterile ice-cold Hank's. The abdomen was gently 
massaged, then fluid was removed with a 60-mL syringe. 
Total recovery averaged =200 mL. For the collection of 
AM, the trachea was clamped shut and the lungs were 
excised. The lungs were filled with 60 mL of ice-cold 
Hank's and gently shaken. The contents of the lungs were 
filtered through sterile gauze into 50-mL tubes on ice This 
process was repeated twice (total recovery was =100 mL). 

The tubes containing the AM or resident peritoneal cells 
were spun down (500 • g for 15 min) and washed twice 
with Minimal Essential Medium (MEM) with 2 mM L- 
glutamine, 10 mM N-2-hydroxyethylpiperazine N'-2- 
ethanesulfonic acid (HEPES), penicillin (100,000 U/L) and 
streptomycin (0.17 mmoFL), pH 7.4 (MEM). The cells were 
then spun at 500 X g for 10 min and resuspended in 10 
mL of MEM. Cells were counted electronically (Coulter 
Electronics, Inc, Hialeah, FL) and resuspended at a final 
concentration of 5 • 106 cell/mL of MEM. The AM were 
more than 95% macrophages based on morphology, 
Wright-Giemsa staining (9) and adherence properties. The 
resident peritoneal cell preparations were 60-70% macro- 
phages based on the same criteria. 

To each well of a 24-well cell culture plate, 0.5 mL (2.5 
X 106) of the AM or peritoneal cell suspension was 
added in addition to 0.5 mL of MEM with 10% autologous 
serum. Plates were placed in an incubator at 37~ with 
5% COz for 4 h to allow cells to adhere After washing 

the adhered cells three times with MEM, 0.5 mL of MEM 
with 10% autologous serum was added to each well. Then 
0.5 mL/well of MEM alone (controls} or containing 
lipopolysaccharide from E. coli Oll l :B4 {5 ~g/mL) or 
calcium ionophore A23187 (2 ~g/mL) was added to wells 
in order to stimulate eicosanoid production. At the times 
indicated, supernatants were collected in 1.5-mL poly- 
propylene microcentrifuge tubes, spun (10,000 rpm, 3 rain), 
then transferred into a new tube and stored at -80~ 

Lipid extraction and analysis. Lipids were extracted 
from the serum, liver, thymus, splenocytes and AM follow- 
ing the Folch method as described elsewhere (10). Methyl 
esters of fatty acids were prepared by transmethylation 
using 4% H=SO4 in methanol. Fatty acid methyl esters 
were identified using a Hewlett-Packard gas chromato- 
graph (Sunnyvale, CA) Model 5890A with a 30 m capillary 
column (Supelcowax 10, Supelc(~ Bellefonte, PA). Results, 
expressed as percent of total fatty acids, were determined 
using a Hewlett-Packard 3396A integrator. 

Eicosanoid analysis. The concentration of prostaglan- 
din E2 (PGE2), thromboxane B2 (TXB2) and leukotriene 
B 4 (LTB4) in the cell supernatants was determined using 
commercially available enzyme immunoassay kits for each 
eicosanoid as described by the manufacturer (Advanced 
Magnetics Ina, Boston, MA). Information on the cross- 
reactivity of these antisera with eicosapentaenoic acid 
(EPA)-derived metabolites (e.g., PGE a, TXB~ and LTB 5) 
was not available from the manufacturer. Therefore results 
are expressed as micrograms of PGE or LTB per liter of 
supernatant. All cell supernatants were assayed in dupli- 
cate. When necessary, supernatants were diluted with 
MEM prior to analysis. The linear portion of a typical 
standard curve ranged from 20.0 to 0.027 ng/mL for PGE 
and 10.0 to 0.014 ng/mL for TXB and LTB, respectively. 

Statistical analysis. Fatty acid data were subjected to 
one~way analysis of variance (ANOVA) to test for an ef- 
fect of fat source Eicosanoid (i.e., PGE, LTB) data were 
log transformed to achieve homogeneity of variance then 
analyzed by ANOVA. All analyses were conducted on a 
Macintosh II computer using version 1.03 of StatView II 
(Abacus Concepts, Inc, Berkeley, CA). 

RESULTS 

Fatty acid composition. The replacement of LRD with 
MFO in the late gestation and lactation diet of sows 
significantly modified the fatty acid profile of the serum, 
liver and immune tissues of nursing pigs {Tables 2 and 3). 
The two fat sources differed significantly in the amount 
of saturated fatty acids and PUFA they contained. 
However, there was little difference in the total saturated 
fatty acid content in the serum or tissues examined. Total 
PUFA content in the serum and liver, but not immune 
tissues, was altered by dietary fat source Oleic acid 
{18:1n-9) was the major monounsaturated fat ty acid in 
both diets and in the samples analyzed. The level of 
18:1n-9, as well as the total monounsaturated fatty acids, 
were higher (P < .05; Tables 2 and 3) in the serum, liver, 
thymus and alveolar macrophages from the LRD pigs as 
compared with the MFO pigs. These differences were a 
reflection of dietary oleic acid and total monounsaturated 
fatty acid content of the diets. 

The relative levels of individual and total n-6 and n-3 
PUFA in the pigs were significantly altered by the source 
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TABLE 2 

Mean Fatty Acid Content of Total Serum and Liver Fatty Acids from Three-Weeks-oid 
Piglets Nursing Sows Fed Diets Containing 7% (by wt) Either Lard {LRD) or Menhaden 
Fish Oil (MFO) a 

Sample source 

Serum 

Maternal fat source 

Liver 

Fat ty  acid b LRD c MFO LRD MFO 

(g/100 g total fatty acids) 
14:0 0.7 0.8 0.2 d 0.5 0.4 0.01 d 
16:0 22.9 22.3 1.3 17.9 18.0 0.8 
16:1 4.2 3.6 0.4 2.7 2.0 e 0.2 
18:0 7.5 5.3 0.8 13.8 15.4 1.2 
18:1n-9 22.5 13.6 f 1.8 12.2 6.9 f 0.9 
18:1n-7 2.5 1.8 f 0.1 2.8 1.6 f 0.1 
18:2n-6 23.0 19.1 e 1.1 14.4 10.3 e 1.0 
20:3n-6 trace trace 0.7 0.5 0.1 
20:4n-6 9.3 4.3 f 0.7 22.4 9.0 g 1.1 
20:5n-3 0.1 15.2 g 1.6 0.2 11.9 g 1.0 
22:4n-6 0.6 0.0 g 0.1 1.1 0.1 g 0.1 
22:5n-6 trace trace 1.0 0.1 g 0.01 
22:5n-3 0.7 1.7 f 0.2 1.9 3.6 # 0.1 
22:6n-3 1.6 7.4/ 0.8 4.7 16.5 g 1.0 
Total SAT h 31.1 28.4 1.6 32.2 33.8 1.4 
Total MONO i 29.2 19.0f 1.7 17.7 10.5 g 0.8 
Total n-6 PUFAi 34.0 24.0 g 1.3 39.9 20.1 g 2.1 
Total n-3 PUFA k 2.8 25.5 g 2.4 6.9 32.3 g 1.8 
Total PUFA s 37.1 49.5 f 2.0 47.0 52.5 e 1.6 

aSows were fed diets containing 7% (by wt) LRD or MFO for 1 wk prior to farrowing. 
Piglets nursed sows within the same treatment group. Samples were collected from piglets 
upon weaning (3 wk). 
bFatty acids are denoted by the number of carbons: number of double bonds, followed 
by the position of the first double bond relative to the methyl-end (n-) of the fatty acid. 
cValues are expressed as means (n = 6) for fatty acids that accounted for 0.7% or more 
of the total fatty acids present in the sample; trace, less than 0.3% of the total fatty acids. 
dpooled SEM. 
eMean MFO value significantly different from LRD value (P < 0.05). 
tMean MFO value significantly different from LRD value (P < 0.005). 
gMean MFO value significantly different from LRD value (P < 0.0005). 
hSum total area percentage of 14:0, 16:0 and 18:0. SAT, saturated. 
iSum total area percentage of 16:1, 18:1n-9, 18:1n-7 and 20:1. MONO, monounsaturated. 
JSum total area percentage of 18:2n-6, 18:3n-6, 20:2n-6, 20:3n-6, 20:4n-6, 22:4n-6 and 
22:5n-6. PUFA, polyunsaturated fatty acids. 
hSum total area percentage of 18:3n-3, 18:4n-3, 20:5n-3, 22:5n-3 and 22:6n-3. 
lSum total area percentage of those fatty acids listed in footnotes j and k. 

of f a t  fed to  t h e  sow. F e e d i n g  f i sh  oil  to  t h e  sows l ead  to  
an  e l eva t ion  of n-3 P U F A  w i t h  a c o n c o m i t a n t  dec rea se  in 
n-6 P U F A .  F o r  example ,  a r ach idon i c  ac id  (AA;  20:4n-6) 
levels  in t he  serum,  l iver  and  i m m u n e  t i s sues  were d e  
c r eased  b y  more  t h a n  50% (P < 0.005; Tables  2 a n d  3) in 
M F O  p igs  as  c o m p a r e d  to  L R D  pigs .  T h e  levels  of t h e  
o t h e r  m a j o r  n-6 P U F A ,  l inole ic  ac id  (18:2n-6), were on ly  
a f fec ted  m o d e s t l y  (P < 0.05; Tables  2 a n d  3). I n  fact ,  
18:2n-6 levels in the  i m m u n e  t i s sues  were no t  s ign i f ican t ly  
d i f fe ren t  be tween  L R D  a n d  M F O  pigs .  

I n  L R D  pigs ,  E P A  (20:5n-3) was  found  on ly  in t r ace  
a m o u n t s  (<0.5%). F e e d i n g  M F O  to  t h e  sows g r e a t l y  in- 
c r ea sed  t h e  a m o u n t  of t h i s  n-3 P U F A  in t h e  se rum,  liver, 
a n d  i m m u n e  t i s sue s  of p i g s  (P < 0.0005). I n  t h e  se rum,  
liver, sp l enocy t e s  a n d  a lveo la r  m a c r o p h a g e s  of t h e  M F O  
pigs ,  t h e  level of E P A  exceeded  t h a t  of  A A .  T h e  levels  of  
o t h e r  n-3 P U F A ,  22:5n-3 a n d  22:6n-3, were a lso  e l eva t ed  
in those  p igs  suckl ing  MFO-fed  sows. Total  n-3 P U F A  con- 
t e n t  of t he  s e r u m  a n d  t i s sue s  s a m p l e d  a c c o u n t e d  for be- 

tween  7-17% of t he  t o t a l  P U F A  in L R D  pigs ,  whi le  in 
M F O  p igs  they  accounted  for be tween  46-65% of the  t o t a l  
P U F A .  However ,  t o t a l  P U F A  levels  in t h e  t h y m u s ,  
s p l e n o c y t e s  a n d  A M  d id  n o t  s i g n i f i c a n t l y  d i f fer  b e tween  
L R D  a n d  M F O  pigs .  

Eicosanoidproduction. The  i m p a c t  of m a t e r n a l  d i e t a r y  
f a t  source  on  p i g l e t  i m m u n e  cel ls  P G E  p r o d u c t i o n  is 
shown in Table  4. The re  was  a 12-fold r e d u c t i o n  in P G E  
re lease  over  a 24-h p e r i o d  b y  u n s t i m u l a t e d  (basal)  A M  
i s o l a t e d  f rom t h e  M F O - p i g l e t s  as  c o m p a r e d  to  t he  L R D  
p ig le t s .  Co-cu l tu r ing  p i g l e t  A M  w i t h  e i t he r  ca l c ium 
ionophore  or  e n d o t o x i n  e l eva t ed  t h e  re lease  of  P G E  in to  
t he  supe rna t a n t s .  M e n h a d e n  f ish o i l - A M  s t i m u l a t e d  w i th  
e n d o t o x i n  r e l ea sed  70% less  P G E  t h a n  t h o s e  f rom L R D  
p i g l e t s  (P < 0.05). W h e n  we e x a m i n e d  a n o t h e r  source  of 
i m m u n e  cel ls  (i.e., r e s i d e n t  p e r i t o n e a l  macrophages ) ,  
s im i l a r  t r e n d s  were no ted .  However,  t h e s e  d a t a  were con- 
s i de r ab ly  more  va r i ab l e  t h a n  the  A M  d a t a  The  on ly  diet-  
r e la ted  difference t h a t  a pp roa c he d  s t a t i s t i c a l  s igni f icance  
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TABLE 3 

Mean Fatty Acid Content of Total Splenocyte, Alveolar Macrophage and Thymus Fatty Acids from Three-Week-Old Piglets Nursing 
Sows Fed Diets Containing 7% (by wt) Either Lard ILRD) or Menhaden Fish Oil {MFO) a 

Immune tissues/cell types 

Splenocytes Alveolar macrophages Thymus 

Maternal  fat  source 

Fa t ty  acid b LRD c MFO LRD MFO LRD MFO 

(g/100 g to ta l  fa t ty  acids) 

14:0 0.5 0.6 0.1 d 0.9 1.6 0.3 d 1.0 1.4 0.2 d 
16:0 25.3 23.0 1.6 37.6 38.4 1.3 25.5 26.7 1.2 
16:1 1.3 1.9 0.2 2.3 2.7 0.3 2.6 3.2 0.6 
18:0 13.3 12.3 0.9 6.7 7.2 0.4 9.9 10.9 0.8 
18:1n-9 14.3 11.8 1.1 13.7 10.2 e 1.1 18.2 12.9 e 1.5 
18:1n-7 3.0 2.5 0.2 2.0 1.8 0.1 5.1 4.6 0.2 
18:2n-6 7.4 8.7 0.8 5.3 4.8 0.4 10.3 9.2 0.6 
20:3n-6 1.2 1.0 0.2 1.0 0.5f 0.1 1.5 1.6 0.2 
20:4n-6 20.6 8.8f 1.5 15.9 5.7[ 0.6 15.3 7.5[ 0.9 
20:5n-3 0.1 12.2[ 1.0 0.2 8.7[ 0.6 0.1 6.9f 0.8 
22:4n-6 2.7 0.3f 0.2 3.4 0.4f 0.4 2.1 0.3 f 0.1 
22:5n-6 trace trace 0.6 t race  ? 0.1 trace trace 
22:5n-3 2.1 5.3 f 0.2 2.9 6.5 f 0.3 1.5 3.6/ 0.2 
22:6n-3 2.3 6.3f 0.3 2.2 6.6/ 0.4 1.3 5.3 f 0.4 
Total SAT g 39.1 35.9 2.3 45.2 47.2 1.2 36.4 39.0 1.8 
Total  MONO h 18.6 16.2 1.0 18.0 14.7 e 1.1 25.9 20.7 e 1.6 
Total  n-6 P U F A  i 32.4 19.0 e 2.4 26.3 11.6/ 1.0 30.3 19.2f 1.2 
Total n-3 PUFAJ 4.6 24.1f 1.3 5.3 22.1[ 1.1 3.0 16.2f 1.4 
Total  P U F A  k 37.5 43.4 2.9 31.9 33.8 1.4 32.6 35.0 2.1 

aSows were fed diets containing 70 g/kg LRD or MFO for one week prior to farrowing. Piglets nursed sows within the same t rea tment  
~Foup. Samples were collected from piglets upon weaning (3 wk). Abbrevia t ions  as in Table 2. 

a t ty  acids are denoted by the number  of carbons: number  of double bonds, followed by the position of the first double bond relative 
to the methyl-end (n-) of the fa t ty  acid. 
cValues are expressed as means (n = 6) for fa t ty  acids t ha t  accounted for 0.7% or more of the total  fa t ty  acids present  in the sample; 
trace, less than  0.3% of the  total  fa t ty  acids. 
dpooled SEM. 
eMean MFO value significantly different from LRD value (P < 0.05). 
fMean MFO value significantly different from LRD value (P < 0.0005). 
gSum total  area percentage of 14:0, 16:0 and 18:0. 
hSum total  area percentage of 16:1, 18:1n-9, 18:1n-7 and 20:1. 
iSum total  area percentage of 18:2n-6, 18:3n-6, 20:2n-6, 20:3n-6, 20:4n-6, 22:4n-6 and 22:5m6. 
JSum total  area percentage of 18:3n-3, 18:4n-3, 20:5n-3, 22:5n-3 and 22:6n-3. 
kSum tota l  area percentage of fa t ty  acids l isted in footnotes i and j. 

TABLE 4 

Prostaglandin E (PGE) Production by Alveolar Macrophages (AM) and Resident Peritoneal Cells from Piglets 
Suckling Sows Fed Diets Containing 7% (by wt) of Either Lard (LRD) or Menhaden Fish Oil (MFO) 

Immune cell types a 

AM Peritoneal cells 

Maternal  fat  source 

Culture conditions b LRD MFO LRD MFO 

(pg/O.1 mI.,) c 

Basal  944 8 e 1511 777 
A23187-stimulated 156 20 2902 1245 
Endotoxin-s t imulated 14904 425 e 2802 2764 

aResident peritoneal cells were collected from three to four week old piglets by filling the peritoneal cavi ty 
with =400 mL of sterile ice-cold Hank's ,  and AM were collected from excised lungs with two 60-mL flushes 
of ice-cold Hank's .  
bThe isolated immune cells (2.5 • 106/well) were incubated (37~ and 5% CO2) 24-well cell culture plates. 
After  4 h, nonadherent  cells were washed away and remaining cells were co-cultured with media alone for 
24 h (basal), 2 ~g/mL of calcium ionophore for 4 h (A23187-stimulated) or 5 ~g/mL of llpopolysaccharide from 
E. coli O l l l : B 4  for 24 h (endotoxin-stimulated). 
CThe concentrat ion of PGE in the cell superna tan ts  was determined by enzyme immunoassay (Advanced 
Magnetics,  Inc.). Da ta  were log t ransformed to achieve homogeneity of variance then analyzed by ANOVA. 
Values shown represent  the mean (n = 4-6). 
~eValues within rows t ha t  do not  share a common superscript  are stat ist ically different (P < 0.05). 
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(P < 0.08) was with the A23187-stimulated peritoneal cells 
preparations. 

The production of other eicosanoids by isolated pig AM 
was also influenced by supplementing the sow's diet with 
fish oil In a follow-up experiment the impact of n-3 enrich- 
ment on LTB and TXB production by piglet AM was in- 
vestigated. Cells were isolated from three to four week old 
piglets born to sows fed either fish oil- or lard-containing 
diets as described above However, for this study AM were 
collected from piglets after weaning. In order to prevent 
the reversal of the maternal fat source effects, weaned 
piglets were fed diets which contained the same fat source 
assigned to the sow. 

As in the first study, spontaneous and calcium 
ionophore-stimulated PGE production was significantly 
lower in the MFO piglets as compared with the LRD 
piglets (Fig. 1, top panel). Spontaneous thromboxane A 
production (measured as the stable metabolite, TXB) was 
significantly lower in the MFO piglets as compared with 
the LRD piglets (Fig. 1, middle panel). Ionophore stimula- 
tion greatly increased TXA release in both MFO and LRD 
piglets (6.5-fold vs.  3-fold, respectively). However, the net 
release by stimulated AM from the MFO piglets was still 
significantly lower than that  from the LRD piglets (P < 
0.05). The basal release of LTB was significantly reduced 
in the MFO pigs compared with LRD pigs (Fig. 1, bot- 
tom panel). As observed with other eicosanoids measured, 
LTB release was greatly enhanced by co~'ulturing the cells 
with the calcium ionophore, A23187. However, when AM 
were stimulated with calcium ionophor~ release of LTB 
was similar for both MFO and LRD pigs. 

DISCUSSION 

Our data demonstrate that  sufficient n-3 PUFA were in 
the milk of fish oil-fed sows such that the immune tissues 
and cells from pigs suckling these sows were enriched with 
n-3 PUFA. The most substantial changes in immune cell 
fatty acid profiles occurred in the relative levels of the 
eicosanoid precursors, AA (20:4n-6) and EPA (20:5n-3). Im- 
mune cell AA levels dropped by one-half in the MFO pigs 
as compared to the LRD pigs. In the MFO pigs the level 
of EPA in the immune cells exceeded the AA that  r~ 
mained. This may seem somewhat surprising in view of 
the relatively small amount of EPA in the milk of fish oil- 
fed sows (=3% of the total fatty acids in the milk; see Ref. 
7). However, such a selective enrichment of EPA is prob- 
ably a consequence of the greater rate of oxidation of the 
fat ty acids <20 carbons in length and the preferential in- 
corporation of 20-22 carbon fatty acids into membrane 
phospholipids. In 1991, Arbuckle e t  aL (10) reported that 
the fatty acid composition of a number of pig tissues (ag., 
brain, liver and red blood cells) could be enriched with n-3 
PUFA by providing pigs a formula supplemented with 
menhaden fish oil. Enrichment of immune cells with n-3 
fat ty acids has been demonstrated in rats (11,12), mice 
(13), chickens (14) and humans (15). However, in each of 
these cases, the n-3 PUFA were provided directly in the 
diet of the experimental subject. 

As predicted, the changes in immune cell fatty acid com- 
position led to a significant alteration in eicosanoid pro- 
duction by these same cells. The reduction in prostaglan- 
din production by immune cells enriched with n-3 PUFA 
has been documented in several other species, including 
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FIG. 1. Production and release of prostaglandin E (PGE), thrombox- 
ane B {TXB) and leukotriene B (LTB) from alveolar macrophages 
(AM) isolated from three- to fou~week~ld  pigs suckling menhaden 
fish oil-fed (MFO) or lard-fed (LRD) sows. After adherence, 2.5 X 
10 ~ A M  were rinsed and then incubated for 1 h in the presence of 
2 Fg/mL of  calcium ionophore (A23187) or medium with vehicle only 
(controls). Supernatants were analyzed for PGE, TX B and LTB by 
enzyme immunoassay. Data represent the means (n = 6) with error 
bars representing the SEM. Values for the MFO group are significant- 
ly lower from the LRD group (*P < 0.05; **P < 0.005) as determined 
by ANOVA. 

rats (11,12), mice (16-18), chickens (19) and humans 
(15,20). This is the first report of porcine immune cell 
eicosanoid production being altered by enriching cellular 
n-3 PUFA content, n-3 PUFAs alter eicosanoid produc- 
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tion through metabolic  compet i t ion between the two 
major  families of PUFA, the n-6 and the n-3. Upon fish 
oil feeding, EPA and other n-3 PUFA displace some of the 
A A  from immune  cell membrane  phospholipids. Because 
EPA is a poor subs t ra te  for the cyclooxygenase enzyme, 
i ts  conversion into pros taglandins  is limited. Therefore, 
when cellular f a t t y  acid profiles are altered as described 
above, these changes lead to a reduced capacity for prosta- 
glandin and thromboxane  synthesis.  Additionally, it has  
been reported tha t  docosahexaenoic acid (22:6n-3) reduces 
in vivo macrophage eicosanoid product ion (21}. Thus the 
decrease in A A  and the increase in n-3 PUFA in the im- 
mune cells from the MFO-pigs probably account for mos t  
of the changes in eicosanoid product ion observed in our 
study. 

The impac t  of n-3 PUFA enr ichment  on product ion of 
LTB is more complex than  t ha t  described above for P G E  
and TXB. Unlike for the cyclooxygenase, 20:5n-3 is a good 
subs t ra te  for the 5-lipoxygenase e n z y m e  Thus one would 
expect the production of substantial  amounts  of LTB from 
this n-3 f a t ty  acid when its  levels are elevated. The find- 
ings of Leitch et  aL (22} and Lee et  al. (20) suppor t  such 
a conclusion. However, the form of eicosanoid analysis  
used in this s tudy  (i.e., enzyme immunoassay)  does not  
allow us to dist inguish between LTB 4 {derived from AA) 
and LTB 5 {derived from EPA). I t  seems highly probable 
t ha t  a sizable proport ion of the immunoreact ive  LTB 
measured in this s tudy  was LTBs. I t  is unclear why we 
observed a difference between the LRD- and MFO-pigs  
in the basal  release of LTB, but  not  upon ionophore- 
st imulation.  I t  is possible tha t  basal  release of EPA from 
membrane  phospholipids is less than  AA or t ha t  reincor- 
porat ion is faster. Alternatively, differential al terat ion of 
AA and EPA levels across dist inct  phospholipid pools 
may  be important .  

AA metabol i tes  play an impor tan t  role in the patho- 
physiologic responses of the lung, and AM are a major  
source for these products  (23). The reduction in P G E  and 
TXB production and the replacement of LTB 4 with LTB 5 
could be of biological significance. LTB5 has been re- 
por ted to be 1/30 to 1/60 as potent  as LTB 4 in eliciting 
neutrophil chemotaxis (22). Thus immune tissues enriched 
with 20:5n-3 would be expected to cause less pro- 
in f lammatory  act ivi ty  than  those not  enriched. Further-  
more, a decline in infectious disease resistance has also 
been reported for n-3 PUFA-enriched animals. D 'Ambola  
e taL (24) reported tha t  in vivo pulmonary  bacterial  
clearance in neonatal  rabbi t s  was diminished by fish oil- 
supplementat ion.  Feeding mice fish oil significantly re- 
duced survival  from a live bacterial  challenge {25}. 
Whether  such changes in immune s t a tus  are a conse- 
quence of altered eicosanoid product ion remains to be 
determined. 

In conclusion, we believe these da ta  suppor t  our hy- 
pothesis  and tha t  the t ransfer  of n-3 PUFA from fish oil- 
fed sows to the nursing pig is of sufficient magni tude  to 
elevate n-3 PUFA levels in immune cells, which leads to 
a significant al teration in eicosanoid product ion by these 
same cells. This may  be of practical  importance  as a vari- 
e ty  of immune  and in f lammatory  processes have been 

shown to have been influenced by eicosanoids and n-3 
PUFA. Therefore, we believe tha t  fur ther  studies are war- 
ranted to examine the impac t  of materna l  n-3 PUFA 
intake on the immunological and inf lammatory responses 
in the newborn. 
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The effect of eicosapentaenoic acid (EPA) on fatty acid 
oxidation and on key enzymes of triglyceride metabolism 
and lipogenesis was investigated in the liver of rats. Re- 
peated administration of EPA to normolipidemic rats 
resulted in a time-dependent decrease in plasma triglycex~ 
ides, phospholipids and cholesterol. The triglyceride- 
lowering effect was observed after one day of feeding 
whereas lowering of plasma cholesterol and phospholipids 
was observed after five days of treatment. The triglycer- 
ide content of liver was reduced after twwday treatment. 
At that time, increased mitochondrial fatty acid oxida- 
tion occurred whereas mitoehondrial and microsomai 
glycerophosphate acyltransferase was inhibited. The 
phosphatidate phosphohydrolase activity was unchanged. 
Adenosine triphosphater lyase, aeetyl-CoA carboxy- 
lase, fatty acid synthetase and glucose-6-phosphate de- 
hydrogenase were inhibited during the 15 d of EPA treat- 
ment whereas peroxisomai/~-oxidation was increased. At 
one day of feeding, however, when the hypotriglyceri- 
demic effect was established, the lipogenic enzyme ac- 
tivities were reduced to the same extent in palmitic acid- 
treated animals as in EPA-treated rats. In cultured rat 
hepatocytes, the oxidation of [14C]palmitic acid to car- 
bon dioxide and acid-soluble products was stimulated in 
the presence of EPA. These results suggest that the in- 
stant hypolipidemia in rats given EPA could be explained 
at least in part by a sudden increase in mitochondriai 
fatty acid oxidation, thereby reducing the availability of 
fatty acids for lipid synthesis in the liver for export, e.g., 
in the form of very low density lipoproteins, even before 
EPA induced peroxisomal fatty acid oxidation, reduced 
triglyceride biosynthesis and diminished lipogenesis. 
Lipids 28, 683-690 (1993). 

Marine oils are rich in polyunsaturated fatty acids of the 
n-3 family, especially eicosapentaenoic acid (EPA, 20:5) 
and docosahexaenoic acid (DHA, 22:6). Dietary intake of 
these fatty acids reduces plasma triglycerides and inhibits 
production of very low density lipoproteins (VLDL) in 
human hyper- and normolipidemic subjects and in ex- 
perimental animals {1-12). The mechanism of this effect 
has also been studied in cultured cells (4,5) and the results 
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Abbreviations: ADGAT, acyl-CoA:diacylglycerol acyltransferase; 
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acid; Hepes, N-(2-hydrQxyethyl)piperazine~N'-(2~ethanesulfonic acid); 
L-fraction, peroxisome~enriched fraction; M-fraction, mitochondrial 
fraction; NADH, nicotinamide adenine dinucleotide; P-fraction, 
microsomal fraction; PMA, palmitic acid; ~rfraction, cytosolic frac- 
tion; VLDL, very low density lipoprotein. 

obtained indicate that  inhibited lipogenesis (13) and de- 
creased triglyceride synthesis are important factors that  
contribute to the reduced secretion of VLDL triglycerides. 

Glycerol 3-phosphate acyltransferase which catalyzes 
the initial esterification step in triglyceride synthesis, 
could not be shown to be involved in the observed 
triglyceride~lowering effect of fish oil (5,14). On the other 
hand, contradictory results were obtained in regard to the 
potential role of phosphatidate phosphohydrolas~ Wong 
and Marsh (15), Marsh et  al. (16) and AI-Shurbaji et  as 
(14) reported a decrease in phosphatidate phosphohydro- 
lase activity in response to fish oil while in other studies 
such an inhibition could not be demonstrated {17,18). Dif- 
fering results on the effect of o~3 fatty acids on diacyl- 
glycerol acyltransferase activity were also reported (14, 
16-19). 

We have recently demonstrated that EPA (95% pure) 
shows both hypotriglyceridemic and hypocholesterolemic 
properties (18,20). Our data suggested that  the hypotri- 
glyceridemic effect may have been due in part to a reduced 
supply of fatty acids for hepatic triglyceride synthesis 
because of increased fat ty acid oxidation. The present in- 
vestigation was undertaken to further explore how EPA 
feeding affects hepatic lipid metabolism, especially in 
mitochondria, and how it affects several of the enzymes 
involved in triglyceride biosynthesis and lipogenesis. 

MATERIALS AND METHODS 
Chemicals .  Ethyl EPA, purity 95%, was obtained from 
Norsk Hydro A~  Research Center {Porsgrunn, Norway). 
Palmitic acid (PMA) was from Sigma Chemical Ca ISt. 
Louis, MO). All other chemicals were obtained from com- 
mon commercial sources and were of reagent grade 

A n i m a l s  and t rea tmen t s .  Male Wistar rats from M~lle- 
gaard Breeding Laboratory {Ejby, Denmark}, weighing 
182-210 g, were housed in groups of three in grid-bottom 
metal wire cages in a room maintained at a 12-h light/dark 
cycle and at a temperature of 20 +_ 3~ The animals were 
acclimated for at least I wk before the start of the experi- 
ment. All animals had free access to food and water and 
were given a standard rat diet {18}, EPA and PMA were 
suspended in 0.5% sodium carboxymethylcellulose (CMS) 
and 0.5% tocopherol. 

In the time study a daily dose of 1500 mg/kg body 
weight of EPA or PMA was administered by gastric in- 
tubation in volumes of 0.75-1.9 mL. The EPA-treated 
animals were killed on day 1, 3, 5, 10 or 15 after 12 h of 
fasting while animals treated with PMA were killed on 
day 2 or 10 and served as control groups. The animal ex- 
periments were approved by the local Ethics Committee 
for Animal Experiments. 

Body weights were recorded daily. At the end of the ex- 
periments, the rats were fasted and weighed. Cardiac 
puncture was performed under neuroleptic anesthesia to 
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obtain blood samples, and the liver was removed im- 
mediately, weighed and then chilled on ice Plasma was 
prepared by centrifugation of the clotted whole blood at 
1000 X g for 10 rain at 5~ 

Preparation of cultured hepatocytes. Hepatocytes were 
prepared according to Seglen (21). In short, the rats were 
anesthetized with barbiturates, and hepatocytes were 
isolated by collagenase perfusion, washed and plated 
in Dulbecco's modified Eagle's medium containing N- 
(2-hydroxyethyl)pyperazine-N-(2 ethanesulfonic acid 
(Hepes) (20 mM), Ultroser G (2%) and gentamicin (50 ~L) 
at a density of 3 • 106 cells/dish or culture flask (1 X 106 
cells/mL). The culture medium was replaced after 6-7 h 
(2 mL/dish, medium as before). The cells were incubated 
at 37~ in an atmosphere of air containing 5% CO~. 

Fatty acid oxidation. Fatty acid oxidation to acid solu- 
ble products and CO= (to determine the rate of/3-oxida- 
tion) was measured as described by Christiansen et aL (22). 
To the cultured hepatocytes was added 2 mL Dulbecco's 
modified Eagle's medium containing Hepes (20 mM), gen- 
tamicin, [1-14C]PMA (0.5 ~Ci/mL, 200 ~M) and 500 ~ L- 
carnitine hydrochloride, and the hepatocytes were in- 
cubated for 9 h in the presence of EPA. 

The culture flasks contained a center well (Kontes, 
Vineland, N J) and a folded filter paper and were closed 
with stopper tops (Kontes). After incubation, 300 ~L of 
phenylethylamineJmethanol (1:1, vol/vol) was added to the 
center well and 300 ~L of HC104 (1 M) to the cells 
through the stopper top by means of syringe, and the 
flasks were further incubated for 1 h at room temperature 
to trap all 14CO=. After incubation, the well was cut off 
and radioactivity was measured by liquid scintillation 
counting. 

Analytical methods. Individual livers were homogenized 
in ice-cold sucrose medium [0.25 M sucrose in 10 mL 
Hepes buffer, pH 7.4 and 1 mM ethylenediaminetetra- 
acetic acid (EDTA)] using a Potter-Elvehjem homogenizer 
at 720 rpm and two strokes of a loose-fitting Teflon pes- 
tle. After centrifugation, the resulting nuclear plus post- 
nuclear fractions were used as the total homogenate. 

A mitochondrial-enriched fraction (M-fraction) was pre- 
pared from the postnuclear fraction at 12000 • g for 10 
min (SS 34 rotor). A peroxisome-enriched fraction (L- 
fraction) was prepared by centrifugation at 14000 X g for 
30 rain. A microsomal-enriched fraction (P-fraction) was 
isolated from the postperoxisomal fraction at 100000 X 
g for I h (Ti 60 rotor). The remaining supernatant was col- 
lected as the cytosolic fraction (S-fraction). 

Protein was assayed using the Bio-Rad protein assay 
kit (BioRad, Richmond, CA). 

Lipid analyses were carried out using the monotest 
cholesterol enzymatic kit (Boehringer Mannheim, Ger- 
many) and the Biopak triglyceride enzymatic kit (Biotrol, 
Paris, France). 

Plasma free fatty acids were determined by an en- 
zymatic colorimetric method (WACO Nefa C) (23}. 

Enzyme assays. Enzymatic activities of palmitoyl-CoA 
dependent dehydrogenase measuring peroxisomal /3- 
oxidation with palmitoyl-CoA as substrate (20,24), fatty 
acyl-CoA oxidase (20), carnitine palmitoyl-transferase with 
no malonyl-CoA present (20,24), palmitoyl-CoA synthetase 
(21), palmitoyl-CoA hydrolase (24), phosphatidate phos- 
phohydrolase (25), CPCT (CTP:phosphocholine cytidylyl- 
transferase) (25), fatty acid synthetase (25), mitochondrial 

13-oxidation (25), glucose-6-phosphate dehydrogenase (25) 
and diacylglycerol acyltransferase (26) were determined 
as described earlier. 

Adenosine triphosphate (ATP)~itrate lyase activity was 
assayed according to Rose-Kahn and Bar-Tana (27). The 
reaction mixture contained 100 mM Tris-HC1 buffer, pH 
8.6, 10 mM MgCI=, 10 mM dithiothreitol, 0.33 mM CoA, 
0.14 mM nicotinamide adenine dinucleotide (NADH), two 
units of malate dehydrogenase, K-citrate as stated and 
5-10 ~L of freshly thawed supernatant as enzyme source 
in a final volume of 1 mL. After 5 min of preincubation 
of the enzyme with the reaction mixture, the reaction was 
started by the addition of 50 ~L of 0.1 M ATP and the 
oxidation of NADH recorded at 340 nm at room tempera- 
tur~ Activity was expressed in nanomoles of citrate con- 
verted to acetyl-CoA per min. 

Acetyl-CoA carboxylase was determined in the cytosolic 
fraction as incorporation of NaH~4COa into malonyl-CoA 
(28). 

Statistical analysis. Unless otherwise stated, the in vivo 
results are means ___ SD of duplicate measurements on 
three animals of each experimental group and of six con- 
trol animals. The effects of PMA and EPA treatment were 
tested by a two-way analysis of variance P < 0.05 was used 
as the significance levels to express PMA or EPA effects. 
For isolation of some cellular fractions from livers, the 
postnuclear fractions from three animals were pooled. In 
this case the results are given only as means. Results from 
cultured rat hepatocytes are presented as mean + SD 
of at least three culture dishes/flasks of hepatocytes 
from two or more animals. Statistical analysis was by Stu- 
dent's t-test and P < 0.05 was taken to be statistically 
significant. 

RESULTS 

Body and liver weights. The rats fed a normolipidemic 
diet supplemented with EPA and PMA gained weight per 
day at the same rate as did the controls. Food consump- 
tion was similar in each experimental group irrespective 
of the dietary regimen indicating that  appetite was not 
affected and that  the acids were well tolerated (data not 
shown). All animals treated with the fatty acids as a func- 
tion of time appeared healthy and looked and behaved nor- 
mal. No hepatomegaly resulted after PMA or EPA feeding 
even at a dose of 1500 mg/day/kg body weight (Table 1). 
The hepatic concentration of protein remained unchanged 
in all experimental groups (Table 1). 

Plasma and liver lipids. Repeated administration of 
EPA to rats caused a significant (P < 0.05) time-related 
reduction of plasma triglycerides (50-60% decrease, 
Fig. 1A), cholesterol (30-50% decrease, Fig. 1A) and phos- 
pholipids (30-50% decrease, Fig. 1A). The triglyceride- 
lowering effect was significant (P < 0.05) after one day of 
treatment, whereas significant (P < 0.05) lowering of 
plasma cholesterol and phospholipids was observed after 
5 d of EPA treatment. Consistent with previous observa- 
tions (20), plasma triglycerides, cholesterol and phospho- 
lipids were not significantly lowered after administration 
of PMA (Fig. 1B). 

Figure 1A shows that treatment of rats with EPA 
tended to decrease the plasma free fat ty acids (Fig. 1A). 
The reduction was not significant. However, PMA feeding 
increased plasma free fatty acids (Fig. 1B). 
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TABLE 1 

Tim~Dependent Changes of Liver Weight and Liver Lipids in Rats Treated with EPA or PMA at a Dose of 1500 mg/d/kg Body Weight s 

Exposure time (days) 

Parameters Compound 0 1 2 3 5 I0 15 

Liver g/g PMA 3.32 • 0.21 3.18 + 0.35 3.19 -t- 0:18 
body weight EPA 3.23 _ 0.32 3.39 +_ 0.15 4.14 _ 0.21 3.29 - 0.26 3.25 • 0.27 3.52 ~ 0.20 3.55 • 0.21 

Protein PMA 176.6 +_ 10.2 168.7 • 3.8 153.0 • 10.7 
mg/g fiver EPA 178.2 • 10.2 170.7 +__ 5.4 179.0 • 7.0 161.3 +- 3.7 177.2 • 5.9 169.1 • 6.3 168.3 • 6.5 

Tri4glycerides PMA 7.88 +__ 1.60 7.58 -e 1.20 7.89 • 1.50 
/zmol]g liver EPA 7.89 • 1.50 6.14 • 1.66 4.36 b • 1.62 4.72 b • 0.65 4.60 b __ 2.05 4.66 b • 0.92 5.74 • 1.47 

Phospholipids PMA 18.7 • 3.8 19.4 • 1.3 15.7 • 3.4 
banol/g liver EPA 19.1 • 3.6 19.5 • 2.7 16.9 • 0.3 22.5 • 1.8 17.9 • 1.6 21.6 • 0.9 20.8 • 1.6 

Cholesterol PMA 3.2 • 0.5 2.4 • 0.8 3.0 • 0.5 
~anol]g fiver EPA 3.1 • 0.5 2.9 _+ 0.6 2.2 _+ 0.2 4.1 _-+ 0.5 4.5 +_ 1.5 4.1 • 1.4 3.6 • 0.5 

aThe hepatic values represent means • SD of six control animals and groups of three rats in each experimental 
EPA, eicosapentaenoic acid; PMA, pMmitic acid. 
bp < 0.05 for difference between control and treated rats. 
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FIG. 1. Time course of plasma triglycerides (0), cholesterol (A), 
phospholipids ( e )  and free fatty acids (b) in rats given eicosapen- 
taenoic acid (A) or palmitic acid (~). The values represent means d-_ 
SD of nine control animals and three rats in each experimental group. 
Plasma triglycerides, cholesterol and phospholipids are given in 
mmol/L, whereas plasma free fatty acids are in Eq/L. 

EPA caused a significant (P < 0.05) reduction of the 
hepatic concentration of triglycerides {Table 1) during the 
first two days of t rea tment  when compared to 0 d. 
Repeated administration of EPA or PMA had no effect 
on the concentration of hepatic cholesterol and phos- 
pholipids (Table 1). 

Mitochondrial and peroxisornal fJ-oxidation. Figure 2A 
shows tha t  in animals fed EPA the mitochondrial oxida- 
tion of fat ty acids increases. This was seen with palmitoyl- 
CoA and especially with palmitoyl-L-carnitine as sub- 
strate where oxidation of palmitoyl-L-carnitine was 
rapidly increased to its maximum after one day of feeding 
EPA. At  tha t  time, mitochondrial/J-oxidation was in- 
creased 1.8-folcL The oxidation of palmitoyl-CoA was max- 
imaUy increased after 2 d of feeding. Subsequently, in 
EPA-treated rats, the oxidation of palmitoyl-CoA and 
palraitoyl-L-carnitine fell to almost normal values (15 d). 

Repeated administration of EPA tended to increase car- 
nitine palmitoyltransferase activi ty in a time-dependent 
manner  (Table 2). At  15 d of feeding, significant enzyme 
activi ty was observed. 

EPA treatment  also caused an increase in both fa t ty  
acyl-CoA oxidase (Fig. 2B) and peroxisomal/}-oxidation 
(Table 2) after 5-15 d of feeding. The two enzyme activities 
were increased about  3- and 2.5-fold, respectively, after 
15 d of feeding. Peroxisomal/3-oxidation was not affected 
up to 3 d of EPA feeding (Table 2), whereas fat ty acyl-CoA 
oxidase showed a significant increase in tha t  feeding 
period (Fig. 2B). 

Effect of EPA on the oxidation of [14C]PMA in cul- 
tured hepatocytes. The oxidation of ['4C]PMA to carbon 
dioxide and acid-soluble products was stimulated in 
cultured hepatocytes in the presence of EPA (Fig. 3). This 
effect was already seen at the lowest concentration of EPA 
used (50 pM). 

Palmitoyl-CoA synthetase and palmit~l-CoA hydrolase 
The level of long-chain acyl-CoA is likely to reflect the 
balance between the rate of activation of fa t ty  acids 
to acyl-CoA and the rate of utilization for oxidation, 
esterification and hydrolysis. As adaptive changes in the 
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FIG. 2. Time course o f / ~ x i d a t i o n  of [1-]4C]palmitoyl-L-carnitine 
(A,A) and [1-]4C]pAImitoyl-CoA (O, �9 ) {A) and fatty acyl-CoA oxidase 
activity (O, �9 ) (B} in liver homogenates of rats treated with eicosapen- 
taenoic acid (A, �9 ) or palmitic acid (A,O). The values represent means 
+_ SD of six control rats and three animals in each experimental 
group. 

activities of the enzymes involved in these pathways may 
reflect alterations in the metabolic flux through the path- 
ways, we examined whether palmitoyl-CoA synthetase ac- 
t ivity and palmitoyl-CoA hydrolase activity were changed 
upon EPA feeding. 

Figure 4A shows tha t  administration of EPA signifi- 
cantly (P < 0.05) increased palmitoyl-CoA synthetase  

TABLE 2 

Time Course of Carnitine Palmitoyltransferase of Rats 
Treated with Eicosapentaenoic Acid a 

Carnitine palmitoyltransferase Peroxisomal 
Time (nmol/min/mg protein) /~-oxidation 

of exposure Total liver Mitochondrial (nmol]min/mg 
(days) homogenates fraction protein) 

0 8.37 + 1.42 26.57 + 2.82 3.03 -4-_ 0.32 
1 8.76 +_ 0.13 28.14 4.04 -4- 0.82 
2 9.17 _+ 0.53 28.05 4.40 -4-_ 0.50 
3 9.65 + 0.91 32.24 3.68 _ 0.55 
5 10.60 + 0.79 31.84 5.91 _ 0.205 

15 11.89 ___ 0.98 b 35.97 6.92 _ 0.35 b 

aData represent the means +_ SD of nine control animals, means _+ 
SD of three treated rats and means of three rats in each experimen- 
tal group. 
bp < 0.05 for differences between control and treated rats. 
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FIG. 3. Effect of eicasapentaenoic acid on fatty acid oxidation of 
[14C]palmitic acid by cultured rat hepatocytes. Hepatocytes were in- 
cubated for 4 h in Dulbecco's modified Eagle's medium containing 
Hepes  (20 mM), L-carnitine hydrochloride (0.5 mM) and 
[1-1~C]pulmitic acid (0.25 pCilmL, 200 pM) and various concentra- 
tions of eicasapentaenoic acid. After incubation, labelled carbon diox- 
ide and acid soluble radioactivity were collected as described in 
Materials and Methods. Oxidation of palmltic acid in the presence 
of oleic acid (200 ~M) was 33.3 • 1.2 nmol]mg cell protein. Data are 
presented as means +__ SD of triplicate cultures and show total fatty 
acid oxidized (carbon dioxide plus acid soluble radioactivity). 

activity in total liver homogenates at  10 d of feeding. This 
increase may be attr ibuted to stimulation of peroxJsomal 
palmitoyl-CoA synthetase  activi ty (Fig. 4A). 

Repeated administration of EPA to rats had no effect 
on palmitoyl-CoA hydrolase activity in total liver homoge- 
nares, al though there may have been a small effect in 
microsomes (Fig. 4B). In contrast  to feeding sulfur- 
subst i tuted fa t ty  acids, which increase the cytosolic 
palmitoyl-CoA hydrolase activity (20), EPA-treatment 
tended to decrease this activi ty (Fig. 4B). 

Glycerophosphate acyitransferase and phosphatidate  
phosphohydrolase Upon EPA feeding, both the mitochon- 
drial and microsomal glycerophosphate acyltransferase ac- 
tivities were decreased within 2 d (Table 3). Subsequently, 
the activities rose almost to normal values (3 d), and show- 
ed stimulation at 15 d. At  this time, the microsomal glyc- 
erophosphate acyltransferase activity was increased 1.5- 
fold whereas the mitochondrial enzyme activi ty showed 
a nearly 1.3-fold increase (Table 3). 

Repeated administration of EPA had no effect on the 
phosphatidate phosphohydrolase activity associated with 
the microsomal and cytosolic fractions (Table 3). 
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FIG. 4. Effect of eicosapentaenoic acid exposure on palmitoyl-CoA 
synthetase activity (top) and palmitoyl-CoA hydrolase activity (bot- 
tom). Palmitoyl-CoA synthetase activity in total liver homogenates 
(O), peroxisome-enriched fraction (@) and microsomal fraction (A). 
Palmitoyl-CoA hydrolase activity in total liver homogenates (O), 
microsomal fraction {A) and cytosollc fraction { �9 ). Values for liver 
homogenates are reported as means • SD for three to six rats. For 
the other cellular fractions values are reported as means of three 
rats in each experimental group. 

Acyl-CoA:diacylglycerol acyltransferase (ADGAT) and 
CPCT Hepat ic  ADGAT act ivi ty  was increased with  in- 
creasing feeding t ime of EPA. At  15 d, a 1.5-fold increase 
was observed (Table 4). The ADGAT act ivi ty  was un- 
changed upon P M A  adminis t ra t ion (Table 4). 

CPCT act iv i ty  in the microsomal  fraction (Table 4) and 
in the cytosolic fraction {data not  shown) was unaffected 
by EPA and P M A  administrat ion.  

Liver lipogenic enzymes. As inhibition of de novo fa t ty  
acid synthesis  could account  for a reduction of V L D L  
triglyceride secretion by the liver, we also investigated how 
EPA alters the  activit ies of some lipogenic enzymes. 
Figure 5 and Figure 6 show tha t  P M A  and EPA inhibited 
the activities of ATP~citrate lyase" acetyl-CoA carboxylase 
and f a t ty  acid s y n t h e t a s e  However, the inhibition was 
mos t  pronounced in the EPA-treated rats. At  2 d of 
feeding EPA, the  activit ies of ATP-citrate lyase (Fig. 5) 
and acetyl-CoA carboxylase  (Fig. 6A) were reduced by 
45-50%. At  this time, P M A  decreased these enzyme ac- 
tivities by only about  15%. I t  is also noteworthy tha t  EPA 
t rea tment  reduced fa t ty  acid synthetase activity after one 
day {Fig. 6B). Feeding EPA for 2 d reduced g lucose  
6-phosphate dehydrogenase act ivi ty  to a greater  extent  
than  in PMA-trea ted  ra ts  (Table 5). 

DISCUSSION 

The studies show tha t  a high intake of EPA lowers p lasma 
triglyceride levels in ra ts  (Fig. 1). This decrease is already 
established within 1 to 2 d of t rea tment  (Fig. 1). Repeated 
adminis t ra t ion of EPA also decreases the hepatic tri- 
glyceride content  (Table 1). I t  seems likely, therefore, tha t  
the observed triglyceride lowering effect is due to a reduc- 
t ion in triglyceride biosynthesis.  

Die tary  fa t  and marine oils in par t icular  increase f a t ty  
acid oxidation (29,30). The present  s tudy  shows tha t  pure 
EPA s t imulates  f a t t y  acyl-CoA oxidase (Fig. 2) act iv i ty  
and peroxisomal/3-oxidation (Table 2). I t  is therefore likely 
tha t  induction of peroxisomal/3-oxidation by high fat diets 
and fish oils is due to i ts  content  of EPA and DHA,  i.e., 
f a t t y  acids which are poorly oxidized by mitochondria.  
The present  s tudy  also shows tha t  adminis trat ion of pure 
EPA st imulates  f a t ty  acid oxidation in mitochondria.  I t  
is noteworthy t ha t  s t imulat ion of mitochondrial/3-oxida- 
tion is a rapid event, Le., it occurs after 1 and 2 d of feeding 
(Fig. 2) even before EPA induces peroxisomal/3-oxidation. 
This mechanism has now been fur ther  evaluated using 
cells in cultureL The present  s tudy  has shown for the first  
t ime tha t  mitochondrial  /3-oxidation is s t imulated in 

TABLE 3 

Effect of Eicosapentaenoic Acid on the Activities of Glycerophosphate Acyltransferase 
(GPAT) and Phosphatidate Phosphohydrolase (PAP) in Liver of Rats a 

Time GPAT (nmol/mirdmg protein) 
of exposure Mitochondria Microsomes 

PAP (nmol/min/mg protein) 

Microsomes Cytosol 

0 0.93 +_ 0.I0 1.56 +_ 0.10 9.02 __. 0.26 4.43 + 0.73 
1 0.62 -+_ 0.12 b 1.05 + 0.15 b 9.65 --- 0.20 4.47 + 0.30 
2 0.75 +_ 0.05 b 1.25 + 0.05 b 10.07 + 0.15 4.43 + 0.25 
3 0.92 + 0.15 1.52 +_ 0.08 n.d. c 4.84 _+ 0.50 
5 0.99 + 0.12 t.48 +_ 0.20 8.67 +-- 0.10 4.33 +_ 0.35 

10 1.05 _+ 0.08 1.54 + 0.10 8.80 --- 0.15 4.78 +_ 0.28 
15 1.15 +_ 0.055 2.38 +_ 0.155 9.86 +_ 0.25 4.17 _+ 0.35 

"The values represent means +_ SD of six control animals and groups of three rats in 
each experimental group. 
bp < 0.05 for difference between control and treated rats. 
Cn.d., Not determined. 
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TABLE 4 

Effect of Eicosapentaenoic Acid (EPA} and Palmitic Acid (PMA) 
on Acyl-CoA:Diacylglycerol Acyltransferase Activity (ADGAT) 
and CTP:Phosphocholine Cytidylyltransferase Activity (CPCT) 
in the Microsomal Fraction of Liver in Rats a 

ADGAT CPCT 
Days (nmol/mirdmg (nmol/mirdmg 

of treatment Compound protein) protein) 

0 7.04 +_ 1.50 0.25 +_ 0.15 
1 EPA 8.15 _ 0.60 0.18 _ 0.06 
2 EPA 9.15 ---b 0.20 b 0.33 _ 0.04 
3 EPA 9.85 --4-_ 0.35 b 0.26 +_ 0.04 
5 EPA 8.21 +_ 1.05 0.28 +_ 0.03 

15 EPA 11.94 +_ 0.30 b 0.30 -_b_ 0.04 

2 PMA 7.39 ___ 0.50 0.18 _ 0.07 
10 PMA 7.53 + 0.20 0.25 +__ 0.06 

~ tabulated values are the means _+ SD of six control animals 
and means +_ SD of three rats in each experimental group. 
bp < 0.05 between the control and treated animals. 
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FIG. 6. Time course of acetyl-CoA curboxylase activity (left) and 
fat ty  acid synthetase  activity (right} in cytosolic fractions of rats 
treated with eicosapentaenoic acid ( e }  or palmitic acid (O). The 
results are expressed as stated in the legend to Figure 1. 

cultured hepatocytes in the presence of EPA (Fig. 3). The 
effects are in line with our results from fish oil feeding 
experiments where mitochondrial/3-oxidation preceded 
peroxisomal f3-oxidation (29). However, the data are in con- 
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FIG. 5. Time course of adenosine triphosphate (ATP}-citrate lyase 
activity in cytosolic fractions of rats treated with eicosapentaenoic 
acid {@) or palmitic acid (O). Values are reported as means + SD 
for nine rats and means of three rats in each experimental group. 

t r a s t  to  t h e  f i n d i n g s  of N e a t  et  al. (31) t h a t  p a r t i a l l y  
hydrogena ted  fish oil s t i m u l a t e d  mi tochondr ia l  and  perox- 
i s o m a l  o x i d a t i v e  a c t i v i t y  s imul t aneous ly .  I n  acco rdance  
w i t h  our  resu l t s ,  W o n g  et  aL (6) found  t h a t  r a t s  fed f ish  
oil  h a d  i nc r ea sed  ke tone  p roduc t ion .  

A s  E P A  r a p i d l y  i nc r ea sed  m i t o c h o n d r i a l  f a t t y  ac id  ox- 
i da t ion  (Figs.  2 and  3) and  decreased  g lycero l -3-phosphate  
a c y l t r a n s f e r a s e  a c t i v i t y  w i t h i n  1 d (Table 3), i t  is  possi-  
b le  t h a t  t he  in i t i a l  t r i g lyce r ide - lower ing  effect  (Fig.  1) of 
E P A  is a s s o c i a t e d  w i th  r educed  f a t t y  ac id  ava i l ab i l i t y  for 
t r ig lycer ide  b iosyn thes i s  t h rough  increased  mi tochondr ia l  
f a t t y  acid  oxidat ion ,  even before E P A  induces  pe rox i somal  
/}-oxidation (Table 2). Thus ,  t he  i n d u c t i o n  of p e r o x i s o m a l  
13-oxidation is  n o t  a p r e r e qu i s i t e  for  h y p o t r i g l y c e r i d e m i a  
due  to  EPA.  I t  is  of i n t e r e s t  t h a t  non-/3-oxidizable t h i a  
f a t t y  ac ids  as  well  as  E P A  s t i m u l a t e d  m i t o h o n d r i a l  f a t t y  
ac id  o x i d a t i o n  before  p e r o x i s o m a l / 3 - o x i d a t i o n  when  fed 
to  ra ts ,  t h e r e by  dec reas ing  the  f lux  of f a t t y  ac ids  in to  tr i-  
g lyce r ide  f o r m a t i o n  and  sec re t ion  (32). Thus ,  a f t e r  feed- 
i ng  r e l a t i ve ly  poor  s u b s t r a t e s  for m i t o c h o n d r i a l  f3-oxida- 

TABLE 5 

Effect of Eicosapentaeuoic Acid (EPA) and Palmitic Acid (PMA) 
on the Activity of Glucose-6-Phosphate Dehydrogenase in the Liver 
Cytosolic Fraction of Rats a 

Glucose-6-phosphate 
Days dehydrogenase 

of treatment Compound (% of control} 

0 100 
1 EPA 130 + 20 
2 EPA 70 +_ 15 
3 EPA 78 + 10 
5 EPA 44 +_ 16 

10 EPA 60 +_ 10 
15 EPA 38 +- 12 

2 PMA 90 ---- 10 
10 PMA 61 _+ 8 

aThe enzyme activity is calculated relative to that of pellet-fed con- 
trols (= 100%). The values represent means +_ SD of three to six 
rats in each experimental group. 
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tion, the hypotriglyceridemic effect may be dissociated 
from induction of peroxisomal/3-oxidation (33). 

Glycerol-3-phosphate acyltransferase which catalyzes 
the first esterification step in triglyceride biosynthesis 
could be a potential  site of regulation as both  the mito- 
chondrial and the microsomal glycerol-3-phosphate acyl- 
transferase activities were reduced in EPA-treated rats  
after 1 d of feeding (Table 3). This is, however, in contrast  
to the findings of Wong e t  al. (5) and A1-Shurbaji e t  al. (14) 
where this enzyme was not  found to be affected by r 
fa t ty  acids. The glycerol-3-phosphate acyltransferase ac- 
tivity, however, does not  seem to correlate with the rate 
of triglyceride biosynthesis in EPA-treated rats. For longer 
feeding times, hepatic triglyceride concentrations were 
decreased (Table 1) whereas glycerol-3-phosphate acyl- 
transferase act ivi ty was increased (Table 3). 

Both  phosphat idate  phosphohydrolase and CPCT are 
found in the microsomal and in soluble fractions of liver 
homogenates, and the relative part i t ioning between cy- 
tosol and microsomes has been implicated in the regula- 
tion of glycerolipid synthesis  (34-39). Phosphat idate  
phosphohydrolase is a key enzyme in the regulation of 
triglyceride biosynthesis, and we have recently reported 
tha t  this enzyme was inhibited in tetradecylthioacetic 
acid-treated rates (25); however, no translocation of 
phosphohydrolase was observed. CPCT, the rate-limiting 
enzyme in the CDP-choline pathway, was st imulated by 
3-thia fa t ty  acids (25); however, no translocation of 
cytidylyltransferase was observed. The present results 
show tha t  feeding pure EPA did not  affect the phos- 
phohydrolase and cyt idylyl t ransferase activities in 
cytosolic as well as in microsomal fractions (Table 3). This 
observation is in accordance with Rustan e t  al. (17), but  
in contrast  to the findings by Marsh e t  aL (16), Halmin- 
sk i  e t  al. (34) and A1-Shurbaji et  aL (14}; these authors sug- 
gested tha t  par t  of the triglyceride-lowering effect of o~3 
fa t ty  acids might  be mediated by an inhibition of the 
phosphat idate  phosphohydrolase. 

The final step in the triglyceride synthet ic  pathway in- 
volves the conversion of 1,2-diglyceride to triglyceride 
which is catalyzed by ADGAT. ADGAT activi ty was in- 
creased in EPA-treated rats  (Table 4) in accordance with 
data  reported by A1-Shurbaji e t  al. (14), Halminski e t  aL 
(34), and Marsh e t  al. (16). As the activity of ADGAT does 
not seem to change in parallel with the rate of triglyceride 
biosynthesis, this step does not appear to be the site where 
EPA affects triglycerde levels, al though this is not  in 
agreement with the findings by Rustan e t  al. (17,19). 

Although triglyceride formation seems to be reduced 
by EPA due to increased mitochondrial  fa t ty  acid oxida- 
tion, diminished lipogenesis may be a contr ibut ing fac- 
tor  to the overall lipid-lowering effect of EPA. Repeated 
administration of EPA inhibited several lipogenic enzyme 
activities, i.e., ATP-citrate lyase (Fig. 5), acetyl-CoA car- 
boxylase and fa t ty  acid synthetase  (Fig. 6), when com- 
pared with PMA-treated rats. 

Acetyl-CoA carboxylase appears to be the rate-limiting 
enzyme in de novo fa t ty  acid synthesis, and it is regulated 
by long-chain acyl-CoA (40). Long-chain acyl-CoA levels 
are rapidly increased after repeated administrat ion of r 
fa t ty  acid and high fat diets (41). Figure 4 shows tha t  the 
enzyme act ivi ty involved in the formation of long-chain 
acyl-CoA, i.e., palmitoyl-CoA synthetase,  was increased. 
Thus, the inhibitory effect of acetyl-CoA carboxylase ac- 

t iv i ty  in EPA-treated rats may be due to accumulation 
of long-chain acyl-CoA. Inhibition of acetyl-CoA carboxy- 
lase act ivi ty and glucose~6-phosphate dehydrogenase ac- 
t iv i ty  may reduce the production of malonyl-CoA and 
thereby reduce fa t ty  acid synthetase  activity. I t  is worth 
not ing tha t  at  day 1 of feeding, when the hypotriglyceri- 
demic effect of EPA was already established (Fig. 1), the 
lipogenic enzyme activities were reduced to the same ex- 
tent  in PMA-treated animals as in EPA-treated rats  ex- 
cept for the fa t ty  acid synthetase activity (Fig. 6B) which 
was more inhibited after EPA feeding. Thus, the inhibi- 
t ion of the de novo  fa t ty  acid synthesis could be secon- 
dary  to increased fa t ty  acid oxidation and thereby a re- 
duced triglyceride formation. 

Acyl-CoA esters accumulate in the liver of rats  fed par- 
tially hydrogenated fish oil diets (41). Whether an increase 
in fa t ty  acid oxidation represents an effort to minimize 
this pool should be considered. EPA is incorporated into 
triglycerides to a lesser degree than oleic acids (4,19). 
Thus, the presence of CoA-ester of EPA may result in an 
increased flux of fa t ty  acids through both mitochondrial 
and peroxisomal fa t ty  acid oxidation pathways. 
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Metabolic Behavior in Rats of a Nonprotein Microemulsion 
Resembling Low-Density Lipoprotein 
Raul C. Maranh~oa, b, *, Thais B. Cesara, 1, Suzana R. Pedroso-Madani a,1, Mario H. Hirata a 
and Carlos H. Mesquita c 
aFaculty of Pharmaceutical Sciences and bThe Heart institute (Institute do Cora~:~o do HC-FMUSP), S~o Paulo University and 
Clnstitute of Energy and Nuclear Research (IPEN-CNEN), S~o Paulo, Brazil 

A protein-free microemulsion (LDE) with a lipid composi- 
tion resembling that of low<lensity lipoprotein (LDL) was 
used in metabolic studies in rats to compare LDE with the 
native lipoprotein. LDE labeled with radioactive lipids was 
injected into the bloodstream of male Wistar rats, and 
plasma kinetics of the labeled iipids were followed on 
plasma samples collected at regular intervals for 12 h after 
injection. The 24-h LDE uptake by different tissues was 
also measured in tissue samples excised after the animals 
had been sacrificed. We found that LDE plasma kinetics 
were similar to those described for native LDL [fractional 
clearance rate (FCR) of cholesteryl ester, 0.42 ___ 0.11 h-J]. 
The major site for LDE uptake was the fiver, and the tissue 
distribution of the LDE injected radioactivity was as one 
would expect for LDL. To test whether LDE was taken 
up by the specific LDL receptors, the LDE emulsion was 
injected into rats treated with 17a~ethinylestradiol, which 
is known to increase the activity of these receptors; as ex- 
pected, removal of LDE from the bloodstream increased 
(FCR = 0.90 4- 0.35 h-l). On the other hand, saturation of 
the receptors that remove remnants by prior infusion of 
massive amounts of lymph chylomicrons did not change 
LDE plasma kinetics. These results indicate that LDE is 
cleared from plasma by B,E receptors and not by the E 
receptors that remove remnants. Incorporation of free 
cholesterol into LDE increased LDE plasma clearance. In- 
cubation studies also showed that LDE incorporates a 
variety of apolipoproteins, including alto E, a ligand for 
recognition of lipoprotelns by specific receptors. Our data 
suggest that LDE can be a useful tool to test LDL metalx~ 
lism and B,E receptor function. 
Lipids 28, 691-696 {1993). 

Low-density lipopretein (LDL), which carries most of the 
plasma cholesterol in humans, can be considered a biological 
microemulsion consisting of a core of cholesteryl esters (45- 
50% of the particle weight) and residual trigiycerides (3-4%) 
surrounded by a monolayer of phospholipids (16-25%) and 
unesterified cholesterol (5-8%). The protein moiety of LDL 
is apolipoprotein (apo) B-100. 

LDL is the final product in the lipolysis of very low den- 
sity lipoprotein (VLDL), a triglyceride-rich lipoprotein syn- 
thesized by the liver. VLDL triglycerides are progressively 
lost from the particles through the action of lipoprotein 
lipase on the endothelium of capillary vessels of peripheral 
tissues, such as muscle and adipose tissue The enzyme is 
stimulated by a c~factor, apolipoprotein CII, present on the 

*To whom correspondence should be addressed at Faculdade de Ci~n- 
cias Farmac~uticas da USP, Av. Dr Lineu Prestes 580, Bloco 17, 
S~o Paulo, SP, 05508-900, Brazil. 
IRecipients of scholarships from the Sao Paulo State Research Foun- 
dation (FAPESP}, S~o Paulo, Brazil. 

Abbreviations: AML, acute myeloid leukemia; LDE, microemulsion 
resembling low-density lipoprotein; LDL, low-density lipoprotein; TLC, 
thin-layer chromatography; VLDL, very low density lipoprotein. 

surface of VLDL particles. LDL is removed from plasma 
by the t~E receptors that recognize the receptot~binding dr 
main of apo B-100. The lipoprotein is then internalized and 
LDL cholesterol is utilized in various cellular processes (1). 

It is possible to model the metabolism of chylomicrons 
or VLDL with protein-free triglyceride-rich emulsions of 
defined lipid composition (2-5). In the bloodstream the emul- 
sions acquire apolipoproteins from the circulating lipopro- 
teins undergoing lipolysis. Subsequently, apo E serves as 
ligand for the binding of the triglyceridedepleted particles 
to hepatic receptors that take up remnants (E receptors). 

In the present study, we tested the hypothesis whether 
a microemulsion resembling the lipid phase of LDL (6,7), 
without ape B, could mimic the metabolism of native LDL. 
The microemulsion (LDE) labeled with radioactive lipids was 
injected into the bloodstream of control rats to determine 
the plasma kinetics and the percent uptake of the emulsion 
by different organs To confirm the role of the specified LDL 
receptors in removing LDE from plasma, the LDE plasma 
kinetics and tissue uptake were also followed in a group of 
rats treated with 17a~ethynilestradioL which enhances the 
activity of these receptors. To test whether the remnant 
receptors could t~ko. up the emulsion, LDE was also injected 
into rats following infusion of lymph chylomicrons resulting 
in saturation of these receptor~ The effects of hypothyroid- 
ism and of LDE supplementation with free cholesterol were 
also evaluatecL Our data show that LDE can be useful to 
test in vivo LDL metabolism and B,E receptor functiorL 

MATERIALS AND METHODS 

Preparation of LDE. Egg phosphatidylcholine was pur- 
chased from Lipid Products {Surrey, United Kingdom), 
and triolein, cholesteryl oleate and cholesterol were from 
Nu-Chek-Prep (Elysian, MN). [4-14C]Cholesteryl oleate, 
[la,2a(n)-3H]oleate were from Amersham (Amersham, 
United Kingdom). Lipids were judged >99% pure by thin- 
layer chromatography (TLC). The microemulsion utilized 
in this study was prepared from lipid mixtures composed 
of 40 mg of egg phosphatidylcholine, 20 mg of cholesteryl 
oleate and 0.6 mg of triolein, with addition of radioactive 
lipids. In some experiments, 5% (w/w) cholesterol was also 
added to the mixture 

The lipid mixtures were sonicated and purified to ob- 
tain the microemulsion according to the procedures de- 
scribed by Ginsburg et al. (5). Lipid mixtures were dried 
under an N= stream followed by overnight vacuum desic- 
cation at 4~ to remove residual solvent. Dried lipids were 
resuspended in 10 mL of 0.1 M KC1, 0.01 M Tris HCI at 
pH 8.0. The suspension was sonicated using a Branson 
Cell Disruptor model B-30 (S~o Paul~ Brazil), with 125 
Watts output in the "continuous" operating mode, for 180 
min under an N2 atmospher~ The temperature was kept 
between 53-55~ as monitored by a thermocouple in- 
serted into the vial. The emulsified lipid suspension was 
then transferred to clean tubes for ultracentrifugation at 
195,000 • g (30 min) in an SW 40 rotor of a Beckman 
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L8-M ultracentrifuge (Palo Alt~ CA). The top 10% of the 
solution, containing particles that float at a background 
density of approximately 1.006 g/mL, was removed by 
aspiration with a needle. The remaining solution was ad- 
justed to a background density of approximately 1.22 
g/mL by adding solid KBr and was then centrifuged at 
195,000 X g (120 m/n) at 4~ The top 20-30% of the sam- 
ple was collected by aspiration at room temperature, and 
dialyzed overnight in buffer to remove KBr from the solu- 
tion. The microemulsion fraction was analyzed for lipid 
composition (phospholipids, cholesteryl esters, triacylgly- 
cerols) by standard laboratory methods {8-10) and utilized 
in the experiments described below. Before analysis, the 
microemulsion containing cholesterol was also submitted 
to preparative TLC in the solvent system described below 
to allow separate determination of cholesterol and ch~ 
lesteryl ester. 

Animals. Male W/star rats, weighing 250-300 g and fed 
a standard commercial chow {Anderson Clayton, S~o 
Paulo, Brazil) ad lib/turn, were utilized in this study. One 
group of rats was treated with 17a-ethinylestradiol for five 
days. The drug was dissolved in ethanol (100 ~g/~L) and 
propyleneglycol to a final concentration of 1 mg/mL, and 
injected subcutaneously at a daffy dose of 5 mg/kg of body 
weight ill). Another group of rats was rendered hypo- 
thyroid by addition of propylthiouracil to their drinking 
water (100 mg/dL) for 30 d {12). 

LDE plasma kinetics and tissue uptake. Microemul- 
sions labeled with radioactive core lipids were injected into 
the bloodstream of control rats and of rats treated with 
17a-ethinylestradiol or propylthiouracil to measure the 
rates of lipid disappearance from plasma. 

The animals were anesthetized with d/ethyl ether, and 
a polyethylene cannula (Intramedic PE 50) was inserted 
into the left carotid artery. Clotting inside the cannula was 
prevented by pretreatment with silicon {Clay Adams, Pa~ 
sippany, NJ). The animals were kept in individual cages 
for at least 90 min for recovery from anesthesia The 
microemulsion was then injected as a bolus of approx- 
imately 3 mg of total lipid, in a volume of approximately 
0.5 mL. At intervals of 0.5 g, 1, 2, 4, 7, 9 and 12 h, when 
the animals were sacrificed by air embolization, blood 
samples of 0.3 mL were collected into tubes containing 
20 ~L heparin. 

To measure the uptake of LDE by the tissues, the micr~ 
emulsion was labeled with [la,2a(n)-3H]cholesteryl oleyl 
ether. Selected organs were excised 24 h after the injec- 
tion of the emulsion into three control rats. Plasma 
samples for determination of emulsion clearance were not 
taken from these rats. 

Determination of radioactivity in plasma and tissues. 
Lipids were extracted (13) with chloroform]methanol (2:1, 
vol/vol) from 100 ~L aliquots of the separated blood 
plasma and from approximately 1 g samples of the excised 
organs. The extracted lipids were concentrated and re- 
solved into classes by TLC using hexane/diethyl 
ether/acetic acid (70:30:1, by vol) as developing solvent. 
The cholesteryl ester and triacylglycerol bands were then 
placed separately into vials with 7 mL scintillation solu- 
tion [5 g PPO/0.5 g d/methyl POPOP (Sigma, St. Louis, 
MO)/333 mL Triton X-100/667 mL toluene] (14); and 
radioactivity was measured by liquid scintillation spec- 
trometry with a LKB model 1211 Spectrometer (Upsala, 
Sweden). 

Competition between LDE and lymph chylomicrons for 
removal from plasm~ Intestinal lymph was collected from 
male W/star rats, weighing 300-400 g, over ice with 
ethylenediamlnetetraacetic acid (EDTA) added (final con- 
centration, i mM) over 24 h through a cannula implanted 
into the mesenteric lymph duct. After surgery the rats 
were maintained in restriction cages, and cottonseed oil 
was infused {0.035 mL/h) through a gastrostomy tubs  
Water was accessible ad lib/turn. Saline (5 mL, pH 7.0), 
d = 1.006 g/mI,~ containing EDTA (1 raM) was layered on 
lymph (5 mL) in Beckman SW 40 rotor tubes and cen- 
trifuged at 24,500 rpm for 20 min at 20~ {15). Chylo- 
microns were recovered from 1.5 mL of the creamy top 
layer aspirated from each tube, and the triglyceride con- 
centration was determined {10). Samples were kept at 4~ 
and used within 24 h in the experiments. 

Lymph chylomicrons were injected into the rats through 
a carotid cannula, in a bolus corresponding to 7.2 mg of 
triglyceride every 10 rain for 5 h. The labeled microemul- 
s/on was injected through the same cannula 5 rain after 
the first injection of lymph chylomicrons. LDE was also 
injected into three rats in which saline solution (0.8 mg/dL) 
was substituted for an equivalent volume of lymph chylc, 
microns (16). 

Incubation of LDE with rat plasma high-density lipo- 
protein (HDL) and with rat plasma HDL apolipoproteins. 
Microemulsions containing approximately 280 ~g of total 
lipid were incubated with rat HDL (230 ~g of HDL pro- 
tein) obtained by ultracentrifugation of plasma in discon- 
tinuous saline gradients {17). Buffer solution (0.01 M Tris- 
HC1, pH 8.2) was added to attain a 4.0 final volume in each 
tubs  Incubation was for 15 min in a shaking water bath 
at 37~ Solid KBr was then added to raise the density 
to 1.21 g/mL. The mixture was then placed in a Beckman 
SW41 rotor tube and centrifuged in discontinuous densi- 
ty gradients for 24 h at 20~ (17). The microemulsion par- 
ticles were recovered in the 1.5 mL top volume of the tube 
and assayed for protein content (18). Apos associated with 
the microemulsions were separated by 15% sodium 
dodecyl sulfate (SDS)-glycerol polyacrylamide gel elec- 
trophoresis (19). 

Microemulsions (200 ~g) were also incubated with rat 
plasma HDL apo (200 ~g), obtained by ultracentrifuga- 
t/on of plasma on discontinuous gradients (17) followed 
by delipidation of the HDL fraction (20). The incubation, 
recovery and analysis of the protein associated with LDE 
were according to the procedures described. 

Calculation of LDE removal from plasma. A compart- 
mental model was utilized for the analysis of plasma 
decaying curves of the emulsion's radioactive lipids (21). 
The model implies two intravascular (pools 1 and 2) and 
one extravascular (pool 3) compartment, assuming that 
the system was in dynamic equilibrium. The emulsion is 
instantaneously introduced in pool 1. During the elapsed 
time, a fraction of pool I (k13) migrates to pool 3, while 
another fraction (k12) is transferred to pool 2. A fraction 
of pool 2 (k23) also migrates to pool 3. Rates of transfer 
k12, k13 and k23 were estimated using nonlinear least 
squares procedures (22,23). Fractional clearance rate (FCR) 
of the labeled lipids from the intravascular compartment 
was estimated according to Matthews (24): 

(k12 -b k13) �9 k23 
FCR - [1] 

k12 -~- k23 
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The Student ' s  t-test was used to analyze differences b e  
tween means.  

RESULTS 

L D E  prepared wi thout  cholesterol had approximate ly  
63% phospholipids, 36% cholesteryl ester  and 1% tri- 
acylglycerol, whereas L D E  prepared with cholesterol con- 
sis ted of approximate ly  61% phospholipids, 35% c h ~  
lesteryl ester, 2% cholesterol and 3% triacylglycerol. The 
cholesteryl  ester/phospholipid molar  ratio was approx- 
imately  0.7 in bo th  microemulsions. 

When L D E  was s imul taneously  labeled with [4-z4C]- 
cholesteryl oleate and [la,2a(n)-3H]cholesteryl oleyl ether 
and injected into four control rats, the removal ra te  for 
bo th  labels was nearly identical (FCR -- 0.40 + 0.02 and 
0.40 _+ 0.04 rain -z, respectively). This indicates tha t  prac- 
t ically no recirculation of the LDE cholesteryl ester  oc- 
curred over 12 h (25). In  the ra t  the cholesteryl ester or 
e ther  can indeed be considered the marker  of removal  of 
the emulsion from p la sma  because it  is not  selectively 
removed from the emulsion particles (26). 

FCR of the L D E  cholesteryl  ester  and triacylglycerols 
injected in the b loodst ream of control, es trogen-treated 
and hypothyroid  ra ts  is shown in Table 1. In  control rats,  
the emulsion triacylglycerols were removed from p la sma  
three t imes faster  than  was cholesteryl  ester. In  the 
animals  t rea ted  with estrogen, cholesteryl ester  was re~ 
moved two t imes faster  than  in controls, bu t  the removal  
of triacylglycerols was not  affected (Fig. 1). In  contrast ,  
t r ea tmen t  with propylthiouracfl  did not significantly 
change the  removal  of cholesteryl  ester, bu t  the FCR of 
triacylglycerols was twice as rapid. The uptake  by organs 
of [3H]cholesteryl e ther  of emulsions injected in three 
control ra t s  is shown in Table 2. Mos t  of the emulsion 
radioact ivi ty  was taken up by the liver. 

In  the ra ts  t ha t  were infused lymph chylomicrons, the 
p lasma  triacylglycerols raised from 12 to 27 mg/dL 1 h 
af ter  the beginning of the infusion to 106 mg/dL after  3 
h, and 72 mg/dL after  5 h. Figure 2 shows tha t  the clear- 

TABLE 1 

Effects of Estrogen Treatment and Hypothyroidism on the Removal 
of Microemulsion Lipids from Plasma a 

Treatment 

Removal from plasma (FCR, h -1) 

Cholesteryl esters Triacylglycerols 

Controls 
(n = 15) 0.42 +_ 0.09 1.40 + 0.63 

Estrogen-treated 
(n --10) 0.90 +- 0.355 1.62 + 0.59 

Hypothyroid 
(n -- 7) 0.39 + 0.09 2.76 +_ 0.94 b 

aMicromulsions without free cholesterol, and labeled with 
[4-z4C]cholesteryl oleate and glycerol tri[10(n)-3H]oleate were in- 
jected into the carotid artery of control rats and rats treated with 
17a-ethinylestradiol (5 mg/kg body wt/d during 5 d) or pro- 
pylthiouracyl (100 mg/dL in drinking water for 30 d). Blood was 
sampled at regular intervals during 12 h, and the fractional clearance 
rate (FCR) was calculated from the curves of radioactivity remain- 
ing in plasma according to a three-compartmental model. Results 
are means +- SD. 
5p < 0.05 compared to control values. 

ance of the emulsion cholesteryl ester in these ra ts  (n = 6) 
was not  different from tha t  measured  in ra ts  (n = 3) in 
which the chylomicron infusion was replaced by  infusion 
of an equal volume of isotonic saline solution (0.44 + 0.19 
and 0.51 +_ 0.17 h -z, respectively). This sugges ts  t ha t  
LDE was not  removed from the p lasma  by the  mechan- 
isms tha t  remove chylomicron remnants .  

When free cholesterol was added to LDE (Fig. 3), FCR 
of either cholesteryl  ester  (0.54 +_ 0.15 h -z) or triacylgly- 
cerols (3.23 + 0.68 h -z) of the emulsion injected in control 
ra t s  was significantly increased as compared  to LDE 
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glycerol tri[10(n)-3H]oleate (B) of the microemulsion in control rats 
{H) and rats treated with 17a~thinylestradiol (m). 
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A 
100 

T A B L E  2 

Tissue Uptake of the  Microemulsion Labeled with [1,2(n)-3H] 
Choleeteryl Oleyl Ether = 

Tissue % of Injected dose % by Gram of t issue 

Liver 83.79 +-- 3.98 9.70 + 1.44 
Spleen 1.17 + 0.25 1.65 _+ 0.28 
Lung 0.39 -- 0.09 1.73 • 0.19 
Muscle 3.39 +-- 1.45 0.03 • 0.02 
Hear t  0.11 +-- 0.02 0.14 • 0.03 
Kidney 0.13 • 0.00 0.07 • 0.01 
Adipose 0.74 --- 0.25 0.00 • 0.00 
Adrenal  0.62 _ 0.09 15.52 • 3.81 

=The microemulsion did not  contain free cholesterol. Tissues were 
excised for lipid extraction and radioactivity determination 24 h after 
injection of the emulsion. The results are means +_ SD of three experi- 
ments .  
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FIG. 2. Removal  from plasma of [4-14C]cholesteryl oleate of the 
microemulsion in ra t s  infused with isotonic saline solution (D) or 
with  lymph chylomicrons ( I ) .  

without free cholesterol (P < 0.05). FCR of the labeled free 
cholesterol of the emulsion was 0.92 4- 0.41 h -1. 

After incubation with HDL or HDL ap~ LDE incor- 
porated apos AI, AIV, E, CII and CIII. As observed in 
the SDS polyacrylamide gels, no difference was seen in 
the proportion of incorporated apos in LDE with and 
without cholesterol. 

DISCUSSION 

The structure of protein-free microemulsions containing 
egg phosphatidylcholine and cholesteryl oleate~ similar to 
those utilized in the current investigation, has been well- 
defined previously (5-7). These systems were shown to 
mimic the lipid portion of native LDL, and incorporation 
of unesterified cholesterol up to 15% molar did not affect 
their LDL-like size characteristics (7). 
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FIG. 3. Removal from plasma of (A) [4~14C]eholesteryl oleate of the 
microemulsion with (1 )  or wi thout  cholesterol (El) and of (B) 
[14C]cholesterol (D) and glycerol triI10(n)-3H]oleate ( I )  of the 
microemulsion with cholesterol. 

LDL interacts with B,E receptors through apo B-100, 
but the receptors can also recognize apo E, which is not 
usually present in the LDL particles. We hypothesized 
whether LDE, when injected into the bloodstream, could 
pick up apo E molecules from native lipoproteins, enabl- 
ing recognition and uptake of the microemulsion by the 
B,E receptors. In fact, the incubation of LDE with HDL 
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or HDL apos confirmed that  apo E binds the emulsion, 
together with other exchangeable apos like apos AI and 
CII and CIII. 

The present results show that  LDE has a markedly dif- 
ferent metabolic behavior in rats as compared to the tri- 
glyceride-rich emulsions resembling chylomicrons de- 
scribed in our previous studies (2-4). Whereas the chylo- 
micron-like emulsion was rapidly removed from plasma, 
LDE was retained for several hours, as native LDL would 
be. This emphasizes the importance of the lipid portion 
of these particles for their metabolic behavior, as both 
emulsions were capable of incorporating the various ex- 
changeable apos present in the plasma As occurs with 
native LDL, the liver was the main site of removal of LDE 
from the circulation. Evidence was gathered here that  
LDE was taken up by B,E receptors that  remove native 
LDL, instead of by the E receptors that  bind chylomicron 
remnants. Firstly, treatment of the rats with high doses 
of 17a-ethinylestradiol, which enhances the activity of the 
B,E receptors severalfold (27,28), resulted in nearly twofold 
increase in the rate of LDE removal from the plasma This 
behavior is identical to that  of native LDL injected in 
estrogen-treated rats (29-31), and different from chylo- 
micron-like emulsions, which were slowly cleared in rats 
under estrogen treatment (2). Secondly, when LDE was 
injected in rats infused with amounts of lymph chylo- 
microns capable of saturating the removal sites of rem- 
nants (E receptors) (16), the plasma kinetics of the radioac- 
tive cholesteryl ester remained unchanged, suggesting 
that  LDE is not removed by this mechanism. 

LDE was also tested in hypothyroidism, a metabolic 
disorder in which lipoprotein plasma kinetics are well- 
documented in rats. The results again resembled those of 
native LDL and were markedly different from the kinetics 
of chylomicrons and triglyceride-rich emulsions. The 
plasma clearance of native LDL in hypothyroid rats has 
been found to be only slightly decreased (32), whereas in 
our experiments the LDE clearance was unchanged. In 
contrast, the removal of remnants of chylomicrons and 
triglyceride~rich emulsions was pronouncedly slowed down 
(33). 

Despite the min imum content of tr iacylglycerols in 
LDE, the emulsion underwent lipolysis, as shown by a 
triacylglycerol FCR greater than that of cholesteryl ester 
(2,3). Lipolysis was greater in the rats made hypothyroid, 
probably due to increased lipoprotein lipase activity under 
this condition (12). 

In the current study, we found that addition of free 
cholesterol to LDE led to acceleration of its removal from 
plasma. In protein-free lipid model systems for LDL, 
unesterified cholesterol is located primarily at the parti- 
cle surface (7). This allows the conjecture that the intro- 
duction of cholesterol into LDE could favor the incorpora- 
tion of apo E into the surface of the microemulsion par- 
ticles, thus facilitating clearance Moreover, apo C is 
known to decrease the binding of apos to receptors, and 
the addition of free cholesterol could also increase the ratio 
apo E/C, as previously documented with triacylglycerol- 
rich emulsions (3,34). However, after incubation with HDL 
or HDL apos, we found no difference between LDE with 
and without free cholesterol in regard to the proportion 
of associated apos. 

Plasma kinetics of LDE radioactive, free cholesterol 
(Fig. 3) were similar to native LDL, as described by 

Eisenberg et  aL (35). It is also noteworthy that triglyceride 
clearance was accelerated by addition of free cholesterol 
to LDE, which is probably due to enhanced removal of 
emulsion particles rather than to increased lipolysis. 

Extensive studies of LDL plasma kinetics in human 
subjects could be very useful to understand the patho- 
physiology of lipid metabolism and atherosclerosis. 
However, these studies have been restricted by the labor- 
ious procedures of isolation and labeling of native LDL 
and the obligatory use of autologous lipoprotein due to 
the risk of transmission of HIV or hepatitis virus into reci- 
pient subjects. Need of a standard LDL preparation for 
injection into multiple individuals was already empha- 
sized by Goldstein and Brown in a 1984 review (36) as a 
requirement for uniform kinetic studies. Our study raises 
the possibility for the use of LDE as a tool to evaluate 
LDL metabolism and B,E receptor function. Consistent 
with this assumption, the rate of removal of LDE from 
plasma has been shown to be slower in patients with 
familial hypercholesterolemia, as expected for native LDL 
(37). In contrast, LDE was rapidly removed from the 
plasma in patients with acute myeloid leukemia (AML) 
(38), which is expected because AML cells overexpress B,E 
receptors and avidly take up the native LDL (39,40). 
Finally, we would like to suggest that  our results provide 
a rationale for the utilization of LDE to deliver antitumor 
drugs to neoplastic cells with enhanced expression of LDL 
receptors. 
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Plasma Clearance and Hepatic Utilization of Stearic, Myristic 
and Linoleic Acids Introduced via Chylomicrons in Rats 
Shu Wang and Sung I. Koo* 
Department of Foods and Nutrition, Kansas State University, Manhattan, Kansas 66506 

The primary objective of the present study was to com- 
pare the rates of plasma clearance and hepatic utilization 
of stearic (18:0), myristic (14:0) and iinoleic (18:2) acids, as 
introduced v/a chylomicrons. Lymph chylomicrons were 
specifically labeled in vivo with [14C]stearic and (SA), 
[14C]myristic acid (MA), or [14C]iinolelc acid (LA) by infus- 
ing donor rats intraduodenally with the labeled fatty acids 
in a lipid emulsion. Following intravenous injection of reci- 
pient rats with the labeled chylomicrons, the rates of plas- 
ma clearance and incorporation of the label in triglycerides 
(TG), phospholipids (PL) and other lipids in the liver were 
compared at 5, 15 and 30 min. [14C]SA was cleared at  a 
slightly faster rate (tin - 7.0 mln) than [14C]MA (tin = 8.1 
rain) and [14C]LA (tl~ = 8.0 mln) (P < 0.05). [14C]SA was 
accumulated in the fiver at a significantly faster rate than 
[14C]MA and [14C]LA. At the peak (15 min) of hepatic u p  
take, 30.3% of [14C]SA, 26.2% of [14C]LA and 21.9% of 
[14C]MA were recovered in the liver. At 30 min, 33.5% of 
[14C]SA was taken up by the fiver, whereas 27.8% of 
[14C]LA and only 15.2% of [14C]MA were removed. In the 
liver, the percentage of [14C]SA incorporated into PL 
steadily increased with time, whereas the percent-age in- 
corporated into TG decreased. [14C]SA was preferentially 
incorporated into PL at all time intervals, as compared 
with [14C]MA and [14C]LA. At 30 rain, 38.6% of [14C]SA 
was found in PL, and only 5.2% of [14C]MA and 12.0% of 
[14C]LA were present in PL. A large proportion of hepatic 
[14C]MA remained unesterified (free fatty acid) through- 
out the 30-min period, with a small proportion incorporated 
into PL and TG. Of the total liver 14C radioactivity 
recovered at 30 rain, 63.8% of [14C]MA, 48.8% of [14C]LA 
and 25.5% of [14C]SA were found unesterified. During 30 
min, a significantly greater amount of [14C]MA (76.9%) 
was oxidized in both the liver and the peripheral tissue 
combined, compared with [14C]LA (64.7%) and [14C]SA 
(61.2%). A higher proportion of [14C]LA was incorporated 
into TG than into PL at all time intervals. No differences 
were noted in the relative distribution of 14C in cholesterol 
and other lipids among the three fatty acids. Using labeled 
fatty acids incorporated/n v/vo into chylomicrons, the pre~ 
sent study demonstrated that SA, MA and LA are dis- 
tinctly different in their metabolic behavior. During the 
initial 30 min after their entry into the blood, 92-95% of 
the fatty acids were cleared. During this early phase of 
metabolism, [14C]SA was preferentially utilized for liver 
PL synthesis, whereas [14C]LA was better incorporated 
into TG. [14C]MA was poorly incorporated into hepatic 
lipids, but was preferentially oxidized in the liver or utilized 
by the peripheral tissue. 
Lipids 28, 697-703 (1993) 

*To whom correspondence should be addressed at Department of 
Foods and Nutrition, Kansas State University, Justin Hall, Manhat- 
tan, KS 66506. 
Abbreviations: FFA, free fatty acid; LA, linoleic acid; LDL, low- 
density lipoprotein(s); LPL, lipoprotein lipase; MA, myristic acid; OA, 
oleic acid; PA, palmitic acid; PL, phospholipid; SA, stearic acid; TLC, 
thin-layer chromatography; TG, triglyceride; VLDL, very low density 
lipoproteins. 

Compared with polyunsaturated fatty acids, such as 
linoleic acid (LA), dietary long~hain saturated fatty acids 
generally have been regarded as hypercholesterolemic How- 
ever, unlike other saturated fatty acids, such as myristic acid 
(MA} and palmitic acid (PA), stearic acid (SA) lowers plasma 
cholesterol and is less atherogeni~ as has been demonstrated 
in various animal models (1). The proposed mechanisms for 
its hypocholeterolemic effect include (i) incomplete digestion 
of fats high in SA and its inefficient intestinal absorption 
(2,3); (ii) reduced intestinal absorption of cholesterol with 
diets high in SA (2); and (iii) its metabolic conversion to oleic 
acid (OA) by desaturation (4-6). 

At present, little information exists concerning how SA 
may differ from other fatty acids, especially when introduced 
into the circulation v/a chylomicrons, which are the prin- 
cipal carriers of dietary fats. In a recent study (7), we com- 
pared the rates of plasma clearance and hepatic metabolism 
of SA, PA and OA in rats after intravenous injection of 
chylomicrons labeled in vivo with the fatty acids. The find- 
ings from this study (7) suggest that the hypocholester~ 
olemic effect of SA is not associated with its conversion to 
oleic acid, but with its preferential utilization for phosphm 
lipid (PL) synthesis. PA, on the other hand, is most rapidly 
removed from the plasma and incorporated into triglyceride 
(TG) in the liver. This observation suggests that PA is more 
stimulatory to hepatic lipogenesis and, henc~ the synthesis 
of very low density lipoprotein (VLDL) contributing to 
hyperlipemiv. The results also indicate that OA is more 
readily taken up by the peripheral tissue and]or oxidized in 
the liver. 

The present study was undertaken to compare the meta- 
bolic fates of SA, MA and LA immediately after their trans- 
port into the circulation v/a chylomicrons. We prepared 
chylomicrons enriched and radiolabeled in vivo with these 
fatty acid~ instead of using free fatty acids (FFA) (8). The 
rates of plasma clearance and hepatic utilization of these 
fatty acids were compared after intravenous injection of the 
labeled chylomicrons. 

MATERIALS AND METHODS 

Animals and diets. Fifty-one male albino rats (Harlan 
Sprague Dawley, Inc, Indianapolis, IN), weighing 266 • 
16 g, were housed individually in stainless-steel cages and 
subjected to a cycle with a 1500-0300 light period and 
a 0300-1500 dark period. Temperature and humidity were 
controlled at 23-25~ and 55-75%, respectively. The ani- 
mals were cared for in an animal care facility accredited 
by the American Association for the Accreditation of 
Laboratory Animal Cam The rats were fed a nutritional- 
ly adequate diet, formulated according to the recom- 
mendations (9,10) of the American Institute of Nutrition 
(AIN), except for its fat content. The diet, as shown in 
Table 1, contained 5% beef tallow in addition to the 5% 
corn oil recommended by the AIN. This modification was 
made to better simulate the amount and type of dietary 
fat present in a typical American diet. All animals were 
fed the diet ad libitum and allowed free access to deionized 
water throughout the experiment. 
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TABLE 1 

Composition of Experimental Diet 

Ingredient g/kg 
Egg whites, spray dried 200 
Corn starch 100 
Dextrose 502.996 
Cellulose 50 
Corn oil 50 
Beef tallow 50 
Salt mix a 35 
Vitamin mix a 10 
Biotin 0.004 
Choline bitartrate 2 

aAccording to the recommendations of the American Institute of 
Nutrition (Refs. 9 and 10). 

Cannulation of mesenteric lymph duct. In order to ob- 
tain chylomicrons labeled with specific fa t ty  acids, the 
mesenteric lymph duct  was cannulated by a modification 
of the procedure described in our previous studies (11,12). 
At  the end of 8 wk, the rats  were fasted for 24 h before 
surgery. Under  halothane anesthesia, an abdominal inci- 
sion was made along the midline with a cauterizer. The 
major intestinal lymph duct  was cannulated with vinyl 
tubing (SV. 31 tubing;, 0.50 mm i.d., 0.80 mm r Dural 
Plastics, Auburn, Australia). Following the cannulation, 
an indwelling infusion catheter  {Silastic medical grade 
tubing;, 1.0 mm i.d., 2.1 mm o.d., Dow Coming, Midland, 
MI) was inserted v/a the gastric fundus into the upper  
duodenum and secured by a purse-string suture {4-0 Silk; 
Ethicon Ina,  Somerville, NJ). After  the abdominal inci- 
sion was closed, the rats  were placed in restraining cages 
(13} in a heated chamber (30~ for 24 h to prevent hypo- 
thermia after surgery. During this postoperative recovery 
period, the rats were infused (Model 5B, Aut~syringe Inc,  
Londonderry  Turnpike, Hookse t ,  NH) v/a the duodenal 
catheter  with a maintenance solution consisting of 5% 
glucose, 0.87% NaCI and 0.03% KCI at the rate of 2.5 
ml,/h. The volume of lymph ranged from 1.8 to 2.2 mL/h. 

Preparation and labeling of chylomicrons. Chylomicrons 
were labeled in vivo with a [1-14C]fatty acid as follows. 
Six lymph-fistula rats  weighing 432 +_ 32 g were divided 
into three groups. Each  of the donor ra ts  was infused v/a 
the duodenal catheter with a lipid emulsion {infusate) con- 
taining SA, MA and LA. The infusate was obtained by 
mixing 18-20 mL of Intralipid (10% soybean oil, 1.2% egg 
yolk phospholipid and 2.25% glycerin, USP, KabWitrum, 
Alameda, CA) containing 10 mg a-tocopherol and an emul- 
sion of SA, MA and LA prepared by sonication in 
0.75 g Na-taurocholate in 40-42 mL phosphate buffered 
saline {6.75 mM Na2HPO4, 16.5 mM NaH2PO4, 115 mM 
NaC1, 5 mM KC1 and 2.5 g glucose, pH 6.4). The total  con- 
centrat ions of SA, MA and LA in the mixture were 0.74, 
0.58 and 0.58 g per 60 mL, respectively. More SA was 
added to the infusate because of its relatively inefficient 
intestinal absorption. After  addition of 15-25 pCi of the 
specific [1-14C]-labeled SA, MA or LA, the infusate was 
sonicated for 10 min to obtain uniform mixing of the label 
(W-375; Heat  Systems-Ultrasonics, Long Island, NY). The 
radlochemical purit ies of all ~4C-labeled f a t ty  acids 
(NEN, Du Pont, Wilmington, DE; specific activities, 
56-58 mCi/mmol) were 98.9-99.0% by thin-layer chro- 
matography (TLC). 

TABLE 2 

Distribution (%) of Radioactivity Among Different Lipid Classes 
in Chylomicrons Produced by Infusing Lipid Emulsions a 

PL MG DG + CH FFA TG CE 
MA 0.8 0.0 1.5 0.8 96.7 0.3 
LA 3.8 0.4 4.8 0.0 92.1 0.8 
SA 3.4 0.0 0.5 0.4 92.3 3.4 
apL, phospholipid; MG, monoglyceride; DG + CH, diglyceride and 
cholesterol; FFA, free fatty acid; TG, triglyceride; and CE, 

. " . . . ~  " . . ; ~1714te~]l~o~erc Cahi~o~r~n~,l;~4becl~s:2cMA~}z4C]mynst,c acid 

After  a s teady flow of lymph was established during 
the postoperative recovery period, the donor rats were in- 
fused v/a the duodenal catheter  with the respective lipid 
emulsion at  2.5 mL/h. Lymph was collected for about  20 
h at 30~ in a sterilized 50-mL plastic tube- The lymph 
was defibrinated by passing through glass wool. The fil- 
t ra te  was overlayered with 150 mM NaC1 (pH 7.4) in 
polyallomer tubes and centrifuged at  1.3 • 106 X g/min 
at  28~ using a Beckman 50.3 Ti rotor in a Beckman 
L5-75B ultracentrifuge {Spinco Division, Palo Alt~ CA). 
The packed top fraction of chylomicrons was separated 
and suspended in 150 mM NaC1, pH 7.4, by passage 
through a 23-gauge hypodermic needle. The dispersed 
chylomicrons were preheated at 55-60~ for 2 min under 
N2 and cooled to 37~ prior to injection. Previously (14), 
it was found tha t  reheating to 58~ was necessary to 
restore the spherical shape of the lymph lipoproteins rich 
in saturated fat exposed to temperatures of 23-26~ Ap- 
proximately 92-97% of the 14C radioactivi ty of the 
chylomicrons was associated with TG, as determined by 
TLC (Table 2). The fa t ty  acid composition of the chylc~ 
microns closely reflected tha t  of the duodenal infusates 
{Table 3), as analyzed by gas chromatography {Hewlett- 
Packard Model 5880A Gas Chromatograph, Hewlett- 
Packard, Palo Alto, CA). 

Determination of the rate of plasma clearance Forty- 
five recipient rats  were divided into three groups with 15 
rats  each. After fasting for 10 h, each of the three groups 
was injected via the jugular  vein with a dose of chylo- 
microns labeled with [14C]SA, [14C]MA or [14C]LA. The 

TABLE 3 

Fatty Acid Compositions (%) of Lipid Emulsions Enriched 
with Myristic~ Linoleie or Stearic Acid, and Chylomlorons 
Produced by Infusing the Lipid Emulsions (infusates) a 

Fatty acid 
14:0 16 :0  18 :0  18:1  18 :2  18:3 

Infusate 

Chylomicrons 

MA 23.9 7.2 26 .0  12 .5  27.1 3.2 
LA 19.8 7.8 3 2 .3  14 .6  23.2 2.1 
SA 19.3 6.7 3 2 . 8  12 .2  26.1 2.9 

MA 2 5 .5  12 .7  2 2 .3  12 .0  25.1 2.3 
LA 19.1 1 0 .0  2 3 .3  1 4 .4  30.1 3.2 
SA 2 1 . 3  11 .3  23 .1  14 .1  27.9 2.4 

aInfusates labeled with MA, [14C]myristic acid; LA, [t4C]linoleic 
acid; and SA, [14C]stearic acid. Chylomicrons labeled with MA, LA 
and SA. 
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average body weights for the SA, MA and LA groups were 
403 + 18, 406 + 16 and 400 _+ 16 g, respectively. A dose 
of chylomicrons labeled with [14C]SA, [14C]MA or 
[14C]LA contained 13.5, 10.2 and 10.2 mg of TG, respec- 
tively. Five rats from each group were killed under diethyl 
ether anesthesia at 5, 15 and 30 rain after dosing. These 
specified time intervals (5, 15 and 30 mln) were chosen 
because of the rapid rate of clearance of chylomicron fatty 
acids from the plasma. Blood samples (2 mL) were col- 
lected via the orbital sinus (15), and plasma was separated 
by centrifugation at 1000 • g for 60 min. Aliquots (200 
~L) of plasma were mixed with scintillation liquid (Scin- 
tiVers~ Fisher Scientific. Fairlawn, NJ) and counted to 
determine the plasma 14C radioactivity (Beckman LS 
8000; Beckman Instruments, Fullerton, CA). Total volume 
of plasma was estimated at 3.35% of the body weight as 
determined by a radioisotopic dilution method (16). Per- 
cent clearance of the injected dose at each interval was 
computed following the equation 04C dpm at ti/z4C dpm 
at to) • 100; where t i is a given time interval and t o is 
time of dosing. The rate of clearance for each fat ty acid 
was expressed by half life (t~/2), which is the time taken 
for the 14C radioactivity to decrease to one-half of the 
total amount injected. The t~/2 was determined by the 
equation for the rate of an exponential change, tl/2 = 
-0.693/k; where k is the slope of the time-course clearance 
curve of 14C radioactivity. 

Hepatic uptake and utilization of 14C fatty acids in dif- 
ferent lipid classes. After exsanguination of rats under 
halothane anesthesia, livers were removed, blotted with 
absorbent paper, weighed and frozen at -70~ until anal- 
ysis. The whole liver was finely minced with a razor blade 
A 2-g sample was taken and used for extraction of lipids 
by the method of Folch et al. (17). The total 14C radioac- 
tivity taken up by the liver was determined by counting 
an aliquot (250 ~L) of liver lipid extract and expressed as 
percent of the dose injected. Distribution of ~4C radioac- 
tivity in different lipid classes was determined by sepa- 
rating the liver lipids by TLC on silica gel G (20 • 20 cm, 
250 ~; Analtech, Newark, DE) with n-hexane/diethyl 
ether/glacial acetic acid (70:30:2, by vol). The solvent 
system gave an excellent separation of cholesteryl ester, 
TG, FFA, monoglyceride and PL, except for cholesterol 
and diglyceride, which comigrated and were collected as 
one fraction. Separated lipids were visualized with iodine 
vapor. The lipid spots on TLC plates were scraped into 
counting vials and eluted with 1.0 mL of 100% ethanol 
for 10 rain prior to mixing with scintillation liquid (Scin- 
tiVerse, Fisher Scientific). The distribution (%) of 14C 
radioactivity among liver lipids was calculated. The fat- 
ty acid composition of liver lipids also was determined by 
gas chromatography. 

Distribution of 14C radioactivities of chylomicrons and 
liver lipid extracts between saturated and unsaturated fat- 
ty acids. The chylomicron and liver lipids were further 
saponified and methylated using methanolic BF3 as de- 
scribed by Slaver and Lanza (18). Methyl esters of satur- 
ated and unsaturated fatty acids were separated by silver- 
nitrate impregnated TLC (silica gel G impregnated with 
10% AgNO3, 20 • 20 cm, 250 ~; Analtech). The plates 
were developed in 100% chloroform, and lipid fractions 
were visualized by spraying with water. The separated 
lipids were scraped into counting vials, eluted with 100% 
ethanol and counted to determine z4C radioactivity. 

Statistics. Analysis of variance with the least signifi- 
cant difference test of the SAS statistical package was 
used to determine differences (P < 0.05) between group 
means. All data were expressed as mean + SD. 

RESULTS 

Comparison of the rates o[ plasma clearance. Figure 1 
shows the time-course t4C-clearance curves for the 
labeled fatty acids. The rates of 14C-clearance (tl; 2) during 
the 30-min period for SA, MA and LA were 7.0 +_ 0.3, 8.1 
+_ 1.2 and 8.0 +_ 0.3 min, respectively. [z4C]SA was re- 
moved at a slightly faster rate (P < 0.05) than [14C]MA 
and LA. Initially {at 5 rain), there was no significant dif- 
ference in clearance rates among the three fatty acids. At 
15 rain, 75% of [14C]SA, 64% of [14C]LA and 53% of 
[z4C]MA were cleared. At 30 min, 92-95% of the fatty 
acids was removed from the plasm& The plasma 14C 
radioactivities of both SA and LA decreased almost 
linearly with time The z4C radioactivity of MA, however, 
was cleared in a curvilinear fashion. The clearance curve 
for [14C]MA was characterized by an initial slow phase 
followed by a rapid phase of clearance 

Comparison of hepatic and extrahepatic uptake Figure 
2 compares the time course changes in the z4C radioac- 
tivities recovered in the liver. The hepatic 14C radioac- 
tivities, as expressed in percent dose generally reflected 
the amounts of the 14C cleared from the plasma. The hel> 
atic z4C radioactivities increased rapidly with time up to 
15 min and plateaued at 30 min, except for [14C]MA, 
which decreased significantly from 15 rain, despite its 
rapid removal from the plasma. Between 15 and 30 rain, 
the liver radioactivity of [14C]MA decreased by 6%, sug- 
gesting a faster rate of oxidation in the liver. At 15 min, 
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FIG.  1. Clearance of  14C-labeled stearic, myrist ic  and linoleic acids 
from plasma.  Clearance rate (half t ime, tlr z) was  determined by the 
equation tit  z = --In 2/k = --0.692/k; where k is the slope of  the 
clearance curve. The rates of  14(2 clearance for stearic, myrist ic  and 
linoleic acids were 7.0 +--_ 0.3, 8.1 + 1.2 and 8.0 _--_ 0.3 min,  respective~ 
ly. [14C]Stearic acid (SA) was  cleared at a s l ight ly  faster rate 
(P < 0.05), as compared with  [14C]linoleic acid (LA) and [14C]myristic 
acid (MA) (n = 5 each data point). 
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FIG. 2. Time-dependent changes (% dose) in 14C radioactivity in the 
fiver after intravenous injection of chylomicrons labeled with 14C- 
labeled stearic, linoleic and myristic acids (n = 5 each data voint). 
At 15 and 30 min, significantly greater percentages of the [RC]SA 
dose were taken up by the fiver, compared with [14CII~A and 

1 �9 J 1 [ 4C]MA. At the same mtervals, a greater perce_ ntage of the [ 4C]LA 
dose appear~,d in the fiver~ as compared with [14C]MA. The radioac- 
tivities of [ ~C]LA and [~4C]SA increased linearly with time and 
plateaued at 30 min, whereas the radioactivity of [14C]MA in- 
creased up to 15 min, but precipitously declined at 30 min. Abbrevia- 
tions as in Figure 1. 

30.3% of [14C]SA, 26.2% of [14C]LA and  21.9% of 
[i4C]MA were removed  by  the  fiver. A t  30 rain, 33.5% of 
[14C]SA, 27.8% of [14C]LA and 15.2% of [~4C]MA were 
recovered. 

The  loss of  ~4C rad ioac t iv i ty  was  ca lcula ted  as  the  in- 
itial ]4C dose minus  the  14C radioactivit ies recovered f rom 
the  liver and  remain ing  in the  p l a sma  a t  each t ime in te~ 
val (Table 4). Thus,  the  difference was a t t r ibu tab le  to  the  
14C taken  up by  the  peripheral  t i ssue  and  the  f rac t ion of 
the  fiver ~4C rad ioac t iv i ty  lost  t h r o u g h  oxidat ion.  A s  
de te rmined  a t  30 min, a s igni f icant ly  h igher  a m o u n t  of  
[14C]MA (76.9%) t h a n  [14C]LA (64.7%) and  [14C]SA 
(61.2%) was  a t t r ibu tab le  to  peripheral  up t ake  and  oxida- 
tion. 

The  percen tages  of  the  ~4C dose appea r ing  in different  
fiver lipids are shown in Table 5. For  all f a t t y  acids, less 
t h a n  3.7% of the  14C dose was  present  in the  combined  
f rac t ions  of monoglycer ide,  diglyceride and  free and  
esterified cholesterol. Much  of each injected ~4C dose was 
associa ted  wi th  FFA  (unesterified), TG and  PL. The  t ime 
course appearance of ~4C-fatty acids in these lipids in the  
fiver, as expressed in percent  dose" is p resen ted  gra- 
phical ly  in F igure  3. The  upper  panel  compares  the  
[14C]SA, [~4C]MA and [~4C]LA appear ing  as FFA. A m o n g  
the  three f a t t y  acids, [~4C]MA accumula ted  m o s t  rapidly  
as  FFA in the  fiver. A t  5 min, a lmos t  15% of the  dose of  
[~4C]MA was recovered in the  FFA fraction. The unesteri- 
fled [14C]MA increased to  17% at  15 min and  decreased 
to  10% of the  dose at  30 min. Be tween  5 and 15 min, the  
free [~4C]MA represented  78-82% of the  to ta l  hepat ic  
[14C]MA radioactivity.  I n  cont ras t ,  the  radioact ivi t ies  of  

TABLE 4 

Percentage of the 14C Dose Attributable to Peripheral Uptake 
and Hepatic Oxidation at Different Time Intervals After Injection 
of the Chylomic~ons Labeled with [14C]Myristic, [14C]Linoleie 
or [14C]Stearic Acids a 

Time after injection of 14C fat ty  acid 

5rain 15rain 30min 
MA 0 b 31.5 _ 13.1 b 76.9 ----- 5.1 b 
LA 4.8 _+ 5.8 b 37.8 _+ 8.6 b'c 64.7 --+ 2.0 c 
SA 0 b 45.2 _ 4.9 r 61.2 _ 1.3 c 

aCalculated by 100% - (% dose in fiver + % dose remRining in 
plasma). This difference was attributed to 14C taken up by the 
peripheral tissue and the fraction of the fiver 14C radioactivity lost 
by oxidation. Chylomicrons labeled with MA, [14C]myristic acid; 
LA, [14C}linoleic acid; and SA, [14C]stearic acid. 
b'CMean +__ SD, n = 5. Values not sharing common superscripts 
within the same column are significantly different (P < 0.05). 

TABLE 5 

Percentage of 14C Dose Radioactivity Appearing in Monoglyceride, 
Diglyceride plus Cholesterol, and Cholesteryl Ester Fractions 
in the Liver at Different Time Intervals After Injection 
of Chylomicrons Labeled with [14C]Myristic, [14C]Linoleic 
or [14C]Stearic Acid a 

MG DG + CH CE 

5min 
MA 0.1 _ 0.1 b 0.9 - 0.5 b 0.0 • 0.0 b 
LA 0.2 • 0.1 b 1.1 - 0.3 b 0.1 -4- 0.1 b 
SA 0.5 • 0.4 b 1.8 -b 0.8 5 0.5 -b 0.4 b 

15 rain 
MA 0.1 _ 0.1 b 1.1 -!-_ 0.5 b 0.1 +-- 0.1 b 
LA 0.4 _ 0.1 c 1.9 + 0.5 c 0.2 • 0.1 b 
SA 1.0 _+ 0.5 c 2.3 _ 0.4 c 0.4 _+ 0.2 b 

3O min 
MA 0.1 ___ 0.1 b 0.8 _ 1.0 b 0.1 • 0.1 b 
LA 0.8 --+ 0.3 c 1.4 +__ 0.3 b 0.4 + 0.2 b 
SA 1.2 • 0.8 c 1.8 + 0.5 b 0.7 +_ 0.6 b 

aMean _+ SD, n = 5. Values not sharing common superscripts 
within the same lipid class are significantly different {P < 0.05}. MG, 
monoglyceride; DG + CH, diglyceride plus cholesterol; and CE, 
cholesteryl ester. Chylomicrons labeled with MA, [14C]myristic acid; 
LA, [14C]linoleic acid; and SA, [14C]stearic acid. 

free [14C]SA and [14C]LA remained s ignif icant ly  lower at  
all t ime intervals.  The  rad ioac t iv i ty  of  free [14C]SA in- 
creased slowly wi th  t ime f rom 6.1 to 8.6% of the  dose, 
despi te  i ts  fas ter  c learance f rom the  p l a sma  and  up take  
by  the  liver. The  rad ioac t iv i ty  of free [14C]LA tended  to  
rise more  rapidly  and  p la teaued  a t  15 min, bu t  decreased 
to  7.3% at  30 min. 

A t  all t ime points ,  [14C]MA was minimal ly  uti l ized for 
the  syn thes i s  of TG, whereas  [14C]SA and  [14C]LA were 
incorpora ted  into TG in s ignif icant ly  greater  p ropor t ions  
(middle p a n e l  Fig. 3). Initially, bo th  [14C]SA and  [14C]LA 
were rapidly  uti l ized for TG synthes i s  at  a similar  rate. 
The  incorpora t ion  of  the  f a t t y  acids in to  TG reached a 
m a x i m u m  at  15 min  and tended  to  p la teau  thereafter.  A t  
30 min, 13.6% of [14C]LA and  10.5% of [14C]SA were in- 
co rpora ted  in TG, whereas  only  3.8% of [14C]MA was 
found  in this  lipid. A m o n g  the  three f a t t y  acids, the  in- 
corpora t ion  (percent  dose) of [14C]SA into P L  was  m o s t  
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FIG. 3. Time course changes (% dose) in the ]4C radioactivity ap- 
pearing in different lipid classes o f  the liver after intravenous in- 
jection of chylomierons labeled with 14C-labeled stearic, myristie and 
linoleic acids (n = 5 each data point). Upper panel: 14C radioactivity 
(% dose) appearing in free (unesterified) fatty acid (FFA). At 5 
vain, a significantly greater percentage of [lCC]MA appeared as 
FFA, compared with [14C]LA and [14C]SA. The unesterified 
[14C]MA remained elevated up to 15 rain, but declined precipitous- 
ly to the levels of ~14C]LA and ~14C]SA at 30 rain. Middle panel: I4C 
radioactivity (% dose) alK~earing in t~glyceride (TG). No difference 
was observed between [14C]LA and [~4C]SA incorporated into TG 
uj~ to 15 rain, with a slight increase in [14C]LA in TG at 30 mln. 
[~4C]MA was most slowly incorporated into TG. At any given in- 
terval, less than 4% of [I~C]MA dose appeared in TG. Lower panel: 
14C radioactivity (% dose) appearing in phospholip.id (PL). At all 
time points, a significantly ~r~4rt~r incorpo~tion of [14C]SA into P L  
was noted,, compared with [ C]LA and [14C]MA. No difference 
be tween  [14C]LA and [14C]MA was observed up to 15 rain. At 30 
min, a significantly greater percentage of [14C]LA was found in 
PL compared with [I4C]MA. The incorporation of [14C]MA did 

14 not change appreciably with t ime.  Less than 1.0% of [ C]MA 
dose appeared in PL at any time interval. Abbreviations as in Fig- 
ure 1. 

rapid and increased sharply with time (lower panel, Fig. 
3). The incorporation of [14C]LA into PL increased 
linearly with time, but at a much slower rate than that 
of [14C]SA. [14C]MA was poorly utilized for PL synthesis 
in the liver. At 30 rain, 10.7% of [~4C]SA and 4.2% of 
[x4C]LA were found in PL, whereas only 0.8% of [14C]MA 
was incorporated into this lipid. 

Interconversion between 14C fatty acids. The distribu- 
tion of ~4C radioactivity of chylomicrons and hepatic 
lipids between saturated and unsaturated fatty acids is 
shown in Table 6. More than 93% of [~4C]SA and 95% of 
[14C]MA were distributed in the saturated fatty acid 
fraction in both chylomicrons and liver lipids, indicating 
that  5-7% of these fatty acids were desaturated in the 
fiver. All [14C]LA was found in the unsaturated fatty acid 
fraction. 

DISCUSSION 
Several previous studies have compared the metabolic 
f a t e s  a n d  u t i l i z a t i o n  of va r i ous  f a t t y  ac ids  in i n t a c t  ani- 
m a l s  (8), a s  well  a s  in i s o l a t e d  l ivers  (19,20) a n d  hepa to-  
cytes in vitro (21). Us ing  chylomicrons  labe led  in vivo wi th  
[14C]MA, [14C]SA and [14C]LA, we compared the rates of 
their plasma clearance and hepatic utilization. The pres- 
ent study was designed specifically to examine the me- 
tabolic patterns of these fatty acids immediately after 
their entry into the circulation v/a chylomicrons, the prin- 
cipal carriers of dietary fatty acids. 

The results of this study showed that: (i) SA is removed 
from the plasma at a slightly but significantly faster rate 
than MA and LA; (if) once taken up by the fiver, SA is 
preferentially incorporated into PL; (iii) LA is better 
utilized for the synthesis of TG than PL; (iv) MA remains 
largely unesterified in the fiver during the early stage of 
its metabolism and is poorly utilized for lipid synthesis; 
and (v) with time, MA is more readily oxidized by the 
peripheral tissue and the liver. 

Much of the fatty acids incorporated into chylomicron 
TG are released during lipolysis by lipoprotein fipase 
(LPL) on the endothelial surface of the peripheral tissue 
(22). Chylomicron remnants with residual TG are enriched 
in apo-E and rapidly removed by the liver v/a the apc, E 
(chylomicron remnant) receptor (23). Because the bulk of 
the total fatty acids is present in TG, the rate of plasma 
clearance of a chylomicron fatty acid is largely determined 
by the rates of both peripheral fipolysis and hepatic 
removal. The present data showed that, during the early 
stage of chylomicron metabolism {up to 15 min), [14C]SA 
and [14C]LA were removed at a similar rat~ but more 
rapidly than [~4C]MA, suggesting a slower rate of peri- 
pheral release of [~4C]MA from chylomicron TG. With 
time, however, the clearance of [~4C]MA was accelerated, 
and its plasma radioactivity declined to the level of 
[z4C]LA. These observations suggest that SA and LA are 
first liberated by LPL from chylomicron TG. As these 
fatty acids are removed, glycerides containing MA are 
cleared at progressively accelerated rates. 

The hepatic uptake of the fatty acids increased sharply 
immediately after the labeled chylomicrons were injected 
and plateaued at 15 rain, reflecting their initial rates of 
plasma clearanc~ After being taken up by the liver, the 
fatty acids were distinctly different in their metabolic pat- 
terns. [I4C]SA was most preferentially incorporated into 
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TABLE 6 

Distribution (%) of 14(3 Radioaetivities of Injected Chylomicron and Liver Lipids Between Saturated 
and Unsaturated Fatty Acids a 

Liver removed at 
Chylomicrons 5 rain 15 rain 30 min 

SAT UNSAT SAT UNSAT SAT UNSAT SAT UNSAT 
MA 99.4 0.6 95.9 + 2.1 4.1 +- 2.1 98.8 + 0.8 1.2 _ 0.8 95.4 +_ 4.9 4.6 + 4.9 
LA 0 100 0 100 0 100 0 100 
SA 99.0 1.0 97.8 --b 2.1 2.2 + 2.1 98.3 + 0.8 1.7 - 0.8 93.8 +_ 3.8 6.2 _+ 3.8 
aSAT, saturated; UNSAT, unsaturated. Chylomicrons labeled with MA, [14C]myristic acid; LA, [z4C]linoleic 
acid; and SA, [14C]stearic acid. 

PL (Fig. 3), as was also observed in our previous study 
{7). The present data showed that the [14C]SA radioac- 
tivity in PL steadily increased, with a reciprocal linear 
decline in [14C]SA present in TG. This indicates that  SA 
released from chylomicron remnant TG is continually 
channeled into PL synthesis. Previously, Leyton e t  al. (8) 
compared the metabolic utilization of various fatty acids 
after oral administration of 14C-labeled fatty acids to fed 
weanling rats. At 24 h after dosing, a significantly greater 
percentage of [14C]SA was found in liver PL, as compared 
with [~4C]MA and [14C]LA. Elovson (24) also observed a 
rapid incorporation of [14C]SA into PL in the rat liver. In 
this study (24), nearly 15% of the fatty acid was recovered 
in PL at 30 s after intraportal injection of the labeled fat- 
ty acid bound to albumin. In addition, SA was found to 
be oxidized most slowly among the saturated fat ty acids 
with chain lengths ranging from C12 through C18 (8). The 
rates of oxidation decreased with increasing chain length. 
At 1 h, 0.3% of the oral dose of [I4C]SA was expired as 
z4CO2, compared with 3.1% from [z4C]MA (8). In the pres- 
ent study using fasted rats, we also found that  a signifi- 
cantly lower percentage of SA (61%) than MA (77%) was 
oxidized during a 30-min period. 

The above observations, taken together, indicate that  
SA is more slowly oxidized, but more efficiently utilized 
for PL synthesis than is MA. Much (63-80%) of the liver 
[14C]MA remained unesterified. Among the three fat ty 
acids, unesterified [14C]MA accumulated most rapidly in 
the liver, even during the first 15 re_in. This initial rapid 
accumulation occurred despite the significantly lower 
hepatic uptake of [~4C]MA from the plasma suggesting 
that  the MA present in chylomicron remnant TG is more 
rapidly liberated in the liver. Compared with [~4C]SA and 
[14C]LA, a significantly greater percentage of the un- 
esterified [14C]MA was lost by oxidation in the liver. This 
was evidenced by a rapid rise followed by a precipitous 
decline in free [14C]MA at 30 min, with minimal incor- 
poration into TG or PL (Fig. 3). Thus, free MA is largely 
oxidized and minimally utilized for lipid synthesis. The 
preferential incorporation of SA into PL strongly suggests 
that much of the hepatic SA is destined for incorporation 
into cellular membranes and lipoprotein surface coats. 
Such metabolic preference may partly explain the hypo- 
lipidemic effect of SA compared with that  of other satur- 
ated fatty acids (1). However, the rapid oxidation and 
minimal incorporation of MA into hepatic lipids is not 
consistent with its well-known hypercholesterolemic ef- 
fect (1,25,26). Previous research has suggested that  MA 
lowers the turnover of sterols and stimulates the intestinal 

absorption of cholesterol (27). Als~ it has been suggested 
that  MA may suppress expression of the low-density 
lipoprotein (LDL) receptor (21). 

Compared with SA, LA appeared more slowly into the 
liver. This was partly due to its slower uptake and perhaps 
to a faster rate of oxidation within the liver after its up- 
take Proportionally, more of the hepatic LA was incorpor- 
ated into TG (31.6-33.0%) than into PL (7.0-12.0%). Com- 
pared with [I4C]SA, the [14C]LA radioactivity in TG con- 
tinued to increase with time and significantly exceeded 
the amount of [~4C]SA incorporated into TG at 30 min. 
On the other hand, the radioactivity of [14C]LA appear- 
ing in PL reached only 39% of that of [14C]SA in PL. The 
difference in the relative incorporation of the label in TG 
or PL was not related to a difference in intrahepatic dilu- 
tion of the labeled fat ty acids. The percent distributions 
of total SA and LA, as determined at 30 min, were 20.0 
• 1.9 and 17.4 • 1.1%, respectively. Our observation is 
in agreement with the previous finding of an increased ap- 
pearance of orally-fed [I4C]LA in hepatic TG (8). This 
suggests that  dietary LA, as transported v ia  chylomi- 
crons, is largely repackaged into TG in the liver, and may 
accelerate VLDL synthesis. Consistent with these find- 
ings, Ohtani e t  aL (28) showed that the secretion of VLDL 
was markedly increased in cultured hepatocytes from rats 
fed 5% dietary LA. In addition, using perfused rat livers, 
Wilcox e t  al. (29) had found that the total output of TG 
was significantly greater when the livers were perfused 
with LA, as compared with saturated fatty acids such as 
SA and MA. The VLDL particles secreted in response to 
LA or other unsaturated fatty acids contained relatively 
more TG and less cholesterol (29). Therefore, the observa- 
tions suggest that the hypocholesterolemic effect of LA 
may not be associated with a suppression of VLDL syn- 
thesis (30), but primarily with a faster catabolism of 
VLDL enriched with LA. Available evidence, indeed, in- 
dicates that VLDL produced by feeding LA-rich fats are 
more efficiently removed (19,31 ), and LDL is more rapidly 
taken up from the plasma, perhaps because of its in- 
creased fluidity (20,32). The increased catabolic rate of 
plasma LDL also may be associated with an increase in 
LDI~receptor activity by high intake of dietary LA 
(33-35). 

In summary, the present findings clearly illustrate the 
existence of distinct metabolic patterns for chylomicron 
fat ty acids with different chain lengths and degrees of 
saturation. SA, MA and LA differ metabolically with 
respect to their rates of plasma clearance and the extents 
of their utilization as the substrates for specific lipid 
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synthesis .  The  present  resul ts  conf i rm our  previous  find- 
ing  (7) t h a t  SA, as  t r anspor t ed  in the  fo rm of chylomicron  
lipids, is more  rapidly  and  preferent ial ly  incorpora ted  in- 
to  PL.  In  addit ion,  ba sed  on the  rapid  increase followed 
by  a decline in unester if ied [14C]MA with  i ts  minimal  in- 
co rpora t ion  in to  TG and  P L  (Fig. 3), M A  is more  readi ly 
oxidized, bu t  poorly  utilized for lipid synthesis  in the liver. 
L A  is be t t e r  incorpora ted  in to  TG t h a n  into P L  (Fig. 3), 
which m a y  be s t i m u l a t o r y  to  hepat ic  V L D L  synthes is .  
Therefore, i ts  hypocholes terolemic  effect m a y  be re la ted 
no t  to  an  inhibi t ion of V L D L  produc t ion  (29,30), b u t  to  
an increase in the  ra te  of  V L D L  ca tabo l i sm (19,20,31,32). 
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Effect of Regulating Cholesterol Biosynthesis on Breath Isoprene 
Excretion in Men 
Bradford G. Stone a,b, Timothy J. Besse b, William C. Duane a,b, C. Dean Evans b and 
Eugene G. DeMaster b,* 
aDepartment of Medicine, University of Minnesota and bMedical Research Laboratories, VA Medical Center Minneapolis, 
Minnesota 55417 

Isoprene is a normal constituent of human breath and may 
be derived from the cholesterol synthetic pathway. Acute 
and chronic lovastatin and a cholesterol~supplemented diet 
were used to determine whether a mechanistic link exists 
between isoprene and cholesterol biosynthesis in vivo in 
humans. The acute effects of lovastatin, a competitive in- 
hibitor of the rate~llmlting step of cholesterol biosynthesis, 
on breath isoprene excretion was determined by adrnlni~ter- 
ing a single 20, 40 or 80 mg dose of this drug to five healthy 
male subjects at 8 p.m. and measuring their breath isoprene 
levels every 4 h for one 24 h cycle before and after treat- 
ment. When compared to the baseline cycle, all three doses 
of lovastatin significantly reduced breath isoprene levels 
at 6 and 10 h post-drug treatment. Chronic lovastatin 
therapy (40 mg b.i.d, for 6 wk} reduced 6 a.m. breath 
isoprene levels (time of maximum baseline value} by 27 • 
9% (SEM) and cholesterol synthesis measured in freshly 
isolated mononuclear leukocytes (ML) by 12 +__ 6%. A 
cholesteroNsupplemented diet (1070 mg, total) ingested for 
6 wk reduced breath isoprene excretion and ML sterol syn- 
thesis by 16 • 5 and 19 • 4%, respectively. The parallel 
decreases in isoprene excretion and cholesterol synthesis 
caused by these pharmacologic and dietary means suggest 
that breath isoprene is derived from the cholesterol syn- 
thesis pathway. 
Lipids 28, 705-708 (1993). 

Hypercholesterolemia continues to be a major health prol> 
ler~ The majority of serum cholesterol is derived from de 
novo synthesis (1). The rate-limiting step of cholesterol syn- 
thesis is catalyzed by 3-hydroxy-3-methyl-glutaryl coenzyme 
A (HMG4~oA) reductas~ which reduces HMG-CoA to meva- 
lonate and CoA. With the advent of a new class of com- 
pounds aimed at decreasing serum cholesterol by inhibiting 
HMG-CoA reductase activity, renewed interest in monitor- 
ing cholesterol synthesis in vivo in response to dietary and 
pharmacologic treatment has emerge~ 

The classical clinical procedure for assessing sterol syn- 
thesis is the sterol-balance method, where dietary intake of 
cholesterol is subtracted from fecal excretion of acidic and 
neutral sterols (2}. Although this method continues to be 
used, it is cumbersome cannot measure short-term changes 
in sterol synthesis, and is only valid when the patient is in 
a steady stat~ These disadvantages have limited the use 
of the sterol-balance method and, in respons~ other more 
indirect methods of assessing changes in cholesterol syn- 
thesis have been developeck These include measurements of 
serum mevalonate levels (3), quantitation of other cholesterol 
precursors in serum (4) and measurement of cholesterol syn- 
thesis or HMG-CoA reductase activity in freshly isolated 
mononuclear leukocytes (ML; Refs. 5-10}. 

*To whom correspondence should be addressed at VA Medical Center 
(151), One Veterans Drive, Minneapolis, MN 55417. 
Abbreviations: DMPP, dimethylallyl pyrophosphate; HMG-CoA, 3- 
hydroxy-3-methyl-glutaryl coenzyme A; ML, mononuclear leukocyte. 

Isoprene (2-methyl-l,3-butadiene) is a major component of 
human breath (11). The production of isoprene from meva- 
lonate has been demonstrated in rat liver cytosoL and 
isoprene is thought to be a normal by-product of cholesterol 
synthesis formed by the nonenzymatic degradation of di- 
methylallyl pyrophosphate (DMPP; Refs. 12,13). Although 
measurable isoprene levels have not been found in the ex- 
pired air of rats and several other animal species, isoprene 
has been identified in blood from these species by mass spec- 
trometry (14). 

The exact origin of isoprene found in human breath is not 
know~ Cholesterol synthesis in humans appears to undergo 
a circadian rhythm with the peak at 6 an~ {15). One of our 
laboratories has described a circadian rhythm for isoprene 
excretion with the peak between 2-6 ar~ (11). These results 
suggest that isoprene might also be produced from meva- 
lonate as a by-product of cholesterol biosynthesis in humans 
Therefor~ a change in the rate of sterol synthesis might 
cause a comparable change in the amount of isoprene ex- 
cretec[ To investigate this possibility, we manipulated the 
rate of cholesterol biosynthesis of healthy volunteers using 
lovastatin or a cholesteml~euriched diet and compared breath 
isoprene excretion with their rate of cholesterol synthesis 
in isolated ML. 

MATERIALS AND METHODS 
Materials. Isoprene was purchased from Aldrich (Mil- 
waukee~ WI) and [14C]acetate from ICN Radiochemicals 
(Irvine, CA). Other chemicals and reagents were purchased 
from common commercial sources. 

Subjects. The acute studies with lovastatin were con- 
ducted in five healthy male laboratory personnel ranging 
in age from 18 to 50 years. For the chronic studies, eight 
healthy male subjects without significant heart or liver 
disease were recruited from the patient population of the 
Minneapolis VA Medical Center. The subjects ranged in 
age from 30-72 years, and their baseline serum cholesterol 
ranged from 189-318 mg/dL. All unnecessary medications 
were discontinued prior to the study, and necessary 
medications were continued throughout the study perioch 

In the chronic studies, all subjects ate meals prepared 
by the metabolic kitchen at the Minneapolis VA Medical 
Center consisting of 35% fat, 45% carbohydrates and 20% 
protein, with a cholesterol intake of 250 mg/d. For the 
cholesterol-supplemented diet, five eggs were isocalorical- 
ly substituted so that  the cholesterol-enriched diet con- 
tained 1070 mg total cholesterol per day. Weight was 
monitored at weekly intervals and calories readjusted to 
maintain a constant weight. These studies were approved 
by the Human Studies Committee of the Minneapolis VA 
Medical Center, and informed consent was obtained from 
all subjects. 

M L  harvest and sterol synthesis. ML were harvested 
from heparinized blood by gradient centrifugation and 
sterol synthesis quantitated in freshly isolated ML as pre~ 
viously described (5). Briefly, this consisted of measuring 
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the incorporation of [14C]acetate {4.46 mmol, 2.24 
mCi/mmol) into ML sterols by incubating 107 cells for 2 
h in 5 mL of autologous serum. 

Breath isoprene excretion. End expiratory alveolar 
breath samples were collected by having subjects exhale 
through a polyethylene tube into a glass collecting vial 
which allows all except the last 20 mL of breath to be 
vented. The vials were immediately capped and placed on 
dry ice until analyzed. Samples were collected in triplicate 
over a 3-min period and analyzed using a Perkin-Elmer 
{Norwalk, CT} sigma 2000 gas chromatograph equipped 
with an HS-100 headspace autosampler and a flame~ioni- 
zation detector. Isoprene standards were prepared by vol- 
atilizing a 10-~L aliquot of pure isoprene in a 1.2-L gas 
septum bottle containing dry nitrogen gas. Serial dilu- 
tions of the latter were prepared using gas-tight syringes 
for the construction of a standard curve Room air blanks 
and triplicate 31.6 nM isoprene gas standards were in- 
cluded in routine isoprene breath analyses. Prior to 
analysis, the samples were equilibrated for 10 min at 55~ 
in the heating compartment of the autosampler. Other gas 
chromatographic parameters were: column, 1/8 in. • 6 ft 
stainless steel; packing, Porapak Q (Alltecb, Deerfield, IL); 
oven temperature, 150~ carrier gas, nitrogen; carrier gas 
flow rate, 40 mL/min. The retention times for acetone and 
isoprene, the two most prominent peaks in breath, were 
3.6 and 5.1 min, respectively. Breath isoprene values were 
calculated from the integrated peak areas of the breath 
samples and isoprene standards and expressed in units 
of nmol/L. 

The inter- and intra-assay variability for the 31.6 nM 
isoprene standard based on peak area integration units 
from ten consecutive experiments and expressed as coef- 
ficient of variation were 3.1 and 2.3% respectively. The 
10:00 arm breath isoprene for one subject determined over 
a period of 1 yr was 11.1 +_ 1.4 nM (SD; n = 10), and the 
mean coefficient of variation for triplicate determinations 
of these same samples was 10.7%. 

Statistical analysis. Statistical significance was deter- 
mined by comparing each subject's value in response to 
a treatment to his baseline value using a paired t-test. All 
results are presented as the mean +_ SEM. 

RESULTS 

Effect of lovastatin on breath isoprene excretion. We have 
previously demonstrated that  as early as three h after an 
acute 80-mg dose of lovastatin, cholesterol synthesis (mea- 
sured in freshly harvested ML) is inhibited by 57% (5). 
Therefore" we administered a graded dose of lovastatin to 
determine what effect the inhibition of cholesterol syn- 
thesis has on breath isoprene excretion. Breath isoprene 
showed a circadian rhythm with the peak between 2 and 
6 a.m. in all five subjects tested {Fig. 1). The three doses 
of lovastatin administered at 8 p.m. {about 9 h prior to 
peak isoprene} caused a significant reduction in breath 
isoprene excretion at 2 and 6 a.m. of >/36% as compared 
to baseline values. 

Chronic administration of lovastatin (40 mg bid.} for 6 
wk resulted in a modest 12% decrease in ML sterol syn- 
thesis {Table 1), a value similar to that previously reported 
(5), whereas breath isoprene was reduced by 26% in these 
subjects (Table 1}. Their low-density lipoprotein and total 
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FIG; 1. Effect of acute lovastatin administration on breath isoprene 
excretion of five male subjects (upper panel); and a 24-h isoprene ex- 
cretion cycle before and after lovastatin (80 mg) administration in 
a single subject flower panel). Breath isoprene excretion was measured 
every four hours in five male subjects at baseline Ill) and after the 
administration of a 20 mg (r-I), 40 mg (0)  or 80 mg ( e )  dose of 
lovastatin. The doses were administered at 8 p.m., as shown, a, Dif- 
ferent from baseline at all doses, P < 0.05; b, different from baseline 
for the 20 and 80 mg dose only, P < 0.05. 

cholesterol were reduced 41 and 32%, respectively (Table 
1). 

Effect of cholesterol feeding on breath isoprene excre- 
t/or~ Cholesterol feeding results in a decreased total body 
cholesterol synthesis due to feedback inhibition of HMG- 
CoA reductase {16,17}. If isoprene is formed as a by- 
product of the cholesterol synthetic pathway, a decrease 
in sterol synthesis should reduce breath isoprene excre- 
tion. A high cholesterol diet {average 1070 mg/d) ingested 
for 6 wk reduced ML sterol synthesis 19% as compared 
to the rate of ML sterol synthesis measured on a low 
cholesterol diet {baseline; Table 1). A similar 16% reduc- 
tion in breath isoprene excretion was observed at the end 
of the six-week period of high cholesterol intake {Table 1). 
However, the effect of increasing cholesterol intake on 
breath isoprene excretion could be appreciated as early 
as the first day, as evidenced by a 35 and 53% decrease 
in 6 a.m. breath isoprene levels of two subjects one day 
after cholesterol supplementation. 

D I S C U S S I O N  

Isoprene is a normal occurrence" as well as the major 
hydrocarbon found in human breath, although its precise 
metabolic origin has not been established. Earlier reports 
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BREATH ISOPRENE AND CHOLESTEROL SYNTHESIS 

TABLE 1 

Effect of Chronic Lovastatin and Cholesterol Feeding on Breath Isoprene Excretion 
and Mononuclear Lenkocytes  (ML) Sterol Synthes is  a 

Treatment 

Breath ML sterol LDL Total serum 
isoprene synthesis cholesterol cholesterol 
(nM/L) (pmol/106/min) (mg/dL) (mg/dL) 

None (baseline) 21.7 _ 6.4 11.3 +_ 0.8 122 + 14 203 _+ 6 
Lovastatin 16.0 +_ 4.55 9.9 +_ 0.7 b 71 +_ 10 c 142 __ 11 d 

(74 _+ 9) (88 +--- 6) (59 +-- 5) (68 +--- 3) 
Cholesterol 18.3 -4- 5 . 5  b 9.2 ----. 0 . 8  b 134 _+ 10 212 +_ 12 

(84 +_ 5) (81 +_ 4) (117 +_ 13) (103 + 3) 

aBreath isoprene and ML sterol synthesis were measured before (baseline) and after six 
weeks of Iovastatin (40 mg b.i.d.) or a cholesterol-supplemented diet. The breath and blood 
samples were collected from male subjects between 6:00 and 7:00 a.m. Breath isoprene 
was measured in only six of the eight subjects studied. Data in parentheses are expressed 
as percent of baseline values. LDL, low-density lipoprotein. 
bp < 0.05 relative to baseline. 
cp < 0.01 relative to baseline. 
dp < 0.001 relative to baseline. 
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have suggested tha t  the amount  of isoprene el iminated 
via the breath  is not influenced by diet, age, sex or fast ing 
(18), bu t  ra ther  is influenced by sleep pa t t e rns  (19). We 
took advantage  of the hypocholesterolemic agent, lova- 
statin,  to tes t  if isoprene originated f rom the cholesterol 
biosynthet ic  pa thway in vivo. Our results  demons t ra ted  
t ha t  acutely adminis tered lovastat in  blunted the early 
morning rise in brea th  isoprene excretion {Fig. 1}, us ing 
doses of this drug tha t  are known to inhibit sterol biosyn- 
thesis (5). Chronic lovastat in  adminis t ra t ion resulted in 
a small, bu t  significant, decrease in isoprene excretion 
which agreed well with the decrease in sterol synthesis  
measured in ML (Table 1). The smaller effect of lovastat in  
on breath  isoprene in the chronic s i tuat ion is likely due 
to induction of HMG-CoA reductase by  the compet i t ive 
inhibitor, lovastat in  (5). This enzyme induction tends to 
re turn cholesterol synthesis  toward the pre-lovastat in 
baseline valu~ 

In  cont ras t  to a pevious report  sugges t ing  t ha t  the  
dietary intake does not  influence brea th  isoprene excre- 
t ion (18), we found tha t  a cholesterol-supplemented diet 
given for six weeks modes t ly  reduced isoprene excretion 
(Table 1). The mechanism of this effect likely relates to 
the concurrent decrease in cholesterol synthesis {measured 
in ML) tha t  occurs by feedback inhibition (16,17). There- 
fore, whereas most  dietary changes likely will not influence 
brea th  isoprene excretion, those die tary  manipula t ions  
t ha t  change tota l  body  cholesterol synthesis  may  also 
alter brea th  isoprene excretion. 

The rate  l imiting s tep of sterol synthesis  is catalyzed 
by  HMG-CoA reductase and the products  of this reaction 
are mevalonat~  CoA and N A D P  +. Mevalonate  is then  
converted in the cytosol to isopentenyl pyrophosphate ,  
which undergoes isomerizat ion to D M P P  (20). Upon 
acidification, ra t  liver cytosolic D M P P  is rapidly con- 
ver ted to isoprene via an acid-catalyzed elimination reac- 
tion, which proceeds through a carbonium ion inter- 
mediate  (12,13). However, it is not  clear whether  this 
nonenzymat ic  reaction accounts  for isoprene format ion  
under physiologic conditions. Certain plants  also produce 
isoprene from DMPP. In  these plants,  this reaction is 
catalyzed by  an Mg2+-dependent enzyme (21). A similar, 
bu t  still unidentified, enzyme may  also be responsible for 

the conversion of D M P P  to isoprene in mammal ian  t i ssue  
A possible enzyme candidate for catalyzing isoprene for- 
mat ion  is the Mg2+-dependent isopentenyl pyrophos- 
pha te  isomerase, which catalyzes the interconversion of 
isopentenyl pyrophosphate and DMPP. This isomerization 
reaction proceeds through the same carbonium ion in- 
termedia te  (22) as occurs in the acid-catalyzed nonen- 
zymat ic  conversion of D M P P  to isoprene (13). A loss of 
a single proton from this carbonium ion would result  in 
the format ion of isopren~ 

In conclusion, the parallel decrease in isoprene secre- 
t ion and sterol synthesis  in ML caused by feeding a cho- 
lesterol-supplemented diet or by acute or chronic lova- 
s ta t in  adminis t ra t ion sugges ts  t ha t  brea th  isoprene is 
derived from the cholesterol synthesis pa thway in humans 
in v i va  
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Bile Acid and Very Low Density Lipoprotein Production 
by Cultured Hepatocytes from Hypo- or Hyperresponsive 
Rabbits Fed Cholesterol 
Evgeniy A. Podrez a,*, Vladimir  A. Kosykh a, Yuri V. Lakeev a, Evgeniy I. Kosenkov a, 
Elvira T. Mambetisaeva a, Vadim S. Repin a, Vladimir N, Smimov a and Tatu A. Miettinen b 
aCardiology Research Center, Academy of Medical Sciences, Moscow 121552, Russia and bSecond Department of Medicine, 
University of Helsinki, Helsinki, Finland 

Two groups of rabbits, either hyperresponsive or hypore- 
sponsive to dietary cholesterol, were selected after ten 
weeks of cholesterol feeding (0.2 g cholesterol/kg body 
weight per day). Bile acids and very low density lipoprc, 
tein ~r production were determined in primary hepa- 
tocyte cultures from control, hyper~ and hyporesponsive 
rabbits. Free cholesterol and cholesteryl ester contents in 
hepatocytes of the hyperresponsive rabbits was signifi. 
cantly increased. In contrast, lipid composition in hepato- 
cytes of the hyporesponders was similar to that of control 
cells. Cholic acid was the predominant bile acid in the 
culture medium of hepatocytes together with small 
amounts of chenodeoxycholic and deoxycholic acids. The 
rate of cholic acid production by hepatocytes in the hypo- 
responsive group was two times higher than that in the 
hyperresponsive group. Bile acid production by control 
hepatocytes was slightly higher than in the hyperrespon- 
sive group. In contrast, secretion of VLI)L cholesteryl ester 
was significantly increased by hepatocytes of the hyper- 
responsive rabbits. Similar differences in bile acid produc- 
tion were found between hypo- and hyperresponsive rab- 
bits selected after five days of cholesterol feeding and 
subsequent maintenance on a low cholesterol diet for a 
period of one month. The results suggest that the increased 
rate of bile acid production could contribute to the ap- 
parent resistance of hyporesponders to the atherogenic 
diet. 
Lipids 28, 709-713 (1993). 

The inconsistent response of plasma cholesterol levels to in- 
creased dietary cholesterol intake has been described in rab- 
bits, in various other animal species and in humans (1-7). 
Upon cholesterol feeding, plasma cholesterol concentrations 
usually vary from severe hypereholesterolemia in most 
animals (hyperresponders) to virtually unaltered cholesterol 
level in a small fraction of animals (hyporespondere). Hype~ 
responsiveness is characterized by accumulation of lipopro- 
tein particles enriched in cholesteryl esters (8-10). The ac- 
tual mechanism(s) of hype~ or hypomsponsiveness in various 
species, including humans, is not clear. Hyporesponsiveness 
to cholesterol ingestion could be due to: (i) low intestinal ab- 
sorption of cholesterol; (ii) effective suppression of ends, 
genous cholesterol biosynthesis; (iii) increased secretion of 
bile cholesterol; and (iv) a high rate of cholesterol oxidation 
to bile acids. The results of several recent studies allow one 

*To whom correspondence should be addressed at Institute of Experi- 
mental Cardiology, Cardiology Research Center, 3rd Cherepkovskaya 
15 A, 121552, Moscow, Russi& 
Abbreviations: B/E, apoproteSn B and apoprotein E; FBS, fetal bovine 
serum; GLC, gas-liquid chromatography; HPTLC, high-performance 
thin-layer chromatography; MEM, Eagle's minimum essential 
medium; VLDL, very low density lipoprotein. 

to suggest that an enhanced rate of cholesterol convereion 
to bile acids in the fiver is a factor contributing to the 
hyporesponsiveness to a dietary cholesterol challenge (4-7). 
However, direct measurements on bile acid production in 
hepatocytes from hyper- and hyporespondere have not been 
reportecL There are no data on altered lipoprotein produc- 
tion by the liver in hyper ~ and hyporesponsiveness. 

Recent studies have shown that primary cultures of hepa- 
tocytes retain the ability to synthesiz~ metabolize and 
secrete bile acids (11-14). In addition, the hepatecyte culture 
model possesses the capacity to express in vitro the changes 
in bile acid secretion that have been induced in vivo (13,14). 
We used primary cultures of hepatocytes from rabbits that 
were hype~ or hyporesponsive to dietary cholesterol to deteP 
mine whether this responsiveness is related to the rates of 
bile acid and very low density lipoprotein (VLDL) produc- 
tiorL 

MATERIALS AND METHODS 

Materials. All chemicals used were reagent grade Minimal 
essential medium (MEM) with Earle's salts, fetal bovine 
serum (FBS), MEM nonessential amino acids, kanamycin, 
I~glutamin~ and 15{~mm and 100-ram culture dishes were 
purchased from Flow Laboratories, Inc (Zwanenburg, The 
Netherlands). Collagenase 1200 units/rag and trypsin in- 
hibitor were products of Sigma Chemical Co. (St. Louis, 
MO). 

Animals. Male rabbits of the Chincilla breed, weighing 
2.5-3 kg, were used. All rabbits were kept individually in 
stainless steel cages with wire-mesh bases. In the first 
series of experiments, control animals were maintained 
on a standard laboratory rabbit chow and, in addition, 
received vegetables. The experimental group (44 animals) 
received crystalline cholesterol mixed with vegetables (0.2 
g/kg body weight per day). Vegetables were shredded and 
thoroughly mixed with crystalline cholesterol (6 g cho- 
lesterol/kg vegetable). Each animal received and ate 80- 
100 g of the mixture, according to body weight. Groups 
of rabbits hyperresponsive or hyporesponsive to dietary 
cholesterol were selected from the upper and lower sex- 
tiles of the plasma cholesterol concentrations after ten 
weeks of cholesterol feeding. Six animals from each group 
were used for the preparation of hepatocyte cultures. 
Blood samples were taken from the ear vein before kill- 
ing, and samples of bile were collected from the gallblad- 
der immediately after killing the animals. All samples 
were taken at the same time of the diurnal cycle (between 
11 &nz and 12 &m.). In a second series of experiments, 
the group of rabbits (30 animals) with plasma cholesterol 
levels ranging from 19.3 to 235.7 mg/dL (average level, 
66.1 +_ 7.9 rag/alL) received standard laboratory chow and 
crystalline cholesterol mixed together with vegetables (0.2 
g/kg body weight per day). After five days of feeding, 
blood samples were taken from the ear vein and the five 
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rabbits with the lowest plasma cholesterol concentration 
were designated as hyporesponders, and the five rabbits 
with the highest plasma cholesterol concentration were 
designated as hyperresponders. Then cholesterol was 
omitted from the diet, and both groups of rabbits received 
standard laboratory chow for one month. After this 
period, the plasma cholesterol levels in both groups were 
within control limits. Three animals from each group were 
killed and used for the preparation of primary hepatocyte 
cultures. 

Preparation and culture of hepatocytes. Rabbit liver 
cells were isolated by perfusion with 0.05% collagenase 
and 0.005% trypsin inhibitor as described in detail 
elsewhere {15}. The cells were plated in 100-ram dishes (3 
or 6 dishes per animal} at a density of 2 X 10 s cells/cm 2 
and cultured in MEM supplemented with 10% FB& 2 mM 
L-glutamine, kanamycin (100 ~g/mL) and nonessential 
amino acids (1%) at 38~ in a 95% air/5% CO2 at- 
mospher~ The characteristics of primary cultures of rab- 
bit hepatocytes have been described earlier {16}. Cells were 
incubated for 24 h in MEM supplemented with 10% FBS, 
then for 24 h in MEM supplemented with 10% of control 
rabbit serum and then for 24 h in MEM without serum. 
Samples of the serum-free medium were analyzed. 

Analytical methods. Bile acids in the culture medium 
and bile were quantitated with gas-liquid chromatog- 
raphy (GLC) using a 50-m SE-30 capillary column (Alltech 
Associates, Inc, Deerfield, IL) (17-19). Bile acids used as 
a standard for GLC were purchased from Calbiochem (La 
Jolla, CA). Allodeoxycholic acid was synthesized as de- 
scribed previously {20}, and purified by preparative thin- 
layer chromatography. All bile acids were at least 98% 
pure as judged by GLC. Conjugated bile acids were ex- 
tracted after isolation of a total lipid fraction (21) using 
a reverse-phase cartridge (Sepak C-18, Waters Associates, 
Milford, MA) according to Kempen et aL (22) and were 
separated by high-performance thin-layer chromatography 
(HPTLC) using chloroform/methanol/glacial acetic 
acid/water (15:5:1:1, by vol) as developing system. Den- 
sitometry (564) nm) on HPTLC plates was carried out 
after treatment with 10% phosphomolybdenie acid and 
subsequent bleaching of the background in ammonia 
vapor. Taurocholate, taurodeoxycholate and glycocholate 
were used as references. VLDL fractions secreted by the 
cells were isolated by preparative ultraeentrifugation of 
the medium using an SW-55 rotor (Beckman Instruments, 
Palo Alt~ CA} at 45,000 rpm for 18 h at 10~ VLDL were 
collected from the centrifugation tubes at d < 1.006 g/mL 
(1 mL from the top}. Neutral lipids of VLDL, plasma and 
cells were extracted according to Goldstein et aL {23}, and 
individual lipid fractions were separated by HPTLC (silica 
gel plates; Merck, Darmstadt, Germany} with hexane/di- 
ethyl ether/acetic acid (70:30:2, by vol) as developing sys- 
tem. Triacylglycerols, free cholesterol and cholesteryl 
esters were quantitated by densitometry on the HPTLC 
plates (24,25) using an automated Camag HPTLC/TLC 
scanner {Muttens, Switzerland} connected to a recording 
integrator SP 4100 {Spectra Physics, Darmstadt, Ger- 
many}. Each determination was compared with standard 
run using known amounts of cholesterol, triolein and cho- 
lesteryl oleate 

Plasma total cholesterol for selection of experimental 
groups was assayed enzymatically using the Total Cho- 
lesterol Kit {Medix, Helsinld, Finland) and the Chemistry 

Analyzer FP-901 (Labsystems, Oy, Finland). Ten ~L of 
plasma or standard solution was combined with 1 mL of 
cholesterol enzymatic reagent and incubated at 37 o C for 
20 min. Absorbance at 500 nm was measured for each 
sample against a reagent blank. 

Statistical analysis. Results were analyzed by Student's 
t-test and expressed as means +_ SE of the mean. Values 
of P < 0.05 were considered significant. 

RESULTS 

Analysis of plasma samples by GLC showed that  after 
10 wk of cholesterol feeding mean cholesterol concentra- 
tions in the hyperresponsive group were 17 times higher 
than in the control groul~ whereas the hyporesponsive ral~ 
bits showed only insignificant increase in cholesterol levels 
{Table 1}. Esterification of plasma cholesterol was signifi- 
cantly increased in the hyperresponsive rabbits, which is 
typical for alimentary hypercholesterolenda in rabbit (26). 

The bile acid composition of rabbit gallbladder bile is 
shown in Table 2. Secondary bile acids, i.e., deoxycholic 
acid, allodeoxycholic acid and a small amount of litho- 
cholic acid, were the predominant biliary bile acids. 
Primary bile acid& L6, cholic acid and traces of chenodeox- 
ycholic aci& were also present. The mean biliary bile acid 
concentrations were similar in all groups. Yet, there was 
a tendency toward an increase in cholic acid concentra- 
tion in the hyporesponsive group. 

There was no significant difference in plating efficiency 
of hepatocytes obtained from animals of the three ex- 
perimental groups. The viability of hepatocyte monolayers 
after 24 h in culture was determined as described earlier 
(27), and was greater than 90%. The free cholesterol and, 
particularly, the cholesteryl ester contents of hepatocytes 

TABLE 1 

Serum Cholesterol Concentration of Rabbits Fed the Control Diet 
and Hypo- and Hyperresponsive Rabbits Fed the Cholesterol-Rich 
Diet for Ten Weeks a 

Control Hyporesponsive Hyperresponsive 
Cholesterol 
totaP 61 +- 3 108 +. 30 912 +. 65 ~d 

Cholesteryl 
esters e 32 +. 3 40 +__ 5 64 +. 2 c'd 

"Values are means +. SE for six animals in each group. 
bmg Cholesterol/dL of plasma. 
cp < 0.05, vs. control group. 
dp < 0.05, vs. hyporesponsive group. 

TABLE 2 

Biliary Bile Acid Composition of Rabbits Fed the Control Diet 
and Hypo- and Hyperresponsive Rabbits Fed the Cholesterol-Rich 
Diet for Ten Weeks a 

Acid b Control Hyporesponsive Hyperresponsive 

IAthocholic 2.4 +. 0.3 3.0 4- 0.7 3.4 +. 0.9 
Allodeoxycholic 12.5 +. 1.0 12.1 +_ 2.6 10.2 +- 2.2 
Deoxycholic 108.8 +. 4.1 104.5 +. 3.6 94.0 +. 13.1 
Cholic 3.9 +. 0.5 7.1 + 1.6 4.8 +, 1.2 
aValues are means +- SE for six animals in each group. 
bmg of Acid/mL of bile. 
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TABLE 3 

of the hyperresponsive animals were significantly higher 
(by 26 and 102%, respectively) than those of control cells 
(Table 3). In contrast, only cholesteryl ester content was 
slightly increased in cells of hyporesponders. It is note- 
worthy tha t  the triacylglycerol content  was decreased in 
the hyperresponsive group. 

In agreement  with previous studies (11), cholic acid was 
the major  p r imary  bile acid in the hepatocytes  culture 
medium, while the amount  of chenodeoxycholic acid was 
small. In  addition, the presence of traces of secondary bile 
acids, deoxycholic~ lithocholic and ursodeoxycholic acids 
could be detected. Figure 1 shows the time-course of 
pr imary bile acid accumulation in medium and cells in rab- 
bi t  p r imary  monolayer  hepatocyte  cultures over a period 
of 30 h. The cholic acid and chenodeoxycholic acid con- 
centrat ions in the medium increased at  a cons tant  rate  
for 30 h, and only 1-5% of the amount  was associated with 
the hepatocytes during this period. The data demonstra te  
t ha t  under our exper imental  conditions secretion of d e  

1.25 

Lipid Composition of Hepatocytes  from Rabbits Fed the Control 
Diet  and Hypo- and Hyperresponsive Rabbits Fed the 
Cholesterol-Rich Diet for Ten Weeks a 

Lipid b Control Hyporesponsive Hyperresponsive 
Free 

cholesterol 35.9 • 3.6 37.6 • 1.3 45.3 + 0 .8  c'd 
Cholesteryl 
esters 15.1 • 0.8 19.4 +- 1.6 c 30.5 • 3.3 c,d 

Triacylglycerols 30.6 • 4.0 27.9 + 3.6 19.6 __ 2.3 c 

aValues are means +_ SE for five animals in each group. 
b/Ag of Lipid/mg of cell protein. 
cp < 0.05, vs. control group. 
dp  < 0.05, vs. hyporesponsive group. 

0 

o 1.00 

= 0.75 

�9 ~ 0.50 

o ~  

.n 0.25" 

0 6 12 18 2 4  30  

BILE ACIDS AND RESISTANCE 

Time (h) 
FIG. 1. Time-course of primary bile acids accumulation in culture 
medium and cells in primary rabbit hepatocyte cultures. Hepatocytes 
were harvested at the time indicated, frozen-thawed and homogeniz- 
ed, and bile acid content was  determined in cells and medium by 
capillary gas- l iquid chromatography. Results  arc expressed as 
means _ SE for three plates. Solid line, bile acids accumulation in 
medium; dashed line, bile acid accumulation in hepatocytes.  
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n o v o  synthesized pr imary bile acids does occur, tha t  secre- 
t ion of bile acids previously absorbed f rom the serum is 
very small  and tha t  bile acid content  in culture medium 
mainly reflects bile acid biosynthesis  by the hepatocytes.  

Cholic acid product ion comprised more than  90% of 
total  bile acid product ion in each group. After  ten weeks 
of cholesterol feeding, the production of cholic acid by  
hepatocytes from the hyporesponsive rabbi ts  was twofold 
higher than  tha t  from the hyperresponsive animals {Table 
4), while the values for the la t ter  group were within the 
control limits. In  cont ras t  to cholic acid, secretion of 
VLDL cholesteryl esters by hepatocytes  was increased in 
the hyperresponsive group. In  the hyporesponsive group, 
secretion of VLDL cholesteryl ester  was only moderately 
enhanced and was accompanied by a proportional increase 
in V L D L  triacylglycerol secretion. Secretion of free 
cholesterol tended to increase in both  cholesterol-fed 
groups. 

To tes t  the hypothesis  t ha t  observed differences in bile 
acid production between hypo- and hyperresponsive 
animals  were induced by prolonged cholesterol intake, 
groups of hypc~ and hyperresponsive rabbits  were selected 
after  five days of cholesterol feeding (see Mater ia ls  and 
Methods}. After  these five days the  p lasma  cholesterol 
level of the hyporesponsive rabbi ts  was essentially un- 
changed, whereas in hyperresponsive rabbi ts  it was in- 
creased 2.1-fold (Table 5). Hepatocytes  were isolated from 
the liver of hypo- and hyperresponders  af ter  one mon th  
of feeding the low cholesterol diet. Bile acid product ion 

TABLE 4 

Cholic Acid and VLDL Lipid Secretion by Hepatocytes  
from Rabbits  Fed the Control Diet and from H y p ~  
and Hyperresponsive Rabbits Fed the 
Cholesterol-Rich Diet for Ten Weeks a 

Lipid b Control Hyporesponsive Hyperresponsive 

Cholic acid 0.61 + 0.12 0.98 + 0.10 c 0.47 + 0.05 d 
Free 
cholesterol 2.02 + 0.26 2.32 + 0.31 2.41 • 0.18 

Cholesteryl 
esters 0.38 __+ 0.01 0.57 • 0.07 c 1.42 +-- 0,37 ~d 

Triacylglycerols 3.04 + 0.20 4.42 + 0.30 c 2.98 + 0.10 d 

aValues are means +_ SE. Cholic acid (n = 6) and n = 5 for neutral 
lipids. 
b~g of Lipid/mg of cell protein]24 h. 
cp  < 0.05, vs. control group. 
dp  < 0.05, vs. hyporesponsive group. 

TABLE 5 

Plasma Cholesterol Levels  of H y p ~  and Hyperresponsive Rabbits  
Selected After Five Days  of Cholesterol Feeding at Different 
Stages of Feeding ~b 

Stage of feeding Hyporesponsive Hyperresponsive 

Before cholesterol feeding 
After five days of feeding 
with cholesterol-rich diet 
After one month of feeding 
with low cholesterol diet 

42.3 + 10.6 114.5 • 36.1 

50.8 • 3.4 242.6 • 42.3 c 

38.4 • 14.4 140.4 • 20.4 c 

aValues are means + SE for five animals in each group. 
bmg Cholesterol/dL of plasma. 
cp  < 0.05, vs. hyporesponsive group. 
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TABLE 6 

Secretion of Cholic Acid Conjugates by Hepatocytes from Hypo- 
and Hyperresponsive Rabbits Selected After Five Days 
of Cholesterol Feeding and Subsequent One-Month 
Feeding a Standard Diet a 

Acid b Hyporesponsive Hyperresponsive 
Taurocholic 
acid 0.87 -+ 0.04 0.56 -- 0.07 c 

Glycocholic 
acid 0.28 ___ 0.04 0.14 ___ 0.02 c 

Taurocholic/glycocholic 
ratio 3.56 _ 0.90 4.27 _ 0.89 

aValues are means _ SE for three animals in each group. 
b~g of Acid]mg of cell protein]24 h. 
cp < 0.05, vs. hyporesponsive group. 

by primary hepatocytes was measured by HPTLC to 
determine whether there was any difference between these 
two groups in the production of glyco- and taurocholic con- 
jugates. Table 6 shows that the production of both 
taurocholic and glycocholic acids was significantly in- 
creased in the hyporesponsive group as compared to the 
hyperresponsive group {1.5- and 2-fold, respectively}. The 
difference in taurocholic/glycocholic acid ratio was not 
statistically significant. The results suggest that  dif- 
ferences in the rate of bile acid production are not due to 
prolonged cholesterol intake. 

DISCUSSION 

The mechanisms responsible for the large differences in 
the response of plasma cholesterol levels to dietary 
cholesterol intake have been investigated in many animal 
and human studies {1-7, 28-30}. It has been shown that  
there is a small but significant increase in cholesterol ab- 
sorption efficiency in hyperresponsive rabbits as com- 
pared to hyporesponsive ones {5,6}. In addition, in some 
human populations cholesterol absorption efficiency was 
shown to correlate with plasma cholesterol levels {31}. At 
the same time it was found that  in low-responders, 
cholesterol feeding significantly increased fecal excretion 
of bile acids. In hyperresponders this increase was either 
not observed or was insignificant {4-6}. These results sug- 
gest that effective oxidation of absorbed cholesterol to bile 
acids, as well as decreased cholesterol absorption, could 
explain resistance to increased dietary cholesterol intake 

The present study showed for the first time that  pri- 
mary hepatocytes of hyporesponsive rabbits produce sig- 
nificantly higher amounts of bile acids as compared to 
control and hyperresponsive animals. The observed ten- 
dency toward an increase in cholic acid concentration in 
the hyporesponsive group apparently reflects a higher rate 
of synthesis. However, we found that  the concentrations 
of secondary bile acids were the same in the bile of hypo- 
and hyperresponsive rabbits. I t  seems possible that  in- 
creased production of bile acids in hyporesponders is 
balanced by increased fecal loss. Recently it has been 
shown that  fecal loss of bile acids is increased in hypo- 
responsive rabbits {5). The results of the second series of 
experiments demonstrate that  the difference in bile acid 
production between hypo- and hyperresponsive animals 
is not induced by prolonged cholesterol feeding and sug- 
gest that  the differences that are seen between the ex- 

perimental groups of animals existed before the cho- 
lesterol challenge 

It is known that the rate of bile acid production is depen- 
dent upon the activity of 7a-hydroxylase and that  en- 
hanced production, as a rule, is the result of increased en- 
zyme activity. It seems probable that  the low level of bile 
acid production in hyperresponders may be related to the 
low activity of 7a-hydroxylase This would agree with the 
finding that the activity of 7a-hydroxylase is considerably 
lower in hyperresponsive pigeons than hyporesponsive 
ones {32}. The cause for the different activity of 7a-hy- 
droxylase in hyper- and hyporesponsive animals remains 
unclear. I t  is generally assumed that the rate of bile acid 
synthesis is regulated by bile acids returning to the liver 
v i a  the portal vein. Recently, in rats and rabbits it was 
found that different bile acids suppress bile acid synthesis 
and 7a-hydroxylase activity to different extents {33-35}. 
Therefore, the activity of this enzyme and rate of bile acid 
production can be linked to the composition of the existing 
bile acid pool However, the similar bile acid compositions 
of gallbladder bile in hypo- and hyperresponsive animals 
{Table 2} suggest that this explanation is not valid in the 
present case 

Liver cells from hypereholesterolemia-resistant rabbits 
appear to show an altered cholesterol metabolism, as com- 
pared to normal animals (36). Liver membranes prepared 
from resistant animals have increased activity of apopro- 
tein B and apoprotein E (B/E} receptors and 3-hydroxy- 
3-methylglutaryl coenzyme A (HMG-CoA) reductase and 
decreased acyl-coenzyme A:cholesterol acyltransferase ac- 
tivity both during cholesterol feeding and on a low-cho- 
lesterol diet. The resistant animals maintain a low in- 
tracellular cholesterol concentration, and it was suggested 
that  the liver cells in these animals are able to degrade 
cholesterol by an undefined mechanism {36}. Our data sug- 
gest that this mechanism is the oxidation of excess cho- 
lesterol to bile acids and that  decreased bile acid produc- 
tion contribut~ to the accumulation of free and esterified 
cholesterol in hepatocytes of hyperresponsive rabbits. Ac- 
cording to previous studies {8-10}, an increase in the 
cellular cholesteryl ester pool was accompanied by stimu- 
lated secretion of cholesteryl ester in VLDL. While hepa- 
tocytes of hyporesponsive rabbits secreted moderately in- 
creased amounts of VLDL neutral lipids, hepatocytes of 
hyperresponsive rabbits secreted significantly increased 
amounts of total cholesterol and cholesteryl ester. Because 
cholesterol accumulation in cells inhibits the activity of 
B/E receptors, our data could explain the low B/E recep- 
tor activity found in the liver of hyperresponders {30,36}. 
Decreased activity of B/E receptors and an increased rate 
of lipoprotein cholesterol secretion could account for the 
rapid accumulation of cholesterol in the blood of hyper- 
responsive rabbits. 

The present studies demonstrate that  the rate of bile 
acid production in hyperresponsive rabbits is significantly 
lower than in the hyporesponsive rabbits. Prolonged cho- 
lesterol feeding induces significant increase in secretion 
of VLDL free and esterified cholesterol in hyperre- 
sponders; in contrast, only a slight increase in secretion 
of VLDL cholesteryl esters is observed in hyporesponders. 
These data suggest that, in rabbits, a defect in the elimina- 
tion of cholesterol from the body in the form of bile acids 
could contribute to the development of hypercholestero- 
lemia. 
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Mouse Alveolar Surfactant: Characterization of Subtypes Prepared 
by Differential Centrifugation 
M. Ou l ton  a,*, J. MacDona ld  a, D.T. Jan igan  b and G.T. F a u l k n e r  c 
Departments of aobstetrics/Gynecology and Physiology/Biophysics, bpathology and CMicrobiology, Daihousie University, Halifax, 
Nova Scotia, B3H 4H7 Canada 

To characterize the properties of alveolar surfactant su~  
fractions obtained from mouse lung by differential cen- 
trifugation, lavage fluid, following a preliminary centrl- 
fugation at 140 X g for 5 mln to yield a cellular pellet (Pc), 
was sequentially centrifuged at 10,000 X g for 30 min, 
60,000 X g for 60 min and 100,000 X g for 15 h; and the 
resultant pellets, respectively referred to as P10, P60 and 
P100, were harvested for electron microscopy, phospholipid 
analysis and surface tension measurements. Ultrastruo 
tural differences were observed, in that P10 contained large 
multilamellated structures which were typical of newly 
secreted surfactant, P100 contained small unilamellar 
vesicular structures, typical of catabolic end products of 
alveolar surfactant and P60 appeared to contain a mixture 
of structures present in P10 and P100 in addition to nume~ 
ous, large unilamellur vesicles which were not present in 
either P10 or P100. Slight but significant differences were 
found in the phospholipid compositions of the three sul~ 
fractions but not in the fatty acid composition of their 
phosphatidyleholine (PC) component. There were no signifi. 
cant differences in their disaturated PC/total PC ratios, 
but significant differences in their phospholipid/protein 
ratios. P60 had the highest proportion of phospholipid to 
protein. P10 and P60 demonstrated surface activity but 
P100 did not. Total alveolar surfactant phospholipid was 
evenly distributed among the three fractions. This pattern 
of distribution was significantly different from that o1~ 
served in rabbit subfractions prepared by the same pr~ 
cedure. These data indicate that mouse alveolar surfactant 
consists of three distinct subfractions or subtypes which 
can be separately and quantitatively isolated by differen- 
tial eentrifugation. They also suggest that there may be 
species differences in the relative proportions of the in- 
dividual subtypes present in normal adult lung. 
Lipids 28, 715-720 (1993). 

Pulmonary surfactant is a phospholipid-rich material which 
lines the mammalian lung and functions to promote alveolar 
stability by reducing the surface tension at the ai~alveolar 
interface (1,2). Surfactant is synthesized in the large alveolar 
Type II cell and stored in multilamellar intracellular vesicles 
(lamellar bodies) which are ultimately released to the alveolar 
space (3). 

Recent evidence indicates that alveolar surfactant exists 
in at least three macromolecular forms, or subtypes, that 
can be separated on the basis of their sedimentation prop 
erties (4-9). Characterized according to their ultrastructure, 
surface properties and composition (see Refs. 10 and 11 for 

*To whom correspondence should be addressed at Clinical Investiga- 
tion Unit, Grace Maternity Hospital, Halifax, Nova Scotia, Canada 
B3H 4N1. 
Abbreviations: Pc, low-speed pellet; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PG, phosphatidylglycerol; SP-A, surfac ~ 
tant protein A; SP-D, surfactant protein D; TLC, thin-layer chro- 
matography; X, unidentified phospholipid. 

reviews), labelling studies have suggested that these sul~ 
types may be in metabolic sequence such that the larger, 
heavier subtypes, which consist of multilamellated struc- 
tures and tubular myelin figures, constitute a newly secreted 
form of alveolar surfactant, whereas the smaller, ligher sul> 
types, which consist of small unilamellar vesicular struc- 
ture~ appear to be catabolic end products of the secreted 
material and thus represent a used or "spent" form of 
alveolar surfactant. Current evidence suggests that this 
catabolic end product may ultimately be taken up and r~ 
utilized by the Type II cell for new lamellar body produc- 
tion (12-14). 

In considering the entire "life cycle" of the pulmonary stm 
factant, the processes controlling synthesis, secretion and 
re-uptake have been the most thoroughly studied (11). 1~ 
cent interest has focused on the intra-alveolar processing 
or metabolism of the secreted surfactant particularly, as it 
is becoming increasingly apparent that these processes may 
be drastically altered in certain pathological conditions 
involving lung injury (15-18). However, as the number of 
studies reported to date has been somewhat sparse 
(4,9,15-20), our current knowledge of this topic is still rather 
limiteck 

One part of the problem is the lack of uniformity among 
investigators in the preparation of the subfractions for 
analysis. In earlier studie~ done primarily on rabbits (4,6) 
and rats (7), stepwise differential centrifugation schemes 
were use~ Though there was some variation in the precise 
scheme used, there appeared to be species differences in the 
pattern of distribution of phospholipids over the subfrac- 
tion~ In the rabbit, for example, the bulk of the phespholipid 
was recovered in the pelleted fractions, whereas in the rat, 
large amounts of phospholipid were recovered in the final 
supernatant fractiorL This suggests the possibility of species 
variation in the relative rates of subtype conversion and/or 
uptake, an important point to consider in attempting to 
understand the entire surfactant "life cycle" not only in the 
normal lung but in the diseased lung as well 

The mouse provides a useful model for studying alveolar 
injury, having been used not only by ourselves (21) but by 
several other investigators as well (8,9,13,15). Though this 
model has been extensively studied by Gross and c~workers 
(8,9,14,15,16), this group did not use a differential centrifuga- 
tion scheme to isolate the alveolar subfraction~ but rather 
a somewhat more elaborate density gradient technique 
which requires the dropwise collection of fractions for cha~ 
acterization and analysis. This is not only time-consuming 
and cumbersome, but it also makes interspecies comparisons 
difficult. It would therefore be of value to develop a more 
convenient and equally consistent and reliable technique for 
isolating the individual subfractions in this model The ol> 
jective of this study was therefore to employ a differential 
centrifugation scheme to prepare alveolar surfactant sui> 
fractions from normal mouse lung, characterize the prope~ 
ties of the individual fmactions and, where pert'ment, make 
comparisons with fractions similarly prepared from healthy, 
adult rabbit lung. 

Copyright �9 1993 by the American Oil Chemists' Society LIPIDS, Vol. 28, n(x 8 (1993) 
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MATERIALS AND METHODS 

Random-bred, pathogen-free, Carworth Farms White, 
male mic~ 8-9-weeks-old, were used in the study. Follow- 
ing an intraperitoneal injection of sodium pentobarbital, 
the lungs were lavaged with 0.85% NaC1 in 4 X 1.0 mL 
aliquots, as described previously (22). 

The lavage washings from 2-5 mice were pooled and, 
following a 5 rain centrifugation at 140 • g to remove a 
cellular pellet (Pc), surfactant subfractions were obtained 
by sequential centrifugation at 10,000 X g for 30 rain, 
60,000 X g for 60 rain and 100,000 • g for 15 b_ The pellet 
subfractions are referred to as P10 (10,000 X g pellet), P60 
(60,000 X g pellet) and P100 (100,000 X g pellet), respec- 
tively. The final (100,000 X g) supernatant is referred to 
as S100. 

Following the lavage procedure the lungs were re- 
moved and pooled (as indicated above for the lavage) 
for isolation of the tissue-stored surfactant (lamellar 
bodies) using a procedure involving differential and 
density gradient centrifugation as previously described 
(23). 

Aliquots of each lavage fraction and lamellar body prep- 
aration were extracted with chloroform/methanol (2:1, 
vol/vol) for phospholipid analysis as described previously 
(23). Individual phospholipids were separated by two-di- 
mensional thin-layer chromatography (TLC) as described 
elsewhere (24). Further aliquots were removed for analysis 
of disaturated phosphatidylcholine (PC) according to the 
method of Mason e t  al. (25) as previously described (26). 
For fatty acid analysis of PC and phosphatidylglycerol 
(PG), these two phospholipid classes were scraped indi- 
vidually from the TLC plate following two-dimensional 
TLC as described (24), and methyl esters of their fatty acyl 
chains were obtained by transesterification with 10% 
BF 3 in methanol (wt/vol) and extraction with petroleum 
ether (27). 

The methyl esters were analyzed by gas-liquid chroma- 
tography as described by Cook {28). 

Aliquots of each surfactant fraction were removed for 
protein analysis according to the procedure of Lowry e t  
aL (29). To prevent interference from the lipid constituents, 
each sample was extracted with an equal volume of chloro- 
form before reading the absorbance as previously de- 
scribed (30). Surface activity was assessed using the 
pulsating bubble surfactometer as described by Enhorn- 
ing (31). For these measurements the concentration of 
each preparation was adjusted so that it contained 5 mg 
phospholipid/mL. In some experiments samples were fixed 
in 0.1 M cacodylate buffered 2.5% glutaraldehyde (pH 7.3) 
and processed for electron microscopy as described pre  
viously (18). 

For comparative purposes, several adult male New Zea- 
land white rabbits (weighing 2.0-2.5 kg) were used to pre- 
pare alveolar surfactant subfractions and lamellar bodies. 
With the exception that 50-mL aliquots were used for the 
lavage procedur~ all other procedures were as described 
above Only phospholipid analyses were performed on 
these fractions. 

Statistical comparison of the results was performed us- 
ing Student's t-test (32) or Duncan's new multiple range 
test (33). For the Duncan's test, an analysis of variance 
was performed before the test. The F value was signifi- 
cant to 5%. 

RESULTS 

Electron microscopy of the individual lavage fractions 
obtained from mouse lung revealed ultrastructural dif- 
ferences in the material sedimenting under the different 
centrifugal conditions used in this study (Fig. 1). As 

FIG. 1. Electron micrographs of mouse alveolar surfactant subfrac- 
tions prepared as pellets by sequential centrifugation of lavage 
returns at (A): 10,000 X g for 30 rain (P10); (B): 60,000 X g for 60 
min (P60); and {(3): 100,000 X g for 15 h (P100) following a preliminary 
centrifugation for 5 min at 140 X g to remove a cellular pellet. 
Magnification: A X 26,250; B X 26,250; C X 26,250 (inset X 48,750). 

LIPIDS, Vol. 28, no, 8 (1993) 



717 

MOUSE ALVEOLAR SURFACTANT SUBFRACTIONS 

TABLE 1 

Surface Activity of Moose  Sudactant  Subfractions = 

Time to reach 
Fraction n y Max. y Min. y rain. (s) 
P10 4 37.4 • 6.7 1.8 • 3.4 0 
P60 2 45.2 b 7.4 e 420 
P100 3 54.3 • 12.1 16.6 • 3.4 317 • 75 
Lamellar bodies 5 37.7 ~= 2.5 2.7 • 1.7 10 • 5 
=Alveohr subfractions were prepared by seqtmntial centrifugation 
of mouse lung lavage as described in the legend to Figure I, and 
lamellar bodies by a procedure of differential and density gradient 
centrifugation as previously described (Ref. 23). Each sample con- 
tained 5.0 mg phospholipid/mL, r, Surface tension (raN/m) as mea- 
sm~ by pulsating bubble technique;, r max., surface tevsion at maY- 
irnum bubble radius (0.55 ram); y rain., surface tension at minimum 
bubble radius (0.25 ram); each value represents the mean • 1 SD 
for the number of determinations shown. 
bIndividual values: 45.8, 44.5. 
CIndividual values: 4.9, 9.8. 

T A B L E  2 

Phospholipid/Protein Ratio of Mouse Alveolar 
Surfactant Subfractions a 

Fraction /~aol Phospholipid/mg prote in  b 

Lavage fluid 1.108 +_ 0.299 
Pc 0.536 • 0.222 
P10 3.205 • 0.697 c 
P60 7.463 • 1.509 c 
P100 4.403 • 0.614 c 
S100 0.080 • 0.062 

=Fractions PI0, P60 and PI00 were prepared as described in the 
Legend to Figure 1. Pc represents the cellular pellet and S]00 the 
final supernatant fraction obtained following the 15-h centrifuga- 
tion at 100,000 • g. 
bEach value represents the mean • 1 SD for five determinations. 
cSignificantly different from unfractionated lavage fluid and each 
of the individual subfractions (P < 0.01 by Duncan's Multiple Range 
Test}. 

indicated, P10 (Fig. 1A), which represents the most easily 
sedimentable subfraction, consisted mainly of mnltilamel- 
lated structures typical of newly-released surfactant  while 
P100 (Fig. 1C), which represents the least easily sediment- 
able subfraction, consisted of much smaller unilamellar 
vesicular structures typical of catabolic forms of P10. P60 
was less easily defined. Although it  appeared to contain 
s t ructures  which were present  in bo th  P10 and P100, it  
also contained many large unilamellar vesicles which were 
not  found in either P10 or P100. Also of interest is tha t  
the membranes of the s tructures  present in P100 were 
much more diffuse than those in either P10 or P60. Not  
enough material was present in Pc for electron microscopy. 

Differences were also observed in the surface properties 
of the surfactant  subfractions (Table 1). Of the alveolar 
subfractions only P10 and P60 could be regarded as b e  
ing surface active, in tha t  they both  reduced the surface 
tension to less than  10 raN/m, with P10 being more sur- 
face active than  P60 in tha t  it reduced the surface ten- 
sion to lower values and in less t ime  In this regard the 
surface act ivi ty profile of P10 was similar to tha t  of the 
isolated lamellar body fractions. 

The phospholipid/protein ratios of the individual pellet 
subfractions obtained from the mice were significantly dif- 
ferent from each other  (Table 2). Each  was also signifi- 
cant ly  different from tha t  of the unfract ionated lavage 
fluid, the cellular pellet and the final resultant  superua- 
taut  fraction (S100). Of all the pellet subfractions~ P60 had 

the highest  ratio of phospholipid to protein. There were 
small but  significant differences in the phospholipid com- 
position of the mouse alveolar surfactant  subfractions 
{Table 3) in tha t  P100 contained relatively more PC than  
P10 and P60 and slightly less PG and phosphatidylethan- 
olamine (PE) than P10. In a previous report  (18) we found 
tha t  the cellular pellet contained somewhat less {approx- 
imately 70% of the total  lipid phosphorus} PC than  is 
reported here for the surfactant  subfractions, as well as 
up to 5% lysophosphatidylcholine, a phospholipid not  
present  in the surfactant  subfractions. 

No significant differences were found in the disaturated 
PC/total PC ratio of the individual surfactant subfractions 
obtained from mouse,lung. These values were 0.569 +_ 
0.033, 0.589 +- 0.022, 0.566 +_ 0.025 and 0.597 + 0.027 
{n -- 6) for P10, P60, P100 and S100, respectively. Not  
enough material  was available for analysis of Pc. 

No significant differences were found in the PC fa t ty  
acyl composition of the alveolar surfactant  subfractions 
{Table 4). Palmitic acid (16:0) was the most  abundant  fat- 
ty  acid for all three subfractions. Although this fa t ty  acid 
also constituted the most abundant species in the isolated 
lamellar bodies, it was slightly bu t  significantly reduced 
in comparison to the alveolar subfractions. Oleic acid 
(18:1} was slightly higher in lamellar bodies than  in the 
alveolar surfactant  subfractions. 

Only a few samples were available for PG fa t ty  acyl 
analysis. As with PC, the most  abundant  fa t ty  acid 

TABLE 3 

Phospholipid Composition of Mouse Alveolar Surfactant Subfractions a 

Number of Percent of total lipid phosphorus b 

Fraction determinations PC PG PI PS SM PE X 

PIO 5 81.2 • 0.8 13.0 • 0.4 1.8 • 0.2 0.5 • 0.1 0.2 • 0.5 2.4 • 0.5 0.9 • 0.6 
P60 3 81.8 • 0.7 11.7 • 1.2 1.8 • 0.1 1.5 • 1.2 0.4 • 0.4 2.1 • 0.4 0.6 • 0.5 
PIO0 5 83.8 • 0.7 c 11.4 • 0.8 d 1.7 • 0.6 0.7 • 0.5 0.2 • 0.3 1.4 • 0.4 d 0.8 • 0.7 

=Fractions were prepared as pellets by sequential centrifugation of alveolar lavage returns as described in the legend to Figure i. 
bEach value represents the mean ___ 1 SD for the number of determinations shown. Phospholipids include: PC, phosphatidylcholine; PG, 
phosphatidylglyc~x~l; PI, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin, PE, phosphatidylethanolamine; X, uniden- 
tiffed phospholipid. 
cSignificantly different from PI0 and P60 (P< 0.05 by Duncan's Multiple Range Test). 
dSignificantly different from P10 (P < 0.05 by Duncan's Multiple Range Test}. 
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TABLE 4 

Phosphatidyleholine Fatty Acyl  Composition of Mouse Surfactant 
Sub fractions ~ 

Lamellar 
P10 P60 P100 bodies 

Fat ty  acid (3) (3) (3) (5) 

14:0 3.3 + 0.6 3.2 _ 0.3 3.4 _ 0.3 3.1 - 0.7 
16:0 76.7 + 5.3 74.8 _ 4.4 73.8 _ 4.8 67.0 +- 4.9 b 
16:1 12.8 _ 5.9 14.6 +_ 2.6 13.7 +_ 0.4 19.3 +- 4.2 
18:0 1.2 +_- 0.3 1.3 +_ 0.5 1.0 +_ 0.0 1.8 +- 0.7 
18:1 3.8 +-- 0.3 3.5 _ 0.8 3.6 -!-- 0.5 4.9 -I- 0 . 6  b 

18:2 2.1 + 0.5 2.3 _ 0.9 2.1 _+ 0.8 2.9 + 0.6 
Other c 0.2 + 0.3 0.1 +_ 0.2 2.3 +_ 0.6 0.9 +_ 0.5 

aAlveolar subfractions {P10, P60, P100) were prepared as described 
in Table 2. Lamellar bodies were prepared from the post-lavage lung 
tissue. The results are expressed as percentage by weight (+ 1 SD) 
of the total fatty acid methyl esters. Fat ty  acid methyl esters were 
identified by reference to known methyl ester standards. 
bSignificantly different from alveolar subfractions (P < 0.05 by 
Duncan's Multiple Range Test). 
cContains 20:4 and other unidentified long chain constituents. 

TABLE 5 

Phosphatidylglycerol Fatty Acyl Composition of Mouse Surfuctant 
Subfraetlons a 

Larflellar 
P10 P60 P100 bodies 

Fat ty  acid (2) (2) (3) (5) 

14:0 0.5 - 0.6 4.2 _+ 2.0 1.2 +_ 1.0 2.3 ___ 1.5 
16:0 57.3 +- 6.2 56.9 _ 9.6 58.1 _+ 4.7 53.8 +_ 3.4 
16:1 8.5 +- 1.6 6.0 _ 2.8 5.1 _ 3.4 6.8 +- 2.6 
18:0 5.1 +- 1.2 7.5 +- 3.5 4.8 + 1.4 4.6 +_ 1.5 
18:1 19.8 + 2.4 b,c 12.7 +_ 2.1 17.6 +_ 1.3 c 15.8 + 1.4 
18:2 8.2 + 2.5 6.3 +- 3.0 7.9 +_ 0.6 8.8 _ 1.3 
Other d 0.8 -- 1.1 6.5 _+ 1.8 5.4 +_ 0.5 8.0 __ 4.1 

aAlveolar subfractions and lamellar bodies were prepared as in- 
dicated in Table 3. Expression of results and statistical analysis are 
also as described for Table 3. 
bSignificantly different from lameUar bodies. 
cSignificantly different from P60. 
dIncludes 20:4 and other unidentified long chain constituents. 

TABLE 6 

Phospholipid Distribution over Alveolar Surfactant Subfraetions: 
Mouse vs. Rabbit a 

% Total alveolar lavage phospholipid b 

Fraction Mouse Rabbit 

Pc 10.9 _ 3.5 9.7 +_ 4.5 
P10 26.6 ___ 3.2 48.4 + 9.9 c 
P60 24.0 +_ 4.6 12.9 +-- 6.1 c 
P100 27.1 +__ 2.4 20.9 + 10.1 
$100 11.3 +_ 2.0 8.1 +-- 4.2 

aAlveolar surfactant subfractions, pellets, P10, P60, P100, and the 
resultant supernatant, S100, were prepared as described in the legend 
to Figure 1; following a preliminary centrifugation for 5 rain at 140 
X g to harvest a cellular pellet (Pc). 
beach value represents the mean +_ 1 SD for six determinations in 
mice and seven in rabbits. 
cSignificantly different from mouse (P < 0.01 by Student's t-test). 

e s t e r i f l ed  to  P G  in b o t h  t h e  a lveo la r  sub f r a c t i ons  a n d  t h e  
i s o l a t e d  l a m e l l a r  bod i e s  was  16:0 (Table 5), a l t h o u g h  i t s  
r e l a t i ve  p r o p o r t i o n  of t h e  t o t a l  f a t t y  ac ids  was  cons ider -  
a b l y  less  for  P G  t h a n  for  PC. A l t h o u g h  18:1 c o n s t i t u t e d  
a minor  PC f a t t y  acid, i t  a p p e a r e d  to  r ep resen t  t he  second  
m o s t  a b u n d a n t  P G  f a t t y  acid.  Of t h e  s a m p l e s  ana lyzed ,  
P60 a p p e a r e d  to  c o n t a i n  t he  l e a s t  a m o u n t  of  t h i s  f a t t y  
acid.  

T h e  t o t a l  p h o s p h o l i p i d  c o n t e n t  of  u n p r o c e s s e d  m o u s e  
a lveolar  lavage  f luid was 1083.4 + 69.9 ~g/g lung,  of which  
88.2 +_ 4.0% cou ld  be  a c c o u n t e d  for  fo l lowing f rac t iona-  
t ion.  F o r  r a b b i t s ,  t he se  va lues  were 1263.6 +_ 260.6 ~g 
p h o s p h o l i p i d / g  l u n g  a n d  87.3 +_ 4.5% recovery.  T h e  quan-  
t i t y  of p h o s p h o l i p i d  recovered  in  t h e  i n d i v i d u a l  subf rac-  
t ions  was  c o n s i s t e n t  in b o t h  species.  However,  s ign i f i can t  
differences were found  be tween  the  two species  in t he  pa t -  
t e rn  of d i s t r i b u t i o n  of p h o s p h o l i p i d  over  t h e  i n d i v i d u a l  
s u b f r a c t i o n s  (Table 6). The  ce l lu la r  pe l l e t  c o m p r i s e d  ap- 
p r o x i m a t e l y  10% of t he  t o t a l  r ecoverab le  p h o s p h o l i p i d  in 
b o t h  spec ies  a n d  the  l avage  100,000 • g s u p e r n a t a n t  
(S100) a n o t h e r  10%, b u t  in t he  m o u s e  t h e  s e d i m e n t a b l e  
s u r f a c t a n t  p h o s p h o l i p i d  was  more  or  less  even ly  d i s t r i -  
b u t e d  over t he  r ema in ing  ind iv idua l  subfrac t ions ,  whereas  
in t h e  r a b b i t  a l m o s t  50% of t h e  t o t a l  r ecoverab le  phos-  
pho l ip id  was  p re sen t  in the  m o s t  eas i ly  s e d l m e n t a b l e  sub- 
f ract ion,  P10, w i th  less  t h a n  15% in t he  i n t e r m e d i a t e  frac- 
t ion,  P60. 

DISCUSSION 

Prev ious  s t ud i e s  in r a t s  (7) a n d  r a b b i t s  (4,6) have  shown 
t h a t  p u l m o n a r y  s u r f a c t a n t  o b t a i n e d  f rom a lveola r  l avage  
can  be  s e p a r a t e d  b y  d i f fe ren t i a l  c e n t r i f u g a t i o n  in to  sub-  
t y p e s  or  s u b f r a c t i o n s  t h a t  have  d i s t i n c t i v e  m o r p h o l o g i e s  
as  well  as  d i f fe ren t  compos i t i ons ,  su r face  p r o p e r t i e s  a n d  
l abe l l i ng  p a t t e r n s .  T h o u g h  a v a r i e t y  of c e n t r i f u g a t i o n  
schemes  have been  employed  to i so la te  these  subfract ions ,  
i t  can  neve r the l e s s  be  genera l i zed  t h a t  t h e  m o s t  e a s i l y  
s ed imen ted  fract ions,  ob ta ined  as  pe l le t s  b y  u s i n g  g forces 
u p  to  10,00 X g, c ons i s t  of  l a rge  m u l t i l a m e l l a t e d  s t ruc -  
t u r e s  which  are  t y p i c a l  of  newly  or  r e c e n t l y  sec re t ed  
l a m e l l a r  bodies ,  w he re a s  t h e  m o s t  d i f f icu l t  to  s e d i m e n t  
f rac t ions ,  r equ i r ing  g forces up  to  100,000 X g for as  long  
as  15 h, cons i s t  of much  smal le r  un i lamel la r  vesicles which  
are  be l ieved  to  r e p r e s e n t  c a t abo l i c  end  p r o d u c t s  of  t he  
sec re t ed  su r f ac t an t ;  a n d  t h a t  pe l l e t ed  m a t e r i a l  o b t a i n e d  
u n d e r  c e n t r i f u g a l  c o n d i t i o n s  i n t e r m e d i a t e  b e t w e e n  t h e s e  
e x t r e m e s  c o n t a i n s  i n t e r m e d i a t e  m e t a b o l i c  fo rms  of t h e  
a lveo la r  s u r f a c t a n t  (for a review, see  Ref. 10). 

In  our  l a b o r a t o r y  we have  r ecen t ly  a d o p t e d  a th ree-s tep  
dif ferent ia l  cen t r i fuga t ion  scheme for the  s t u d y  of a lveolar  
s u r f a c t a n t  s u b f r a c t i o n s  in  fetal ,  n e w b o r n  a n d  a d u l t  rab-  
b i t s .  A f t e r  an  in i t i a l  5-min c e n t r i f u g a t i o n  to  remove  a 
cel lular  pellet ,  th i s  scheme involves: (i) a 30-rain centr i fuge-  
t i on  a t  10,000 X g, which  we h a d  p r e v i o u s l y  found  to 
pe l le t  v i r t u a l l y  all  of t h e  la rge  m u l t i l a m e l l a t e d  s t r u c t u r e s  
t y p i c a l  of newly  sec re t ed  s u r f a c t a n t  p r e s e n t  in  fe ta l  a n d  
n e w b o r n  l u n g  (23); (ii) a 60-min  c e n t r i f u g a t i o n  a t  60,000 
• g, wh ich  has  been  shown b y  o t h e r  i n v e s t i g a t o r s  to  
ha rve s t  i n t e rmed ia t e  a lveolar  su r f a c t a n t  forms (4,6,7); and  
(iii) a 15-h c e n t r i f u g a t i o n  a t  100,000 X g to  h a r v e s t  t h e  
s m a l l  u n l l a m e l l a r  ves ic les  which  are  p r e s e n t  in n e w b o r n  
and  a d u l t  (4,6), b u t  n o t  fe ta l  (5,6,23), lung.  B y  a p p l y i n g  
t h i s  f r a c t i o n a t i o n  s cheme  to  l avage  f lu id  o b t a i n e d  f rom 
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adult mice, we were able to identify at least two mor- 
phologically distinct subfractions, namely, the large multi- 
lamellar vesicles present in the 10,000 X g pellet (P10) 
and the small unilarnellar vesicles present in the 100,000 
• g pellet (P100). Both of these fractions were character- 
istically similar to those described by ourselves (23) and 
others for rabbits (4,6) and rats (7) using appropriately 
comparable conditions of centrifugation. The fraction 
which we designate as P60 is less well defined than P10 
and P100. It appears to contain a mixture not only of the 
structures found in P10 and P100, but also of structures 
which are not present in either of these two subfractions. 
Another distinguishing feature of P60 is its phospho- 
lipid]protein ratio, which is significantly greater than that 
of any of the other subfractions. These observations sug- 
gest that P60 may indeed be distinct from the other two 
pellet fractions and it may, in fact, represent a metabolic 
form that is intermediate between them. This would be 
in agreement with previously reported findings in other 
species (4,6,7). 

An interesting observation along this line is a recent 
finding (to be reported in a separate communication) in 
our laboratory that smoke exposure~ which had previously 
been shown to increase the total alveolar surfactant 
phospholipid pool nearly twofold (21), had no effect on the 
phospholipid content of this P60 pellet but significantly 
increased the other lavage subfractions. This suggests the 
possibility of an important regulatory role for this in- 
termediate fraction in the alveolar processing of secreted 
surfactant. This concept is supported by the recent 
studies of Gross (15,16), which suggest that the genera- 
tion of this subfraction may be catalyzed by an enzyme, 
which this referred to as convertase 

The latter studies have also isolated and identified three 
alveolar surfactant subtypes in mouse lavage fluicL It was 
shown that these subtypes were in metabolic sequence 
and that metabolic conversions from one form to another 
could be induced in vitro (9). The subtype referred to as 
"light" would correspond to our P100 subfraction, 
whereas the fractions designated as "ultra heavy" and 
"heavy" would correspond to our P10 and P60 subfrac- 
tions. One difference between our studies and those of 
Gross and Narine (8,9) is that  they found tubular myelin 
figures in their "ultra heavy" and "heavy" subfractions, 
whereas we did not find these figures in any of our sub- 
fractions. The absence of tubular myelin could be due to 
structural rearrangement during the isolation procedure 
(34) or the absence of calcium ions, which might be re- 
quired to preserve these structures (35), from the lavage 
and isolation procedures. Another possibility is that these 
structures were present in the low-speed pellet (Pc) which 
we did not examine by electron microscopy. The major dif- 
ference between our study and that  of Gross and Narine 
(8,9) is that  they employed a technique involving centri- 
fugation to equilibrium on continuous sucrose gradients, 
a somewhat more tedious and time-consuming (requiring 
60 h to reach equilibrium) procedure than the differential 
centrifugation scheme used for the present study. It  also 
makes interspecies comparisons difficult, given that most 
reported studies have employed a stepwise differential cen- 
trifugation scheme to prepare individual subtypes or sul> 
fractions (4,6,7). 

In the present study in which we applied the same isola- 
tion technique to lavage samples obtained from both adult 

mice and rabbits, we found highly reproducible and con- 
sistent phospholipid recoveries in the individual surfac- 
tant subfractions obtained from both species. The dif- 
ference in distribution of phospholipid over the subfrac- 
tions in the two species suggests that there may be species 
differences in the rates of subtype conversion and]or up- 
take The low levels of P10 present in mice, which is in 
agreement with previous findings of Gross and Narine (8) 
in mice and Spain et aL (7) in rats, in comparison to the 
much higher levels present in the rabbit, as reported in 
this and other (4,6,18) studies suggests that  the first step 
in the metabolic processing of the newly secreted surfac- 
tant may occur more readily in murine than in rabbit lung. 
Whether or not this could be due to inherent properties 
of the surfactants is not known. There are only slight in- 
terspecies differences in the overall phospholipid composi- 
tion and fatty acyl composition of some of the individual 
phospholipids, as shown in this and other (4,8) reports. 
However, the interspecies differences observed in SPA 
(36,37), the major surfactant-specific protein, which has 
been suggested to play a role in the unwinding of newly- 
released surfactant, could possibly contribute to this ef- 
fect. Another surfactant-associated protein which may 
contribute to this effect is the newly-identified SP-D {38), 
which has recently been shown to counteract the effects 
of SPA (39) and appears to be differentially distributed 
among the lavage subfractions in at least two species (rat 
and bovine) studied to date (40). Studies are in progress 
in our laboratory to investigate these possibilities. 

The differences that we and others (4,8) observed in the 
surface activity among the three alveolar surfactant sub- 
types might also be attributable to differences in composi- 
tion. While there are only slight differences in the phos- 
pholipid composition of these fractions in both mice and 
rabbits (4,8) there appear to be differences in protein com- 
position. For example, it has been shown (4-6) that the 
least surface-active fraction obtained from rabbits, which 
is comparable to our P100 subfraction, is virtually devoid 
of SPA, which, in addition to its function discussed above, 
has been purported to play at least an ancillary role in 
the expression of surface activity (for a review, see Ref. 
37). Preliminary studies in our laboratory suggest the 
absence of SPA not only from the P100 subfraction but 
also from P60. The surface activity of the latter fraction 
might thus be attributable to its high proportion of phos- 
pholipid to protein as observed in the present study. Fur- 
ther studies are required to clarify these issues. 

In summary, we have identified three subfractions or 
subtypes of mouse alveolar surfactant that can be quanti- 
tatively and reproducibly harvested by a three-step differ- 
ential centrifugation scheme These preliminary studies 
provide us with an excellent model for extensively study- 
ing surfactant metabolism in this species. We have also 
demonstrated differences in the distribution of phospho- 
lipids over these subfractions obtained from the mouse 
and rabbit, suggesting the possibility of interspecies dif- 
ferences in the rates of conversion and]or uptake of se- 
creted surfactant. 
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The Role of Arginines in Stabilizing the Active Open-Lid Conformation 
of Rhizomucor miehei Lipase 
Mats Holmquist, Martin Nodn and Karl Hult* 
Department of Biochemistry and Biotechnology, Royal Institute of Technology, S-100 44 Stockholm, Sweden 

Molecular dynamics simulations for the lid covering the 
active site of Rhizomucor miehei lipase [EC 3.1.1.3] 
postulated that, among other interactions, Arg86 in the 
lid stabilized the open-lid conformation of the protein by 
multiple hydrogen bonding to the protein surface. Chemi- 
cal modification of arginine residues in R~ miehei lipase 
with 1,2-cyclohexanedione or phenylglyoxal resulted in 
residual activities in the hydrolysis of tributyrin of 66 
and 46%, respectively. Tryptic maps of native and phenyl- 
glyoxal-reacted R: miehei lipase showed that Arg86 was 
the residue modified most, when the lipase was inhibited 
to the greatest extent. Guanidine, a structural analog to 
an arginine side chain, inhibited both the native enzyme 
and the arginine-modified enzymes, resulting in residual 
activities of 26% as compared to the native enzyme. The 
inhibition was not an effect of enzyme denaturation. The 
native enzyme was also inhibited by l~ethylguauidine, ben- 
zamidine and urea, but to a lesser degree than by guani- 
dine. Lipases from Humicola lanuginosa and porcine pan- 
creas in 100 mM guanidine showed residual activities of 
88 and 70%, respectively. The lipases from Candida 
antarctica, C. rugosa, Pseudomonas cepacia and P. 
fluorescens were not inhibited by guanidine. The inhibi- 
tion of R. miehei lipase by structural analogs of the 
arginine side chain and after chemical modification of 
arginine residues suggest a role of an arginine residue in 
stabilizing the active open-lid conformation of the 
enzyme. 
Lipids 28, 721-726 (1993). 

Lipases [EC 3.1.1.3] need the hydrophobic interface form- 
ed by their water insoluble ester substrates to express full 
catalytic activity in hydrolytic systems (1-3). The inter- 
facial activation has been proposed to be due to a confor- 
mational change in the enzyme (2,4). The three-dimen- 
sional structures of the lipases from Rhizomucor michel 
(5), human pancreas (6) and Geotrichum candidum (7) have 
been published. These enzymes all have an active site hid- 
den under a lid which must be displaced to expose the ac- 
tive site of the enzyme to the substrat~ The three  
dimensional structures of two R. miehei lipase-inhibitor 
complexes have been solved, showing the displacement 
of the lid (8,9). In these complexes the lid exposes its 
hydrophobic side to the substrat~ and its hydrophilic side 
is buried in a polar cavity of the enzyme (8,9). Asn87 in 
the lid has been shown to form new interactions with the 
polar cavity when the lid is open (9). Other polar residues 

*To whom correspondence should be addressed at Department of 
Biochemistry and Biotechnology, Royal Institute of Technology, 
Teknikringen 34, S-100 44 Stockholm, Sweden. 
Abbreviations: CD, circular dichroism; DHB, 2,5-dihydroxy-benzoic 
acid; HPLC, high-performance liquid chromatography; LDMS, laser 
desorption mass spectrometry; PDMS, plasma desorption mass spec- 
trometry; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel 
electrophoresis; TES, 2-{[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]- 
amino}ethanesulfonic acid; UV, ultraviolet. 

in the lid might also stabilize the active open-lid conformer 
of the enzym~ 

In this paper we report the effects of chemical, arginine- 
specific modifications of R. michel lipase and the results 
of inhibition studies with structural analogs to the side 
chain of arginine 

MATERIALS AND METHODS 

Chemicals. Tributyrin, dithiothreitol, bovine serum al- 
bumin, 2-{[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]amlno}- 
ethanesulfonic acid (TES) and gum arabic were purchased 
from Sigma (St. Louis, MO). 1,2-Cyclohexanedion~ 
phenylglyoxal, guanidine hydrochlorid~ 1-ethylguanidine 
hydrochloride, benzamidine hydrochloride hydrate, 
iodoacetamlde, trichloroacetic acid and trifluoroacetic acid 
(spectrophotometric grade) were from Aldrich-Chemie 
(Steinheim, Germany). [7-14C]Phenylglyoxal with a spe ~ 
cific activity of 855 KBq/mol was obtained from Amer- 
sham (Buckinghamshir~ England). Urea, ammonium 
bicarbonate and calcium chloride were obtained from 
Merck (Darmstadt, Germany). All chemicals used were of 
analytical grad~ 

Enzymes. Highly purified lipase [EC 3.1.1.3] from R. 
michel (7800 units]mg), Humicola lanuginosa (5400 units/ 
mg), Pseudomonas cepacia {3400 units]rag), Candida 
antarctica A (180 units/mg) and C antarctica B (340 units/ 
mg) were generous gifts from Novo Nordisk A/S {Bags- 
vaerd, Copenhagen, Denmark). No contaminants could be 
detected in the R. rniehei lipase after sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
analysis. One unit of lipase produces 1/Jmol butyric acid 
per minute from tributyrin at pH 7.0 at 25~ 

Commercial lipase from C cylindracea (recently r~ 
classified as C rugosa) [1010 units/mg solid {7770 
units/mg protein)] and porcine pancreas [53 units/mg solid 
(143 units/mg protein)] were obtained from Sigma These 
enzymes were purified from insoluble material by collect- 
ing the supernatant after centrifugation of crude enzyme 
dissolved in 10 mM TES, pH 7.5. One unit of lipase splits 
off i ~mol of fatty acid from olive oil in one hour at 37~ 
and pH 7.2 (C rugosa) or pH 7.7 (porcine pancreas). 

Lipase from P. fluorescens (31.5 units/mg) was pur- 
chased from Fluka (Buchs, Switzerland). One unit of lipase 
liberates 1 ~mol oleic acid per minute from triolein at pH 
8.0 and 40~ 

Trypsin [EC 3.4.21.4] (sequencing grade) was ob- 
tained from Boehringer Mannheim GmbH (Mannheim, 
Germany). 

Enzyme activity assay. The substrate solution contain- 
ing tributyrin (0.10 M), calcium chloride (0.10 M) and gum 
arabic (5%, wt/vol) in water, was emulsified by sonication 
for one minute. The pH was adjusted to 7.0 with sodium 
hydroxide (100 raM). The solution (2.0 mL) was equili- 
brated for 2 min in a stirred, thermostatted pH-stat 
cuvette at 25~ The enzyme (R. michel 11-17 ~g/mL, 
H. lanuginosa 54 ~g/mL, porcine pancreas 50 mg/mL, 
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C antarctica A 0.40 mg/mL, C antarctica B 0.22 mg/mI,, 
C rugosa 6.4 mg/mL, P. cepacia 35 ~g/mL and R 
fluorescens 2.3 mg/mL) was dissolved in 10 mM TES buf- 
fer, pH 7.5. The reaction was started by the addition of 
50 ~L enzyme solution to the stirred, thermostatted 
cuvette The activity was determined under nitrogen using 
a Radiometer (Copenhagen, Denmark) pH-stat, equipped 
with an ABU91 autoburette (1 mL) connected to a VIT90 
videotitrator. The pH was automatically maintained at 
7.0 with sodium hydroxide (100 mM). The reactions were 
run for five minutes. In experiments with inhibitors, the 
inhibitor was added to both the substrate emulsion and 
the enzyme solution before the assay was performed. The 
coefficients of variation for the activity determinations 
were 3-8% (3-7 determinations on 8 samples) with the 
same substrate preparation and 1-18% (4-5 determina- 
tions on 3 samples) with different substrate preparations. 

Modification of arginine residues. The R. miehei lipase 
[100 I~IVI, e = 47000 M -1 cm -1 at 280 nm (Novo-Nordisk 
A/S)] was incubated with 1,2-cyclohexanedione (30 mM) 
in 0.2 M sodium borate, pH 9.0, at 37~ (10) or the en- 
zyme (4 ~M) was treated with phenylglyoxal (3 mM) in 
0.2 M sodium bicarbonate, pH 8.2, at 25~ (11). All reac- 
tions were performed in the dark. Under the conditions 
described, both 1,2-cyclohexanedione (10) and phenyl- 
glyoxal (11,12) are highly specific for arginine residues. 
Phenylglyoxal also reacts with free a-amlno groups to give 
a residue of the corresponding a-keto acid as a side reac- 
tion (11). Reference lipase samples were treated and in- 
cubated as described abov~ omitting the modifying 
reagent. The reaction mixtures (1.0-1.7 mL) were incu- 
bated in an end-over-end incubator. Samples (50 ~L) were 
removed for assay of enzymatic activity. The modified en- 
zyme was purified from excess reagent by gel filtration 
through a PD-10 column (Sephadex | G-25 M, bed vol 9.1 
mL, Pharmacia Biotechnology, Uppsala, Sweden) equili- 
brated with 10 mM TES, pH 7.5. 

Stoichiornetry of [7-14Clphenylglyoxal to lipase. R. 
rniehei lipase (4 ~M) was incubated with [7-14C] - 
phenylglyoxal (3 mM; specific activity 11 KBq/mol) under 
the same reaction conditions as described abov~ in a reac- 
tion volume of 100 pL. After the specified reaction tim~ 
bovine serum albumin (100 /~L, 1 mg/mL, previously 
treated with a 500-fold molar excess of unlabeled phenyl- 
glyoxal) was added as a nonspecific protein carrier. The 
incorporation of [7-~4C]phenylglyoxal into R. miehei 
lipase was determined by precipitation of the protein by 
the addition of trichloroacetic acid (60 ~L, 50% wt/vol). 
The precipitates were collected by centrifuging the mix- 
ture at 8000 • g for 30 rain and washed {3 X 0.5 mL) with 
trichloroacetic acid (5% wt/vol). The pellets were resus- 
pended in 8 M urea and transferred to scintillation vials, 
and the radioactivity was measured in 10 mL of Ready 
safe TM (Beckman Instruments Inc, Fullerton, CA). The 
instrument used was a Packard Tri-Carb | 1500 liquid scin- 
tillation analyzer (Downers Grov~ IL). 

Proteolytic digestion. Native (150 ~g) or arginine- 
modified R. miehei lipase (150 ~g) was dissolved in 50 ~L 
8 M urea and 0.4 M ammonium bicarbonate.  
Dithiothreitol (5 ~L, 45 mM) was added, and the mixture 
was kept at 50~ for 15 min. After cooling to room 
temperature, iodoacetamide (5 ~L, 100 mM) was added, 
and the solution was incubated at room temperature for 
15 rain. After dilution with water (140 ~L), trypsin 

(10 ~g in 10 ~L 0.01% trifluoroacetic acid) was added. 
The reaction mixture was incubated at 37~ for 24 h. 
The peptides produced were separated on a reversed- 
phase high-performance liquid chromatography (HPLC) 
column. 

Chromatography. The proteolytic digests were analyzed 
by reversed-phase HPLC on a C18-column (Vydac 2] 8 TP, 
4.6 X 250 ram, 5 ~nn, Hesperia, CA). The chromatograms 
were developed at 25 ~ with a gradient of an increasing 
concentration of acetonitril~ Mobile phase A consisted 
of trifluoroacetic acid/water (0.1:100, vol]vol) and mobile 
phase B was acetonitrile/mobile phase A (60:40, vol/vol). 
The gradient was designed as follows: 0-5 rain, 0% B 
(100% A); 5-45 rain, 0-45% B; 45-100 rain, 45-55% B; 
100-145 rain, 55-100% B; 145-150 rain, 100% B; 150-155 
rain, 0% B. The flow rate was 0.5 mL/min. Fractions were 
collected and peptides were identified by plasma desorp- 
tion mass spectrometry (PDMS). The HPLC system con- 
sisted of two pumps (LKB, model 2150), a gradient pro- 
grammer (LKB, model 2152), a Rheodyne injection valve 
with a 100 ~L sample loop. Peptides were detected with 
an ultraviolet (UV) detector (214 nm; LKB, model 2140) 
or an FS 970 L.C fluorimeter (excitation wavelength 280 
nm, emission filter 270 nm; Schoeffel Instrument GmbH, 
Trappenkamp, Germany). Data were collected with a 
Macintosh SE personal computer equipped with the soft- 
ware Dynamax | (Rainin Instrument Company Inc, 
Woburn, MA). 

Mass spectrometry. PDMS analyses were performed on 
lyophilized HPLC fractions containing the relevant pep- 
tides, using a Bio-Ion 20 instrument (Bio-Ion AB, 
Uppsala~ Sweden) and the nitrocellulose foil-spin drying 
technique as published by Jardine (13). 

Laser desorption mass spectrometry (LDMS) was car- 
ried out directly on the lyophilized mixture of tryptic pep- 
tides. The instrument used was a LDI-1700 Mass Monitor 
(Linear Scientific Inc, Ren~ NV). In order to achieve good 
mass dynamic ranges, experiments were performed using 
2,5-dihydroxy-benzoic (DHB) acid and sinapinic acid as 
matrices. DHB was best suited for low molecular weight 
constituents (<2 kDa) while sinapiuic acid worked well for 
high-molecular weight peptides. DHB solutions were 100 
mM in 10% (vol]vol) aqueous ethanol. Sinapinic acid solu- 
tions were 100 mM in 40% (vol/vol) acetonitrile in 10% 
(vol/vol) aqueous ethanol. The lyophilized peptide mix- 
tures were reconstituted using 250 ~L of 0.1% (vol/vol) 
trifluoroacetic acid in 50% (vol/vol) aqueous acetonitril~ 
Samples were mixed with matrix at 1:3 or 1:4 dilutions. 
For the most part, molecular weights were determined 
using an external standard based upon a calibration mix- 
ture of vasopressin, calcitonin, synacthen and hirudin. In 
some experiments, the samples were spiked with this solu- 
tion to function as an internal standard. 

Determination of enantioselectivity. Hydrolysis of 
racemic heptyl 2-methyldecanoate was done in a pH-stat. 
After 30% conversion, the enantiomeric excess (14) of the 
2-methyldecanoic acid produced was determined. The 
enantiomeric ratio (E) was calculated according to Chen 
et aL (15). The synthesis of the substrate (16) work-up pr~ 
cedures (16) and the determination of the enantiomeric 
excess (17) have been described elsewher~ 

Circular dichroism. CD spectra (205-250 nm) of R. 
miehei lipase (0.10 mg/mL in 10 mM TES, pH 7.0) were 
recorded at 25~ in the presence of guanidine (0-4.0 M), 
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using a JASCO J-720 (rlbky~ Japan) spectropolarimeter. 
The fraction of folded protein was determined at  222 nm. 

RESULTS 

Chemical modification of arginines. Arginine~specific 
chemical modification of R. miehei lipase with 1,2-cyclo- 
hexanedione or phenylglyoxal, resulted in residual ac- 
tivities of 66 and 46%, respectively, as compared to un- 
treated enzyme" with t r ibutyr in  as substrate (Fig. 1}. The 
reduction of act ivi ty during arginine modification pla- 
teaued in three hours with both  reagents. 

The amount  of :4C-labeled phenylglyoxal bound to R. 
miehei lipase was determined by trichloroacetic acid 
precipitation. These labeling studies showed tha t  approx- 
imately 8 mol of phenylglyoxal was bound to 1 mol of the 
enzyme, when the lipase had been inhibited to the full ex- 
ten t  achieved here. 

Identification of modified arginines. Tryptic digestion 
of native R. miehei lipase and subsequent LDMS analyses 
of the peptide mixture showed tha t  all the peptides 
predicted were produced. The masses recorded were all 
within 0.6% of the expected values (data not  shown). 

Phenylglyoxal-reacted arginine residues in proteins are 
known to be resistant to t rypt ic  cleavage (ll}. T~Tptic pep- 
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FIG. l. Residual activity of native (e,O),  1,2~cyclohexanedione~ 
reacted ([3) and phenylglyoxui-reaeted (b) Rhizomucor miehei lipase 
as a function of guauidine concentration. Gnanidine was present in 
both the enzyme solution and the substrate emulsion ( e ,  [3, b)  or 
only in the substrate emulsion ((3), before miYiug enzyme and 
substrate. Activity was determined with tributyrin as substrate at 
pH 7.0 and 25~ The experimental points are mean values of 
repeated experiments. In A, 100% residual activity corresponds to 
the activity of native enzyme in the absence of guanidine. In B, 100% 
residual activity corresponds to the activity in the absence of 
guauidine of native lipase or the activity of lipase obtained after 
chemical modification. 

tides of native lipase were separated on an HPLC system 
and identified by PDMS analyses (Table 1 and Fig. 2). The 
comparison of peak heights of specific t rypt ic  peptides, 
produced from native and phenylglyoxal t reated lipase" 
showed tha t  a number  of arginines in the lipase had 
reacted with phenylglyoxal {Fig. 2}. Arg86 (based on the 
absence of Tg} was the residue modified to the highest 
degree {>85%). Arg30 (T3), Arg68 (T5) and Argl60  {T13) 
were all found to be modified to a significantly lower ex- 
tent  (<70%) than  Arg86 in the inhibited lipase. The 
degrees of modification based on fluorescense detection 
were 58% for Arg30 (T3}, 56% for Arg68 (T5) and 85% 
for Arg86 (T9) {data not shown). The quantification in the 
fluorescense chromatogram was more reliable for these 
peaks because of lower noise and fewer peaks than  in the 
UV chromatogram. For several other  arginines, it could 
be shown tha t  they were only partially modified when the 
lipase was inhibited to the full extent  achieved. I t  was 
shown by the combined disappearance of T17 {70%) and 
T18 (30%) tha t  bo th  Arg197 and Arg202 had reacted to 
some extent  (40 and 30%, respectively). According to the 
constant  peak height of peptide T1, Arg7 was not  
modifie~ Arg178 was not modified since peptides T13 and 
T14 were similarly decreased, due to modification of 
Argl60  (T13). The degree of modification of ArgS0 (TT) 
and Arg196 (T15) could not be unambiguously determined 
as T2, T7 and T15 were coeluted. But  based on the total  
amount of incorporated phenylglyoxal, it can be concluded 
tha t  none of the residues Arg80 or Arg196, alone or 
together, were modified to more than 60 mol%. 
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FIG. 2. Reversed-phase high-performance liquid chromatography 
chromatogr~ms of tryptic peptides from control (A) and phenyl- 
glyoxal-reacted (B) Rhizomucor miehei lipase- Eight tool phenylgloxal 
(13) were incorporated into 1 mol lipase. Peptides were identified by 
plasma desorption mass spectrometry analyses. The chromatogr~m~ 
were recorded with a ultraviolet detector (~ 214 nm). The peptides 
detected with a fluorescence detector are indicated with an asterisk 
(*). Decreased peaks (13 compared to A) not outlined contained pep- 
tides not recognized as tryptic peptides from R. michel lipase. 
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TABLE 1 

Tryptic Peptides of Rhizomucor miehei Lipase ~ 

Mass MH + (Da) 

Peptide Residues Predicted b Experhnental c Sequence 

T1 1-7 717.4 717.3 SIDGGIR 
T2 8-30 2656.2 d 2656.8 AATSQEIN ELTYYTTLSAN SYCR 
T3 31-50 2302.1 d 2 2 9 8 . 0  "fVIPGATWDCIH CDATEDLK 
T4 51-53 373.3 IlK 
T5 54-68 1741.9 1741.2 e TWSTLIYDTNAMVAR 
T6 69-73 535.2 GDSEK 
T7 74-80 911.5 911.5 TIYIVFR 
T8 81-86 606.3 GSSSI R 
T9 87-106 2191.1 2191.1 NWIADLTFVPVSYPPVSGTK 
T10 107-109 383.2 VHK 
T l l  110-131 2472.2 2472.2 GFLDSYGEVQN ELVATVLDQFK 
T12 132-137 785.4 QYPSYK 
T13 f 138-160 2386.3 d 2385.8 VAVTG HSLGGATALLCALDLYQR 
T14 161-178 2026.0 2025.3 g EEGLSSSNLFLYTQGQPR 
T15 179-196 1926.0 VGDPAFANYVVSTGIPYR 
T16 197-197 175.1 R 
T17 198-202 618.3 618.6 TVNER 
T18 203-269 7441.6 d DIVPH LPPAAFG FLHAG EEYWITDN 

SPETVQVCTSDLETSDCSNSIVPFT 
SVLDHLSYFGINTGLCT 

aTheoretical tryptic peptide sequences (T1-T18) and masses were based on the published lipase sequence 
(18; see also footnote f). The experimentally determined peptide masses were used to assign the peaks in 
the high-performance liquid chromatography (HPLC) chromatogram (Fig. 2). 
bpeptide mass was calculated using the computer software MacProMass 1.0; Vemuri, S., and Lee, T.D., Divi- 
sion of Immunology, Beckman Research Institute of the City of Hope, 1450 East Duarte Road, Duarte, CA 
91010. 
cPeptide mass was experimentally determined by plasma desorption mass spectrometry analyses of HPLC- 
separated peptides. 
dMass was corrected for the alkylation of cystein-residues. 
This peptide was also detected as the methionine oxidized species (MH + 1756.9 Da). 
Residue 156 has incorrectly been assigned as G (Gly) in the published lipase sequence (Ref. 18) and should 

be D (Asp) according to the Protein Data Bank at Brookhaven (Ref. 19), entry number 1TGL. 
gThis peptide was also detected as an alkylated species (MH + 2081.5 Da). 

Inhibit ion by arginine side chain analogs. Native en- 
zyme and 1,2-cyclohexanedione ~ or phenylglyoxal-treated 
enzymes were all inhibited by guanidine The enzyme and 
the substrate solutions had to be mixed separately with 
guanidine before the reaction was started by the addition 
of enzyme to the substrate (Fig. 1). The same residual ac- 
tivity, 26%, was obtained either by guanidine inhibition 
of native enzyme or chemical arginine~modification plus 
guanidine inhibition of native enzyme (Fig. 1A). The con- 
centrations of guanidine which resulted in half of max- 
imum inhibition, the apparent  inhibition constants  were 
20 mM and 10 mM for the native and arginine-modified 
enzymes, respectively (Fig. 1B). The inhibition produced 
by guanidine was not an effect of enzyme denaturation, 
as ascertained by circular dichroism spectroscopy at 222 
nm, pH 7.0, at  25~ The enzyme was found to have an 
intact  secondary structure in 0.5 M guanidine The en- 
zyme was partially and fully unfolded in 1.0 M and 4.0 M 
guanidine, respectively. 

The native enzyme was also inhibited by 1-ethylguani- 
dine, benzamidine or urea, but their inhibiting effects were 
lower than tha t  of guanidine (Table 2). 

Guanidine reduced the enantioselectivity of the enzyme 
With racemic heptyl 2-methyldecanoate as substrate, the 
enantiomeric ratio [E = (Vm~IKm)sI(Vm~IK~)R, where S 
and R denote the enantiomers (15)] changed from 8.5 (no 
inhibitor) to 1.9 in the presence of 100 mM guanidine 

Lipases from porcine pancreas and H. lanuginosa were 
also inhibited by guanidine under the conditions described 
above, showing residual activities of 70 and 88%, respec- 
tively, in 100 mM guanidine (Table 3). In contrast, lipases 
from C antarctica (A and B), C rugosa, P. cepacia and R 
fluorescens were not  inhibited by guanidine (Table 3). 

DISCUSSION 

I t  has recently been shown that  Asn87 in the lid of R. 
miehei lipase interacts with a polar cavity of the enzyme 

TABLE 2 

Residual Activity of Rhizomucor miehei Lipase 
in the Presence of lnhibitors 

Residual activity a 
Inhibitor (%) 

Guanidine 26 +_ 5 
1-Ethylguanidine 58 --- 8 
Benzamidine 56 _+ 11 
Urea 78 __ 7 

aReference samples were assayed in the 
absence of inhibitor. Activity was determined 
with an inhibitor concentration of 100 mM and 
tributyrin as substrate at pH 7.0 at 25~ SD 
is based on three separate experiments. 
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TABLE 3 

Residual Activity of Different Lipases 
in the Presence of 100 mM Guanidine 

Residual activity ~ 
Lipase (%) 

Rhizomucor miehei 26 + 5 b 
Porcine pancreas 70 • 9 b 
Humicola lanuginosa 88 • 2 b 
Candida antarctica A 97 
C. antarctica B 102 
C. rugosa 101 • 3 c 
Pseudomonas cepacia 95 
P. fluorescens 95 
aReference samples were assayed in the absence of 
guanidine. Activity was determined with tributyrin 
as substrate at pH 7.0 at 25~ 
b'cSD is based on three and two separate experi- 
ments, respectively. 

when the lid is open (9). Other polar residues in the lid 
might also stabilize the active open-lid conformer of the 
enzyme. Three arginine residues in the structure, Arg30, 
Arg80 and Arg86, have been reported to have multiple 
conformations in the open lipase-inhibitor complex (9). 
Arg86 is located in the lid whereas the side chains of 
Arg30 and Arg80 are situated in the region referred to 
as the polar cavity. 

Molecular dynamics simulations on R. miehei  lipase, 
starting from the closed-lid conformer (Fig. 3A) (5), in- 
dicated that  Arg86 in the lid could be an important 
residue in the stabilization of the open-lid conformation 
(20). Running the simulation on the enzyme where Arg86 
had been mutated to an alanine residue showed a 
significantly decreased stabilization of the open-lid con- 
formation (20). 

Tryptic maps of native and phenylglyoxal-reacted R. 
michel  lipase showed that Arg86 was the amino acid that 
had been modified to the highest degree while Arg30, 
Arg68 and Argl60 were modified to a lesser degree in the 
inhibited lipase. Arg7, Arg80, Arg178, Arg196, Arg197 
and Arg202 were not, or only to a small extent, modified. 
This is consistent with the result of the 14C-phenyl- 
glyoxal labeling experiments which indicated that  either 
four arginines were modified quantitatively or that  more 
than four arginines were modified partially, since two 
phenylglyoxal molecules react with one arginine (21). The 
finding that  Arg86 was modified most when the lipase 
was inhibited to the fullest extent and that further incuba- 
tion with phenylglyoxal did not inhibit the lipase further, 
suggests that  the modification of Arg86 plays an impor- 
tant role in the inhibition of the lipas~ Arg30 and Arg80 
are located in a region of the lipase structure where the 
polar side of the lid interacts with the protein surface in 
the open form (Fig. 3). I t  seems reasonable to assume that 
the modification of these arginines also could affect the 
stabilization of the open-lid conformation. Arg68 and 
Argl60 are located far away from the lid and the active 
site of the lipase, suggesting that the modification of these 
residues should not affect enzyme activity. To unam- 
biguously determine which arginm" es are important for en- 
zyme activity, specific mutants of the enzyme are needed. 
Unfortunately no such mutants have been obtained to 
date. 

LID STABILIZATION OF RHIZOMUCOR MIEHEI LIPASE 

ARG86 

% ~  - ~  ARG68 

FIG. 3. Structures showing the positions of Arg30, Arg68, ArgS0, 
Arg86 and Argl60 in the closed form (A) (5) and the open form (B) 
(9) of the Rhizomucor miehei llpase. The van der Waals surface of 
the active site residue Serf44 is shown dotted. 

Modification of Arg86 with 1,2-cyclohexanedione or 
phenylglyoxal should not prevent Arg86 from forming 
hydrogen bonds or ionic bonds, but the arginine residue 
would become more bulky, which could affect lid opening 
and enzyme activity. The lower residual activity obtained 
after phenylglyoxal treatment, may be an effect of such 
a bulkier product Ill) formed with this reagent, compared 
to that  obtained by 1,2-cyclohexanedione treatment (10). 

Guanidine, structurally resembling the side chain of an 
arginine residue, might specifically compete with Arg86 
for its binding site and thus destabilize the active open- 
lid conformation of the enzyme The order in which sub- 
strate, enzyme and guanidine were mixed was essential. 
When guanidine was present only in the substrate solu- 
tion, which affects the final concentration very little, no 
inhibition was seen. But when guanidine was added to 
both the enzyme solution and the substrate, the lipase was 
inhibited to the full extent achieved here (Fig. 1A). Prob- 
ably the enzyme obtained its active conformation at the 
substrate interface faster than guanidine was bound to 
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TABLE 4 

Amino Acid Sequences of the Lid Region of Different Lipases 

Lipase Amino acid sequence Residues Reference 

Rhizomucor miehei GSSSIRNWIADL 81-92 (8) 
Porcine pancreas CQKNI-LSQIVDIDGIWEGTRD FVAC 237-261 (6) 
Humicola lanuginosa GSRSIENWIGNL 82-93 = (22) 
Candida rugosa PEGTYEENLP 65-74 

and]or 
SDTLEDATNNTPGFLAY 283-299 (7) 

aThe possible lid region of H. lanuginosa lipase was identified after alignment of the 
primary sequence to the R. miehei lipase sequence. These enzymes show about 32% se- 
quence identity. 

the e n z y m e  Once the enzyme a t ta ined i ts  open-lid con- 
format ion a t  the subs t ra te  interface, guanidine could not  
remove Arg86 from its binding site. However, when the 
enzyme solution but  not the substrate emulsion contained 
guanidine, the extent  of inhibition varied from a full ef- 
fect to a modera te  one, in spite of a subs tant ia l  dilution 
of the inhibitor. The degree of inhibition would be cor- 
related to the fraction of enzyme molecules having 
guanidine bound, at  the m om en t  of adsorption,  to the 
subs t ra te  in ter face  

The same residual ac t iv i ty  was obtained by guanidine 
inhibition of native enzyme or chemical arginine-modifica- 
tion plus guanidine inhibition, showing tha t  inhibition 
produced by guanidine and the chemical modification of 
arginine residues were complementary. The lower apparent  
inhibition constants  of guanidine for the arginine-modified 
enzymes compared to the native enzyme is consistent with 
the hypothesis  tha t  bo th  arginine~modification and the 
presence of guanidine hinder the interaction of Arg86 with 
i ts  binding site. 

The hydrophobic interaction between substra te  and the 
hydrophobic side of the lid, exposed in the open-lid con- 
formation,  stabilizes the enzyme in an open form, as 
described by Brzozowski et  a t  (8) and Derewenda et  a t  (9). 
Arg86 may  take pa r t  in anchoring the lid in i ts  opt imal  
posit ion for catalysis.  When Arg86 was prevented from 
binding i ts  hydrogen bonding site, due to the presence of 
guanidine or af ter  chemical modification, the lid was not  
in its opt imal  position, result ing in lower ac t iv i ty  and 
altered enantioselectivity. The altered enant ioselect ivi ty  
of the lipase in the presence of guanidine showed tha t  the 
inhibition was not  jus t  a result  of reducing the  number  
of active lipase molecules. 

Examina t ion  of the amino acid sequences of the lid 
regions of the lipases from R. rniehei, porcine pancrease, 
H. lanuginosa  and C rugosa showed the presence of an 
arginine residue only in those lipases t ha t  were found to 
be inhibited by guanidine (Tables 3 and 4). The lack of in- 
hibition by guanidine of some lipases showed tha t  the in- 
hibition was specific and not  a general feature of l ipases 
or an ar t i fact  of the analyses. The future evaluation of 
three-dimensional s t ructures  of lipases, protein engineer- 
ing, molecular dynamic simulations and inhibition studies 
will contr ibute  to the unders tanding  of lipase catalysis.  

ACKNOWLEDGMENTS 

We thank the National Swedish Board for Technical Development 
(STUfNUTEK) and Nordisk Industrifond (NIF) for financial support. 
We also thank Novo-Nordisk A/S (Bagsvaerd, Copenhagen, Denmark) 

for kindly providing purified enzymes and detailed coordinates of 
the closed and open form ofR. miehei lipase~ Bj6rn Nilsson and Per 
Pemson, Kabi Pharmacia Bioecience Center, Stockholm, Sweden, are 
kindly acknowledged for helping us with the circular dichroism and 
PDMS studies, respectively. Larry Lidman (Metric-Analys AB, 
M61ndal, Sweden) is acknowledged for the LDMS analyses. 

REFERENCES 
1. Sh6nheyder, F., and Volqvartz, K. (1945) Acta PhysioL Scan~ 

9, 57-67. 
2. Sarda, L., and Desnuelle, P. (1958) Biochim~ Biophys. Acta 30, 

513-521. 
3. Entressangles, B., and Deanuelle, P. (1968) Biochim~ Biophys. Ac- 

ta 159, 285-295. 
4. Desnuelie, P., Sarda L, and Ailhaud, G. (1960) Biochir~ Biophys. 

Acta 37, 570-571. 
5. Brady, L., Brzozowski, A.M., Derewenda, Z.S., Dodson, E., Dod- 

son, G., Tolley, S., Tarkenburg, J.P., Christiansen, L, HugeJensen, 
B., Norskov, L., Thim, L., and Menge, U. (1990) Nature 343, 
767-770. 

6. Winlder, EK., D'Arcy, A., and Hunziker, W. (1990) Nature 343, 
771-774. 

7. Schrag, J.D., Li, Y., Wu, S., and Cygler, M. (1991) Nature 351, 
761-764. 

8. Brzozowski, A.M., Derewenda, U., Derewenda, Z.S., Dodson, G., 
Lawson, D.M., Tarkenburg, J.P., Bj6rkling, F., HugeJensen, B., 
Patkar, S.A., and Thim, L. (1991) Nature 351, 491-494. 

9. Derewenda, U., Brzozowski, A.M., Lawson, D.M., and Derewen- 
da, Z.S. (1992) Biochemistry 31, 1532-1541. 

10. Patthy, L., and Smith, E.L. (1975)J. Biot Chem. 250, 557-564. 
11. Takahashi, K. (1968)J. Blot Chem. 243, 6171-6179. 
12. Baburaj, K., and Durani, S. (1991) Bioorg. Chem. 19, 229-244. 
13. Jardine, I. (1988) in The Analysis of Peptides and Proteins by 

Mass Spectrometry (McNeal, C.J., ed.) pp. 41-54, Wiley, New 
YorL 

14. Bassindale, A. (1984) The Third Dimension in Organic Chemistr~ 
pp. 111, Wiley, New Yorl~ 

15. Chen, C-K, Fujimot~ Y., Girdaukas, G., and Sih, C.J. (1982) J. 
Am. Chem. Soc 104, 7279-7299. 

16. Holmberg, E., Holmquist, M., Hedenstr~m, E., Berglund, P., 
Norin, T., H6gberg, H-E., and Hult, K. (1991) Appt  MicrobioL 
Biotechnot 35, 572-578. 

17. Sonnet, P.E. (1987)J. Org. Chem. 52, 3477-3479. 
18. BoeL E., Huge-Jensen, B., Christensen, M., Thirm L., and Fiil, 

N. P. (1988) Lipids 23, 701-706. 
19. Brady, L., Brzozowski, A.M., Derewenda, Z.S., Dodson, E., Dod- 

son, G., Tolley, K, Turkenburg, J.P., Christiansen, L, Huge-Jensen, 
B., Norskov, L., Thim, L., and Menge, U. (1990) Data Commi- 
sion of the International Union of Chrystallography, 
Bonn/Cambridge/Chester. 

20. Norin, M., Olsen, 0., Svendsen, A., Edholm, O., and Hult, K. 
{1993) Prot. Eng., in press. 

21. 2hkahashi, K. {1977)J. Biochem. (Tokyo)81, 403-414. 
22. Boel, E., and Hug~Jensen, B. {1988) Eur. Pat. Appl. 305, 216. 

[Received December 10, 1992; Revision accepted May 30, 1993] 

LIPIDS, Vol. 28, no. 8 (1993) 



727 

Effect of Phosphatidylcholine Structure on the Adenylate Cyclase 
Activity of a Murine Fibroblast Cell Line 
Lido Calorini, Gabriele Mugnai, Antonella Mannini and Salvatore Ruggieri* 
Institute of General Pathology, University of F~orence, 50134 Florence, Italy 

~Ib determine which structural characteristics of membrane 
phosphollpids influence adenylate cyclase activity, we mea- 
sured basal and sodium fluoride- or forskolin~stimulated 
activity in a routine fibroblast cell llne, L~, Balb/c3T3 cells 
grown in media supplemented with fetal calf serum (FCS), 
lipid.depleted FCS (LD-FCS) or LD-FCS complexed with 
different phosphatidylchollne (PC) molecular species. Cells 
grown in the presence of L1~FCS showed a substantial 
decrease in their basal and NaF~timulated adenylate cy- 
clase activities; however, their forskolin~stimulated activity 
was not altered, suggesting that the enzyme's catalytic site 
is not affected by changes in membrane lipids. Media sup- 
plemented with different LD-FCS/PC complexes were 
shown to prevent the LI~FC~mediated reduction of basal 
and NaF~stimulated adenylate cyclase activity to different 
extents. Addition of cis-9-16:11cis-9-16:l, cis-9-18:11cis-9-18:l 
or cis-9-18:11cis-9,12-18:2 sn-glycerophosphocholine (GPC) 
completely restored adenylate cyclase activity, while c/s- 
11-18:1/c/~11-18:1 GPC was not effective and only a partial 
recovery was observed with 16:0/16:0, 16:0/c/~18:1 and 
trans.9-18:1 GPC. Considering the structural features of 
these seven PC molecular species, the findings suggest 
that an optimal lipid environment is conferred to the en- 
zyme by the presence of two c/s double bonds, each located 
in A9 position of the PC acyl chains. The limited effect of 
cis-9-16:llcis-9-18:1 GPC and cis-9-18:11cis-9-16:l GPC sug- 
gests that an equal length of the terminal hydrocarbon 
chains extending beyond the A9 double bonds is also im- 
portant. Moreover, complete restoration of adenylate cy- 
clase activity in cells exposed to 16.~/c/s~9,12-18:2 GPC sug- 
gests that two c/s-9,12 double bonds located on the same 
chain are as effective as two c/s-9 double bonds each 
located on two different chains of PC. As the four double 
bonds of 16:0/c/s-5,8,11,14-20:4 GPC had no effect, a mere 
increase in the number of double bonds seems insufficient 
to build an optimal lipid microenvironment for the enzym~ 
Lipids 28, 727-730 (1993). 

Adenylate cyclase [ATP pyrophosphate lyase (cyclizing), EC 
4.6.1.1] is a membrane-associated enzyme which, by produc- 
ing the second messenger cAMP, affects various cellular 
physiological activities (1). The dependence of adenylate 
cyclase on lipids has been shown by a number of studies, 
including dietary manipulation (2-11), treatment with phos- 
pholipases (12-17), and incorporation into cell membranes 
of exogenous fatty acids (18-23), intact phospholipid mole- 
cules (24-32) or variations in phospholipid polar head groups 
(19,20,33). We feel that, under physiological conditions, the 
activity of adenylate cyclase may well be affected by the 
phospholipid molecular species present in the membranes 
(34). This relationship, has only been explored in a few in- 

*To whom correspondence should be addressed at the Institute of 
General Pathology, Viale G.B. Morgagui 50, 50134 Florence, Italy. 
Abbreviations: DMEM, Dulbecco's modified Minimal Essential 
Medium; FCS, fetal calf serum; GPC, sn-glycerm3-phosphocholine; 
HPLC, high-performance liquid chromatography; LD-FCS, lipid- 
depleted fetal calf serum; PC, phosphatidylcholine; PMV, plasma mem- 
brane vesicles; R-FCS, reconstituted fetal calf serum. 

stances (28-32), and only for a limited number of molecular 
species. 

In the present study we determined to what extent phos- 
phatidylcholines (PC) with a defined acyl chain composition 
affect the reduction of the adenylate cyclase activity which 
occurs in cell cultures grown in media supplemented with 
lipid-free serum (22). Adenylate cyclase activity was mea- 
sured in a murine fibroblast cell line La, Balb/c3T3 cells 
grown in media supplemented with fetal calf serum (FCS), 
lipid<lepleted FCS (LD-FCS), or in LD-FCS complexed with 
a series of PC which differed in the length of their acyl 
chains and in the number, location and configuration of their 
double bonds. We measured the basal activity of adenylate 
cyclase as well as the activity stimulated by sodium fluoride 
or forskolin to explore the G, protein and the catalytic unit 
of the enzyme respectively (35). Using this protocol we 
determined which structural features of the phospholipids 
are important to restore the activities of the regulatory 
and/or catalytic unit of the adenylate cyclase complex. 

MATERIALS AND METHODS 

Synthesis of PC Symmetric PC, dipalmitoyl (16:0/16:0), 
dipalmitoleoyl (cis-9-16: llcis-9-16:l ), dioleoyl (cis-9-18:llcis- 
9-18:1), divaccenoyl (cis-11-18:llcis-11-18:1) and dielaidoyl 
(trans-9-18:lltrans-9-18:l) s n-glycero-3-phosphocholines 
(GPC) were synthesized by reaction of fatty acid anhy- 
drides with the cadmium chloride/GPC complex in the 
presence of 4-pyrrolidinopyridine as catalyst (36). Asym- 
metric PC molecules, namely 1-palmitoyl-2-oleoyl (16:01cis- 
9-18:1), 1-palmitoleoyl-2-oleoyl (cis-9-16:licis-9-18:l), 1- 
oleoyl-2-palmitoleoyl (cis-9-18:1/cis-9-16:1), 1-palmitoyl-2- 
linoleoyl (16:01cis-9,12-18:2) and 1-oleoyl-2-linoleoyl (cis-9- 
18:11cis-9,12-18:2) GPC, were synthesized by submitting 
the respective symmetric PC (16:0/16:0, cis-9-16:llcis-9- 
16:1, cis-9-18:llcis-9-18:l GPC) to phospholipase A= hy- 
drolysis, followed by acylation of the 1-acyl-GPC in posi- 
tion 2 with the appropriate fatty acid anhydrides, using 
4-pyrrolidinopyridine as catalyst (36). 1-Palmitoyl-2-ara- 
chidonoyl (16:01cis-5,8,11,14-20:4) GPC was supplied by 
Avanti Polar Lipids (Alabaster, AL). All PC used in this 
study were free of hydroperoxides and hydrolysis products, 
as was shown by high-performance liquid chromato- 
graphic (HPLC) analysis (37,38). 

Preparation of LD-FCS, reconstituted FCS and LD- 
FCS/PC complexes. LD-FCS was prepared by successive 
extractions of FCS with an ethanol/diethyl ether (3:1, 
vol]vol) mixture at - 25  ~ (39). Lipids extracted from FCS 
were solubilized in a small volume of chloroform and 
mixed with dry LD-FCS in order to obtain the reconsti- 
tuted FCS (R-FCS). Individual PC (200 ;~g per mL of 
serum) together with cholesterol (100 ~g per mL of serum) 
were also solubilized in a small volume of chloroform and 
mixed with dry LD-FCS in order to obtain the various LD- 
FCS/PC complexes. The dry LD-FCS, R-FCS and LD- 
FCS/PC complexes were solubilized with distilled water 
under sonication and brought to the original volume of 
FCS that had been submitted to lipid extraction. The con- 
centrations of each PC molecular species and cholesterol 
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complexed with LD-FCS corresponded to the concentra- 
tions of the total PC fraction (200 ~g per mL) and free 
cholesterol (100 ~g per mL) found in the original FCS (40). 

Cells and growth conditions. Balb/c3T3 cells (clone A31) 
were seeded at 1 • l0 s cells per dish (100-mm Falcon tis- 
sue culture dishes) and grown at 37~ in a humidified at- 
mosphere of 5% CO2 in air using Dulbecco's modified 
Minimal Essential Medium (DMEM) (Grand Island Bio- 
logical Company, Grand Island, NY) supplemented with 
10% FCS (Boehringer Mannheim, Mannheim, Germany). 
After three days, cell cultures were shifted to DMEM sup- 
plemented with 10% LD-FCS, R-FCS or LD-FCS/PC com- 
plexes and maintained in this media for 24 h. As shown 
in a previous study (41), this time period was sufficient 
to cause changes in the phospholipid fatty acid profiles, 
which were consistent with the structure of the incor- 
porated PC. Cell layers were then washed with cold 40 mM 
Tris-HC1 buffer, pH 8.3, and scraped from the dish using 
a rubber policeman. Balb/c3T3 cells cultured for the en- 
tire 4-d period in the presence of FCS served as control. 

Balb/c 3T3 cells were also exposed for 24 h to media sup 
plemented with LD-FCS complexed with di[1-14C]palmi- 
toyl (16:0/16:0), 1-palmitoyl-2-[1-14C]oleoyl (16:0/cis-9-18:1), 
di[1-14C]oleoyl (cis-9-18:l/cis-9-18:l) or 1-palmitoyl-2- 
[1-14C]-linoleoyl (cis-9-18:l/cis-9,12-18:2) GPC (NEN Du- 
Pont, Boston, MA); the specific activities of these radio- 
labeled PC in the complexes were 2521, 2575, 2698 and 
2569 dpm]nmol, respectively. These cultures were used for 
the preparation of plasma membrane vesicles (PMV) and 
for the determination of the amounts of the radiolabeled 
PC which became incorporated into plasma membranes 
of Balb/c3T3 cells. These amounts served as an indicator 
of the enrichment of Balb/c3T3 plasma membranes with 
the various PC used in our experimental protocol. 

Incorporation of  radiolabeled PC into PMV. Balb/c3T3 
cells grown for 24 h in the presence of radiolabeled PC were 
treated with 25 mM formaldehyde/2 mM dithiothreitol in 
phosphate-buffered saline to prepare PMV according to 
Scott et al. (42). Measurement of cholesterol (43) and phos- 
pholipid (44) content in our preparations of PMV from 
Balb/c3T3 cells gave a 0.793 cholesterol]phospholipid mo- 
lar ratio, which is close to the value reported by Scott et 
aL (42). Radiolabeled lipids were extracted from PMV ac- 
cording to Folch et aL (45) and fractionated by HPLC fol- 
lowing the procedure reported by Schlager and Jordi (38). 
Chromatography was performed on a 250 • 4.6 mm Silica 
B5 column mounted in a Perkin-Elmer HPLC apparatus 
Series 3B (Norwalk, CT), and radioactivities of the various 
lipid fractions were monitored by using a Flo-One radio- 
chromatographic detector (Radiomatic, Meriden, CT). 

Adenylate cyclase assay. Adenylate cyclase activity was 
determined by measuring the conversion of [a-32P]ATP 
into cyclic [32P]AMP. The incubation assay was started 
by adding the cell suspension (22.5-135.0/~g of protein) 
to the reaction mixture (100/~L final volume) containing 
40 mM Tris-HC1 (pH 8.3), 2 mM ATE 2 mM MgC12, 8 
mM theophylline, creatine kinase (6 mg/mL), 5 mM phos- 
phocreatine and [a-32P]ATP (30 Ci]mmol; Amersham, 
England) (4-6 • l0 s clam). Stimulated activity was mea- 
sured in the presence of 10 mM NaF or 0.01 mM forskolin 
(Calbiochem, San Diego, CA). The reaction was carried out 
at 37~ for 15 min, during which time the production of 
cyclic AMP was linear and proportional to protein con- 
centration. The reaction was terminated by the addition 

of 100 ~L of a solution containing 45 mM ATE 1.3 mM 
cyclic AMP and 2% sodium laurylsulfate, and the reac- 
tion tubes were placed in a boiling water bath for 3 min 
until cell proteins were completely solubilized. The reac- 
tion mixtures were brought to 1.2 mL with distilled water, 
and the cyclic [32P]AMP was isolated from the other reac- 
tion products by using the chromatographic system de- 
scribed by Salomon (46). The recovery of cyclic [a2P]AMP 
through this chromatographic system ranged from 73 to 
86%, as assessed by using a cyclic [3H]AMP internal 
standard. Proteins were determined by the method of 
Lowry et aL (47) using bovine serum albumin as standard. 

RESULTS AND DISCUSSION 

As shown in Table 1, the basal adenylate cyclase activity 
of Balb/c3T3 cells grown in control medium was increased 
3.5 and 19 times upon stimulation with NaF or forskolin, 
respectively. Balb/c3T3 cells grown in a medium sup- 
plemented with LD-FCS showed a 40% reduction in 
adenylate cyclase activity. This effect was also found in 
a neuroblastoma X glioma hybrid line grown in the 
presence of lipid-free serum (22), and recalls the reduced 
adenylate cyclase activity shown in plasma membranes 
of animals fed an essential fatty acid-deficient diet (2,5). 
The reduction of the adenylate cyclase activity of cells 
grown in LD-FCS medium was due only to lipid depletion 
of the medium, in view of the fact that cells grown in a 
R-FCS medium showed the same enzymic activity as that 
found in cells grown in an FCS medium. 

The basal adenylate cyclase activity of Balb/c3T3 cells 
grown in media containing LD-FCS complexed with 
16:0/16:0 GPC was higher than that of cells grown in LD- 
FCS alone, although it did not reach the level found in 
the cells grown in an FCS medium. A partial restoration 
of the enzymic activity was also found in Balb/c 3T3 cells 
grown in the presence of LD-FCS complexed with 16:0/cis- 
9-18:1 GPC. 

The adenylate cyclase activity was completely restored 
in Balb/c3T3 cells grown in the presence of cis-9-16:l/cis- 
9-16:1 or cis-9-18:l/cis-9-18:l GPC, molecular species char- 
acterized by two double bonds, each located at the h9 posi- 
tion of the hydrocarbon chain. Divaccenoyl-GPC, with its 
double bonds at hl 1 positions, was completely ineffective 
in re-establishing adenylate cyclase activity of Balb/c3T3 
cells, which suggests that a specific location of double 
bonds at h9 position is needed in order to bring the aden- 
ylate cyclase activity back to normal. Moreover, a cis con- 
figuration of the h9 double bonds is required to achieve 
normal enzymic activity in view of the lesser effect shown 
by trans-9-18:l/trans-9-18:l GPC. A further requirement 
appears to be that  the terminal hydrocarbon chains ex- 
tending beyond the Zl9 double bonds be of equal length 
as growth in the presence of cis-9-16:l/cis-9-18:l or cis-9- 
18:1/cis-9-16:1 GPC was only partially effective in restor- 
ing adenylate cyclase activity. 

A complete restoration of adenylate cyclase activity of 
Balb/c3T3 cells was also obtained by growing the cells in 
the presence of cis-9-18:l/cis-9,12-18:2 GPC, which could 
be explained by the symmetric location of double bonds 
in h9 position of both oleic and linoleic acids. It may also 
be that  linoleic acid, with its double bonds located in h9 
and h12 positions, is sufficient per se to restore the en- 
zymic activity. Indeed, 16:0/cis-9,12-18:2 GPC produced 

LIPIDS, Vol. 28, no. 8 (1993) 



EFFECT OF PC STRUCTURE ON ADENYLATE CYCLASE 

TABLE 1 

Effect of Different Phosphatidylcholines on the Adenylate Cyclase Activity of Balblc3T3 Cells ~ 
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Adenylate cyclase activity (pmol of cAMP/mirgmg of proteins) 

Growth media Basal NaF-stimulated Forskolin-stimulated 

FCS (10) 
LD-FCS (10) 
R-FCS (2) 

LD-FCS+ 1,2-dipalmitoyl-GPC (2) 
LD-FCS+ 1-palmitoyl-2-oleoyl-G PC (2) 
LD-FCS+ 1,2-dipalmitoleoyl-GPC (4) 
LD-FCS+ 1,2-dioleoyl-GPC (6) 
LD-FCS+ 1,2-dielaidoyl-GPC (2) 
LD-FCS+ 1,2-divaccenoyl-GPC (2) 
LD-FCS+ 1 -palmitoleoyl-2-oleoyl-GPC (2) 
LD-FCS+ 1-oleoyl-2-palmitoleoyl-GPC (3) 
LD-FCS+ 1 -palmitoyl-2-1inoleoyl-G PC (3) 
LD-FCS+ 1-oleoyl-2-1inoleoyl-G PC (2) 
LD-FCS+ 1 -p almitoyl-2- ar achidonoyl-G PC (3) 

23.5 + 1.7 100 (10) 81.9 • 5.0 100 (8) 442.9 • 37.8 100 
14.5 • 0.3 62.0 b (10) 48.3 • 2.1 59.0 b (5) 417.8 • 17.3 94.0 
24.4 • 1.8 103.8 c (2) 96.2 • 17.7 117.4 c (2) 429.6 • 13.3 97.0 

18.2 • 1.0 77.5 b'c (2) 70.4 + 0.8 86.0 b'c (1) 376.4 85.0 
16.5 + 0.8 70.5 b'c (2) 58.9 • 2.4 72.0 b'c (2) 389.7 • 31.0 88.0 
21.3 + 1.7 90.7 c (2) 76.5 • 2.0 93.5 c (2) 431.8 + 42.0 9Z5 
21.2 • 0.5 90.3 c (6) 79.4 + 4.0 97.5 c (3) 413.4 • 29.4 93.3 
17.1 + 0.4 73.0 b'c (3) 64.4 • 6.2 78.6 b'c (2) 374.2 • 37.6 84.5 
12.8 • 3.1 54.5 b (3) 56.2 • 9.2 68.6 b'c (2) 276.8 • 28.7 62.5 b'c 
17.3 + 1.5 74.0 b'c (2) 59.7 • 6.3 73.0 b'c (2) 436.2 • 50.9 98.5 
16.4 ---- 1.1 70.0 b (4) 64.9 • 5.8 79.2 b'c (2) 398.6 • 62.0 90.0 
22.4 + 2.9 95.3 c (4) 81.5 • 9.0 99.5 c (2) 473.9 • 8.8 IOZO 
27.9 • 2.6 119.0 c (2) 89.7 _ 6.1 109.5 c (1) 500.4 116.0 
13.8 • 1.1 58.6 b (3) 57.8 • 1.8 70.6 b'c (3) 411.9 • 18.4 93.0 

aGrowth media consisted of Dulbecco's Modified Minimal Essential Medium supplemented with 10% fetal calf serum (FCS) 10% lipid- 
depleted FCS (LD-FCS), 10% reconstituted FCS (R-FCS) or 10% LD-FCS complexed with various phosphatidylcholines. Values are means 
• SEM of the number of experiments listed in parentheses. Adenylate cyclase activities of cells grown in manipulated media are also 
reported as percentages (numbers in italics) of the enzymic activity found in the cells grown in the presence of FCS. GPC, 
~slycero-3-phosphocholine. 

tatistically different (P ~< 0.05, Student's t-test) from the adenylate cyclase activity of cells grown in the presence of FCS. 
cStatistically different (P ~< 0.05, Student's t-test) from the adenylate cyclase activity of cells grown in the presence of LD-FCS. 

t he  s ame  adeny la t e  cyclase  a c t i v i t y  as  cells  grown in FCS-  
medium.  A d e n y l a t e  cyclase  ac t i v i t y  h a d  also been  res tored  
to  n o r m a l  in a n e u r o b l a s t o m a  • g l i o m a  h y b r i d  cell  l ine 
g rown in t he  p resence  of l ip id-f ree  s e r u m  b y  s u p p l e m e n t -  
i ng  g r o w t h  m e d i u m  w i t h  l inoleic  ac id  (22). On the  o t h e r  
hand ,  16:0 /c i s -5 ,8 ,11 ,14 -20:4  G P C  was  n o t  effect ive  in r ~  
s to r ing  adeny la t e  cyclase  act ivi ty.  Previous  s tud ies  (17,21) 
a l so  h a d  shown t h a t  i n c o r p o r a t i o n  of a r ach idon ic  ac id  in- 
to  p l a s m a  m e m b r a n e s  dec reased  a d e n y l a t e  cyclase  ac t iv i -  
ty. Th is  s u g g e s t s  t h a t  a mere  inc rease  in t he  n u m b e r  of 
doub le  b o n d s  is no t  suf f ic ien t  to  b u i l d  an  o p t i m a l  l ip id  
m i c r o e n v i r o n m e n t  for  a d e n y l a t e  cyclase.  

A d e n y l a t e  cyc lase  a c t i v i t y  s t i m u l a t e d  b y  N a F  was  a lso  
r educed  by  g rowing  Balb /c3T3 cells  in L D - F C S  me d ium,  
b u t  t h i s  r e d u c t i o n  was  n o t  o b s e r v e d  b y  g rowing  t h e  cel ls  
in R-FCS med ium.  Moreover,  t he  va r ious  PC exh ib i t ed  al- 

m o s t  t h e  s a m e  re la t ive  s t i m u l a t o r y  effects  on  N a F - s t imu-  
l a t e d  a d e n y l a t e  cyc lase  a c t i v i t y  as  t h e y  d id  on the  en- 
zyme ' s  b a s a l  act ivi ty.  On the  o ther  hand,  adeny la t e  cyclase  
a c t i v i t y  s t i m u l a t e d  b y  fo rsko l in  was  n o t  s i g n i f i c a n t l y  
mod i f i ed  by  g r o w t h  in t he  p resence  of L D - F C S  or  of m o s t  
L D - F C S / P C  complexes ,  i n d i c a t i n g  a l ack  of s e n s i t i v i t y  of 
t h e  c a t a l y t i c  s i te  to  c ha nge s  in t h e  l ip id  microenvi ron-  
ment .  Balb/c3T3 cells  g rown in t h e  p re sence  of c i s - l l -  

18:1 cis-11-18:1 G P C  showed a lower f o r s k o l i n - s t i m u l a t e d  
a d e n y l a t e  cyc lase  ac t iv i ty ,  p o s s i b l y  due  to  a specif ic  in- 
h i b i t o r y  effect  of t h i s  mo lecu la r  spec ies  on t h e  e n z y m e  

A s  shown in Table  2, 16:0/cis-9 ,12-18:2 G P C  showed the  
h i g h e s t  deg ree  of  i n c o r p o r a t i o n  in to  PMV, c o m p a r e d  to  
t he  o t h e r  r a d io l a be l e d  PC t e s t e d  whi le  d i f ferences  in 
t h e  i n c o r p o r a t i o n  a m o n g  16~/16:0,  16:0/cis-9-18:1 a n d  

c i s - 9 - 1 8 : l  G P C  fa i led  to  r each  s ignif icance .  However ,  t he  

TABLE 2 

Incorporation of Radiolabeled Phosphatidylcholines into Plasma Membrane Vesicles (PMV) 
isolated from Balb/c3T3 Cells a 

PC No. of exp. 

Radioactivity % of Total Amount of 
in total lipids radioactivity incorporated PC 

(dpm/mg protein) b in PC fraction ~ (nmol/mg protein) d 

1,2-Dipalmitoyl-GPC 3 44682 • 15021 95.2 • 1.1 16.9 • 5.7 
1-Palmitoyl-2-oteoyl-GPC 4 25739 • 6729 91.5 • 3.7 9.1 • 2.5 
1,2-Dioleoyl-GPC 4 32578 • 6239 84.5 ___ 2.4 10.2 • 1.9 
1-Palmitoyl-2-linoleoyl-GPC 3 55459 +- 7450 97.7 • 1.2 21.1 • 2.8 e 

aSubconfluent cultures of Balb/c 3T3 cells were grown for 24 h in Dulbecco's Modified Minimal Essential 
Medium containing 10% LD-FCS complexed with radiolabeled phosphatidylcholine (PC). These cultures were 
used to prepare PMV by treatment with formaldehyde-dithiothreitol (Ref. 42). Abbreviations as in Table 1. 
bRadioactivity (means + SEMI in PMV lipid extracts (Ref. 45). 
Cpercent (means + SEM) of total lipid radioactivity associated with the PC fraction obtained by high- 

rformance liquid chromatography of total lipids (Ref. 38). 
he amount of each radiolabled PC incorporated into PMV was calculated from the radioactivity associated 

with the PC fraction (taking into consideration the specific activity of the radiolabeled molecular species). 
Values are means + SEM. 
eStatistically different (P < 0.05, Student's t-test) from the amounts of incorporated 1-palmitoyl-2-oleoyl- 
and 1,2-dioleoyl-GPC. 
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degrees of incorpora t ion  of the  var ious  radiolabeled PC 
into PMV did no t  correlate a t  all wi th  the  different effects 
exer ted by  these  molecular  species on adenyla te  cyclase 
ac t iv i ty  {see Table 1). Thus,  the  observed  effects on 
adenyla te  cyclase ac t iv i ty  are likely to  be related to  the  
s t ruc tu ra l  features  of the  molecular  species s tudied,  and  
no t  to  the  degree of their  incorpora t ion  in to  p l a s m a  
membranes .  

Our  resul ts  suppor t  the  hypothes i s  t h a t  the  ac t iv i ty  of  
the  r egu la to ry  un i t  of  adenyla te  cyclase m a y  be controll-  
ed by  specific molecular  species whose  number,  locat ion 
and  conf igura t ion  of double  bonds  in their  acyl  cha ins  
serve to  es tabl ish  an op t imal  lipid microenvi ronment .  
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investigations on the Cellular Uptake of Hexadecylphosphocholine 
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37077 Goettingen, Germany 

The uptake of [(9,10)-3H]hexadecylphosphocholine 
(HePC) in six tumor cell lines was studied. All cell fines 
incorporated HePC in similar amounts, with the excep- 
tion of the epidermoid cancer cell line KB, which took up 
higher amounts of HePC. The uptake of HePC at 37~ 
was shown to be time and concentration dependent. At 
20~ uptake was drastically reduced and at 4~ it was 
blocked completely. Binding of HePC, at 4~ was not 
saturable at concentrations between 5/~g/mL (11.8 pM) 
and 100 ~glmL (235.3 ~M), indicating that cell surface 
binding is not receptol~mediated. Furthermore, the effects 
of inhibitors of endocytosis were investigated. We ob- 
served a pronounced inhibitory effect by monensin and 
cytochalasin B. Colchicine was somewhat less effective 
whereas chloroquine was almost without effect. From 
these data we conclude that uptake of HePC is most prol~ 
ably mediated via a receptor-independent endocytotic 
mechanism. 
Lipids 28, 731-736 (1993). 

The ether lipid analogue hexadecylphosphocholine (HePC) 
is a representative of the group of alkylphosphocholines 
(1). It is cytotoxic for a variety of tumor cell lines in culture 
(2,3). Oral treatment of tumor-bearing animals with HePC 
resulted in significant antitumor activity (4,5); however, 
the effects were highly specific for certain tumor types. 
Autochthonous, carcinogen-induced rat tumors as well as 
some human tumor cell lines transplanted onto nude mice 
were extremely sensitive whereas classical murine screen- 
ing models such as P388 and L1210 were completely in- 
sensitive (4). 

Early clinical trials with a topical application of HePC 
in cutaneous metastases of patients with mammary car- 
cinomas have already indicated that this compound is also 
active in human cancer (6,7). 

The molecular mechanism of action of HePC is still 
unknown. Studies on the metabolism of HePC in the 
human leukemia Raji cell line revealed that  HePC is only 
slowly degraded with more than 90% of the radiolabel still 
being associated with the parent compound after three 
days of incubation (2). Generation of toxic metabolites 
does not seem to be the key event of HePC cytotoxicity 
since a nondegradable analogue of HePC showed similar 
antiproliferative activities (8). There are, however, several 
lines of evidence that suggest that HePC may interfere 
with signal transduction mechanisms in proliferating 
cells. In this respect, an inhibition of protein kinase C in 
bombesin-induced NIH 3T3 fibroblasts and also in 
phorbol-stimulated HL60 cells has been reported (9,10). 
In interleukin-2 dependent polymorphonuclear cell cul- 
tures, a HePC-induced enhancement of interferon-gamma 
and an increased expression of interleukin-2 receptors 

*To whom correspondence should be addressed at Department of 
Hematology and Oncology, University Clinic of Goettingen, Robert- 
Koch-Strasse 40, 37077 Goettingen, Germany. 
Abbreviations: ATP, adenosine triphosphate; FCS, fetal calf serum; 
HePC, hexadecylphosphocholine; NaSCN, sodium thiocyanate; NIM, 
neutrophile isolation medium. 

could be demonstrated (11). In U937 cells, HePC stimu- 
lates an increase of histone Hz ~ gene expression, which 
dearly precedes growth retardation {12). In addition it has 
been demonstrated that low doses of HePC amplify the 
hematopoietic growth factor dependent proliferation of 
progenitor cells in vitro (13). 

A prerequisite for any kind of biological effect of HePC 
and other ether lysophospholipid analogues, however, is 
the fact that cells are able to incorporate these substances 
into their membranes. The aim of this study was to in- 
vestigate the mechanism of uptake of HePC into human 
tumor cell lines. 

MATERIALS AND METHODS 
Materials. HePC was synthesized as described before (14). 
[9,10-3H]HePC (11.4 Ci]mmol) was a gift of Asta-Pharma 
AG (Frankfurt, Germany) and was diluted to 60 mCi/mmol 
prior to purification on preparative thin-layer chromatOg- 
raphy {TLC) plates. The cholesterol determination kit, col- 
chicine, monensin, chloroquine, cyt~halasin B and des- 
oxyglucose were from Sigma (Munich, Germany). Sodium 
thiocyanate was from Merck tDarmstadt, Germany). 
Ficon-Hypaque was from Biochrom {Berlin, Germany). 
Neutrophile isolation medium {NIM) was from Packard 
(Los Alamos Diagnostics, Los Alamos, NM). Sephadex 
G-15 was from Pharmacia (Freiburg, Germany) and the 
phosphorus determination kit, according to Eibl and 
Lands (15), was from Serva (Munich, Germany). All other 
chemicals were of commercial grade and used without fur- 
ther purification. 

Cell lines. All cells were from the American Type Culture 
Collection (ATCC, Rockville, MD). KB is a human epider- 
mold cancer cell line; MDA MB 231 is a human mammary 
carinoma derived cell line Swiss 3T3 is a murine fibroblast 
cell line HL 60, U937 and K 562 are human leukemic cell 
lines of myeloid origin. The Raji cell line was isolated from 
a human Burkitt lymphoma (16). 

Cell culture The cells were all maintained in Click's/ 
RPMI 1640 medium supplemented with 20 mM N- 
(2-hydroxyethyl)piperazine~N'-(3-ethanesulfonic acid), pH 
7.3, 100 U/mL penicillin, 100 ~g/mL streptomycin, 10 mM 
L-glutamln and 10% fetal calf serum (FCS). Cell cultures 
were checked for mycoplasma contamination at regular 
time intervals. For subcultering or experiments, adherent 
cells were detached from the culture flasks by 0.025% 
trypsin in 20 mM EDTA and washed twice in fresh 
medium. Suspension culture cell lines were centrifuged 
and resuspended in fresh medium_ Cell number and viabil- 
ity was determined in a Neubauer cell counting chamber 
by trypan blue dye exclusion (17). 

Proliferation assay. Cells (0.5-2 X 106/well) were in- 
cubated in six-well plates (5 mL medium/well) with HePC 
for 48 h at 37~ and pulsed with [3H]thymidine (2 
~Ci]mL) for the last 6 h of culture Aliquots were taken 
from each well and transferred to a 96-well microtiter plate, 
which was then processed in a semi-automatic cell 
harvester (Cambridge Technology, Cambridge, MA). Cells 
were collected on glass-fiber filters, and the amount of 
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[3H]thymidine incorporated was determined by liquid 
scintillation counting using a Packard model Tricarb 
counter {Packard Instruments, Frankfurt, GermanyL The 
rest of the cultures was transferred into 15-mL tubes, cen- 
trifuged at 400 • g for 10 rain and resuspended in I mL 
culture medium. Cell number and viability were deter- 
mined in a Neubauer cell counting chamber by Trypan 
blue dye exclusion. 

[3H]HePC uptake. Cells (0.5 to 4 • 106/mL) were in- 
cubated at 37~ for 2 h before [3H]HePC (0.1 ~Ci/mL) 
was added. Simultaneously, unlabeled HePC was added 
at the desired concentration. During this preincubation 
time, cells were either left untreated, treated with en- 
docytotic inhibitors or treated with inhibitors of adenosine 
triphosphate (ATP) generation. At indicated time inter- 
vals, aliquots were taken and washed three times in ten 
volumes of ice-cold phosphate buffered saline containing 
5% FCS. Cell pellets were finally lysed in liquid scintilla- 
tion fluid, and cell associated radioactivity was measured 
by liquid scintillation counting. 

Phospholipid and cholesterol contents. Cellular lipids 
were extracted from a known number of cells with hex- 
ane/isopropanol (3:2, vol/vol) and dried under nitrogen. The 
extracts were then redissolved in chloroform]methanol/ 
water (5:10:2, by vol), desalted over a Sephadex G-15 col- 
umn, and dried again. Lipid phosphorus was then deter- 
mined by the method of Eibl and Lands (15). Total 
cholesterol was assayed by an enzymic color reaction ac- 
cording to Sale et al. (18). 

Preparation of blood leukocytes. Citrated whole blood 
was layered on top of a Ficoll-Hypaque]NIM (1:4, vol/vol) 
mixture. After centrifugation at 400 • g for 45 min, 
granulocytes and lymphocytes were collected with a 
Pasteur pipette from the upper interface and the lower in- 
terface, respectively. The granulocyte and the lymphocyte 
fractions were tested for contaminating cells in an 
automated cell counter and were found to be more than 
90% pure~ Both cell fractions were washed three times in 
fresh medium and incubated at 37~ for 1 h before 
[3H]HePC and HePC was added. Uptake of HePC was 
monitored as described for the cultured cells. 

RESULTS 

Lipid content of the cell lines. The cell lines used in this 
study showed a large variation in membrane phospholipid 
and cholesterol content reflecting their different cell size 
(Table 1). Besides having varying lipid contents, these cell 
lines also reacted quite differently to HePC. The sensitiv- 
ity toward HePC in our proliferation assays (Table 2) 
ranged from 0.5 pg/mL (1.18 wM) HePC for the most sen- 
sitive cell line (KB} to above 35 ~g/mL (82.4 pM) for K562 
cells. 

The difference in sensitivity for HePC between the cell 
lines, however, neither correlated with the phospholipid 
content nor with the cholesterol content of the cells. Als~ 
no correlation between sensitivity toward HePC and the 
phospholipid-to-cholesterol ratio was found between dif- 
ferent cells. 

Time dependence of uptake. The uptake of HePC (10 
pg/mL, 23.5 t~Vl) was investigated at 37~ on the cell lines 
listed in Table 1 and on freshly prepared human granulo- 
cytes, lymphocytes and erythrocytes {Fig. 1). To account 
for cell size differences, uptake of HePC was expressed as 

TABLE 1 

Cellular Lipid Content a 

Lipid phosphorus Cholesterol 
Cell Line (nmol]106 cells) (nmoYl06 cells) Ratio b 

KB 108.8 • 13.1 16.0 - 4.8 6.8 
MDA MB 231 110.8 • 11.5 24.4 • 7.5 4.5 
HL 60 40.7 • 7.1 7.4 • 3.0 5.5 
K 562 65.1 • 5.2 17.9 • 2.4 3.6 
U 937 38.0 • 5.5 10.1 • 1.5 3.7 
Raji 35.5 • 2.0 8.7 • 1.8 4.1 
Swiss 3T3 143.9 • 14.4 29.5 • 18.3 4.9 

aLipid phosphorus and cholesterol content were determined on lipid 
ext racts  of a known number  of cells. Data  represent  the mean • 
SD of at  least  five independent  determinations.  
bThe ratio of lipid phosphorus vs. cholesterol, calculated from the 
mean values. 

TABLE 2 

Sensit ivity  of the Cell Lines to Hexadecylphosphocholine a 

ID50 (a) ID50 (b) LDs0 (c) 
Cell line (~M) (~M) (~M) 

KB 1.6 - 0.6 5.4 • 3.0 3.1 • 2.3 
MDA MB 231 19.1 • 3.1 50.4 • 12.9 41.2 • 6.5 
HL 60 6.6 • 4.5 5.4 • 3.2 5.2 • 2.6 
K 562 56.7 • 4.3 66.6 • 4.5 >85 
U 937 5.9 • 3.0 8.0 • 0.7 17.6 • 2.3 
Raji 7.1 • 4.2 16.9 • 7.2 58.8 • 6.0 
Swiss 3T3 >85 n.d. >85 

aIDso values were calculated based on cell count  (a) or [3H]- 
thymidine incorporation data  (b). LD50 values were calculated from 
t rypan  blue dye exclusion asays (c). Data  are the mean values _ 
SD of three to six independent  experiments;  n.d., not  determined. 
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-r 
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10. KB 

~ / U 937 

f / ~  ~ RAJI [ / / ~ HL60 
/ ~ ~ ~ MOA MS231 

�9 , _~ Granulocytes 
~r , ~ ,  .. ; ~ Erythrocytes 

1 2 3 4 5 
Incubation Time (h) 

FIG. 1. Time-dependent uptake of hexadecylphosphocholine (HePC) 
in different cells. The amount of HePC taken up is calculated per 
100 nmol cell phospholipid. Incubation conditions are given in 
Materials and Methods. Data show the mean values of three indepen- 
dent  experiments. 

nmol per 100 nmol cellular phospholipids. All cells incor- 
porated HePC in a time-dependent manner. With the ex- 
ception of the KB cell lin~ uptake was linear with time 
for the first 2-3 h of incubation. Independent of the 
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number of cells in incubation (0.5 to 4 X 1061mI,), the 
rate of uptake of HePC per 100 nmol cellular 
phospholipids was constant for each cell line tested. 
However, saturation was not reached even after 5 h of in- 
cubation. For KB cells, uptake was very fast and aI~ 
patently saturation was reached already after 3 h of in- 
cubation. A correlation between the uptake rate of HePC 
and sensitivity for this compound was not observed, since 
Swiss 3T3 and HL 60, the most resistant and one of the 
most sensitive cell lines, respectively, took up HePC at 
similar rates, leading to an almost identical HePC-to- 
phospholipid rati~ 
Concentration dependence of uptake. For subsequent in- 

vestigations we selected four tumor cell lines: KB, MDA 
MB 231, HL 60 and K 562. A concentration-dependent 
uptake of HePC (5-20 vg/mL, 11.8-47.1 ~M) at 37~ for 
the selected cell lines is shown in Figure 2, indicating that  
the uptake of HePC was linearly dependent on the HePC 
concentration. 

Temperature dependence of uptake Next we studied the 
effect of lower temperatures on the uptake of HePC 
(Fig. 3). In all four cell lines the uptake was strongly in- 
hibited at  20~ At  4~ no uptake was observed at  all. 

Furthermore, the release of [3H]HePC from cells pre- 
loaded for I h at 37~ was also found to be temperature- 
dependent (data not shown). After 2 h of incubation in 
HePC-free medium, cells had lost about  30% HePC at 
37~ and about 10-15% at 4~ At the lower temperatur~ 
however, an increasing amount  of the cells became t rypan 
blue positive after prolonged incubation so tha t  the real 
amount  of HePC release was probably much lower. 

Binding at 4~ To test  the possibility of receptor- 
mediated binding of HePC, the cells were incubated with 
1 ~Ci [~H]HePC and increasing amounts  of unlabelled 
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FIG. 2. Concentration-dependent uptake of hexadecyiphosphocholiue 
(HePC) in four selected cell lines. The incubation time was 45 rain 
at 37~ Data shown are the mean values of two independent ex- 
periments in duplicate. 
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FIG. 3. Influence of low temperature on hexadecylpbosphocholine 
0iteVC) incorpamtinrL Cells were incubated at the indicated tem- 
perature for one hour before HePC was added. Then incubation was 
continued for another two hours. After this period the cells were pro- 
cessed by the standard procedures as described in Materials and 
Methods. Data shown are the mean values of two independent ex- 
periments in duplicate. 

HePCat  4~ Binding was linear with HePC concentra- 
tion up to 100 ~zg/mI, (235.3 ~/I), indicating tha t  HePC 
binding is probably not  receptor-mediated (Fig. 4). The 
maximum concentration was high enough to lyse the cells 
after about  3 h of incubation, even in the presence of 10% 
FCS. KB cells, for instance, were damaged severely as 
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FIG. 4. Binding of hexadecylphosphocholiue (HePC) to the ex- 
tracellular surface of the plasma membrane. Binding studies were 
performed at 4~ to prevent internalization of HePC. The amount 
of HePC bound to the extracellular surface was determined after 
two hours of incubation at the concentration of HePC indicated. Data 
shown are the mean values of two independent experiments in 
duplicate. 
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shown by trypan blue dye exclusion, which leads to a loss 
of cells in the washing procedure and, consequently, to a 
decrease in the observed binding of HePC. 

Influence of FCS. The effect of FCS in the medium on 
the incorporation of HePC (5 ~g/mL, 11.8/~VI) into the 
tumor cell lines is shown in Figure 5. In the absence of 
FCS, the cells incorporated substantially higher amounts 
of HePC showing faster uptake kinetics than in the 
presence of FCS. We were not able to study uptake kinetics 
at higher concentrations of HePC or for longer time 
periods in the absence of FCS because under such condi- 
tions the cells were increasingly damaged. In the presence 
of FCS, however, at 10 pg/mL (23.5 FM) the cells showed 
no adverse effects for incubation times as long as five 
hours. 

Energy depletion. To investigate whether the uptake of 
HePC is energy-dependent, the cells were preincubated 
with sodium thiocyanate (NaSCN, 13.4 FM) and desoxy- 
glucose (62.9 ~M), which block oxidative phosphorylation 
and the glycolytic pathway, respectively (19,20). The com- 
pounds alone had little effect on the uptake of HePC 
(Fig. 6), but a combination of both compounds decreased 
uptake to between 60 to 80% of controls. 

Inhibition of intracellular vesicle transport. The effects 
of monensin, colchicine, cytochalasin B and chloroquine, 
well known inhibitors of intracellular transport, are shown 
in Figure 7. In general, cytochalasin B (41.8 wM) and 
monensin (29.8 ~M) showed rather strong effects, with up- 
take inhibition up to 50% for monensin and 70% for 
cytochalasin B. Chloroquine (62.5 ~Vl) and colchicine (3.75 
/AVl) were weaker uptake inhibitors. However, individual 
cell lines reacted differently to these compounds. 

Coprecipitation of HePC with membrane particles. 
When HL 60, MDA MB 231 or KB cells were loaded for 
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FIG. 7. Effects of inhibitors of intracellular veslde transport  on hexa- 
decylphosphocholine (HePC) incorporation. Cells were preincubated 
at  37~ for one hour  with medium alone (control), monensin (29.8 
/LM), cytochalasin B (41.8 ~Vl), colehicine 3.75 ~M) or chloroquine (62.5 
~M). After  fur ther  incubation with 10 ~g/mL (13.5 MM) HePC for one 
hour, incorporation of HePC in the cells was determined as described 
above. Data  shown are the mean values of two independent  ex- 
per iments  in duplicate. 
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TABLE 3 

Coprecipitation of HePC with Membrane Particles of Fractionated Cells 
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Total cell s NaCl-washed b FCS-washed c 
Cell line pmol HePC d pmol HePC d % of total pmol HePC d % of total 

HL 60 360 • 30 350 • 35 97 150 • 20 41 
MDA MB 231 600 + 50 680 • 70 113 90 • 20 15 
KB 270 • 30 210 • 25 77 130 • 30 48 
aHexadecylphosphocholine (HePC) incorporation in fetal calf serum (FCSbwashed whole cells. 
bHePC incorporation in cell pellets after freezing with distilled water and washing with isotonic NaCl. 
CHePC incorporation in cell pellets after freezing with distilled water and washing with isotonic NaCl plus 
10% FCS. 
dHePC contents were calculated per 100 nmol phospholipid. Data are mean values • SD of two indepen- 
dent experiments. 

2 h with 10 ~g/mL (23.5 wM) of HePC and subsequently 
washed three times with medium containing 10% FCS, 
no further removal of HePC from the cells was observed 
(data not shown). After lysis of these cells by freezing with 
distilled water, followed by washing with isotonic NaC1, 
the HePC-to-phospholipid ratio in the cell pellets was very 
similar to that  of the total cells (Table 3). However, when 
the pellets were washed with NaC1 containing 10% FCS, 
a substantial amount of incorporated HePC could be 
removed, leading to lower HePC-to-phospholipid ratios for 
all three cell lines studied. 

DISCUSSION 

When following the incorporation of lysolipid analogues, 
such as HePC, which favor various membrane sites of the 
cells, differences in cell size and membrane lipid content 
have to be considered. Since HePC is incorporated into 
cellular membranes, cells with higher amounts of mem- 
brane lipids are likely to accommodate more HePC than 
cells containing less membrane lipid. To account for this 
possibility, we determined the lipid phosphorus contents 
of the cells under study and normalized HePC uptake to 
nmol HePC per 100 nmol cellular phospholipid. 

Based on such calculations, we found that under 
physiological conditions at 37~ both sensitive and in- 
sensitive cell lines took up HePC in similar amounts. 
Thus, a direct correlation between uptake of HePC and 
sensitivity toward HePC was not apparent. The epider- 
moid cancer cell line KB, that  is very sensitive to HePC 
and incorporated about twice the amount as other cells, 
seemed to have a higher capacity of HePC uptake 

Another parameter that  could account for differences 
in sensitivity is the presence of cholesterol in the cellular 
membranes, since cholesterol is known to protect against 
the action of ether lysophospholipids (21) in such a way 
that even stable liposomes can be prepared from 1-to-1 
molar mixture of lysophosphatidylcholine and cholesterol 
(22). Here again, when comparing different cells, no cor- 
relation between the cellular level of cholesterol and HePC 
sensitivity was found. For instance, HL 60 and Raji cells 
have a very similar cholesterol content, but showed at 
least a tenfold difference in LD50. Therefore a simple 
mechanism for HePC cytotoxicity based on HePC ac- 
cumulation followed by cell lysis seems unlikely. 

For further investigations on the mechanism of HePC 
uptake" we selected two HePC sensitive cell lines, KB and 
HL 60, and two resistant lines, MDA MB 231 and K562. 

In these experiments, we could not detect any significant 
difference in uptake when comparing monolayers or 
suspension cultures prepared from the adherent cell lines. 

When the cells were incubated with varying concentra- 
tions of HePC, uptake was linear with increasing concen- 
trations up to 40 pg/mL (94.1 ~aMI. At 40 ~g/mL, the HePC 
concentration is well above the critical micellar concen- 
tration determined for HePC in absence of FCS (ca. 8 ~M). 
At 37~ in the presence of 10% FC~ 42 pg/mL HePC (100 
/.aM) began to induce erythrocyte lysis (not shown), 
whereas in 40 ~g/mL (94.1 ~M) the erythrocytes were 
stable for at least 2 h. Apparently, HePC uptake is not 
saturable 

For another ether phospholfpid, platelet activating fac- 
tor (PAF), the existence of specific cell membrane recep- 
tors has been established (23,24). Therefore, incubations 
with increasing concentrations of HePC were performed 
at low temperatures. Under these conditions, uptake of 
HePC was inhibited (Fig. 3). No saturation of HePC bind- 
ing sites was attained up to a concentration of 100 ~g/mL 
(235.3 wM), indicating that HePC association with cell 
membranes is probably not receptor~mediatec[ The uptake 
of HePC in the cells is only moderately sensitive to energy 
depletion. A one-hour preincubation with sodium thio- 
cyanate and deoxyglucose led to a reduction of uptake of 
about 30%. Since pump proteins normally need ATP as 
their source of energy (25), or act through a sodium gra- 
dient that is maintained by a sodium dependent ATPase 
(26), we conclude that  no HePC specific pump protein is 
present. 

Cytochalasin B, a drug known to desintegrate actin 
filaments (27), has been reported to be a strong inhibitor 
for endocytosis (28,29). Als~ it drastically decreased the 
uptake of HePC. Another potent inhibitor of HePC- 
uptake was monensin. This substance elevate~s lysosomal 
and endosomal pH levels thereby leading to a loss of en- 
docytotic activity. It impairs a variety of cellular func- 
tions (30,31) and also interferes with the action of certain 
parasites (32). However, chloroquine" which is also known 
to elevate the pH in acidic intraceUular compartments 
(33), showed a much weaker effect on HePC uptake Col- 
chicine" which stabilizes microtubuli and thereby interferes 
with endocytotic processes (34), was not very active in 
reducing HePC uptake 

The drastic effects observed with cytochalasin B and 
monensin strongly point in the direction of a nonspecific 
endocytosis-dependent mechanism for the uptake of 
HePC. 
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Probably, HePC-uptake is based on a membrane renewal 
process driven by pinocytosis. I t  has been shown for a 
var ie ty  of cells t ha t  high amounts  of extracellular fluid 
or medium and solutes present in the medium are ingested 
by pinocytosis  {35,36}, result ing a t  the same t ime in 
subs tant ia l  exchange of lipids between the p l a sma  mem- 
brane and intracellular membranes.  Uptake  rates of HePC 
in the presence of serum proteins are about  two- to 
threefold lower than  in the absence of serum proteins. 

Serum albumin, a protein known to bind lysophospha-  
tidylcholines {37-43}, has been reported to also bind ether 
lysophospholipids such as ET-18-OCH3 (44} and HePC 
{45}. Serum albumin is also known to ex t rac t  lysophos- 
phocholines from membranes  {39-43). I t  is therefore also 
likely to lower the net  endocytot ic  ingestion of HePC by  
re-extract ing this compound from the p lasma  membrane  
back into the medium {see Table 3). Thus, serum albumin 
lowers the effective amount  of HePC tha t  is immediate ly  
available to the cell via membrane  recycling. 

Our da ta  show, that ,  wi th  the exception of KB cells, 
HePC is taken up by  the cells to a similar HePC-to- 
phospholipid ratio in res is tant  as well as in sensit ive cell 
lines. Up take  is temperature-dependent  and can be 
blocked by inhibitors of endocytosis. In  the presence of 
FCS, H e P C - u p t a k e  in the cells is lowered, due to binding 
of HePC to serum albumin (45). Serum albumin is likely 
to re-extract  HePC back from the p l a sma  membrane  into 
solution {Table 3}. Since H e P C - u p t a k e  between 5 ~g/mL 
{11.8 ~M) and 40 pg/mL {94.1 ~Vl) is l inearly dependent  
on HePC-concent ra t ion ,  it seems tha t  HePC uptake  is 
not  protein-dependent. We therefore suggest  t ha t  H e P C -  
up take  takes place" after  intercalation with the  p lasma  
membrane,  by a membrane-recycling-dependent  endo- 
cytotic mechanism. This conclusion is in agreement  with 
da ta  by  Bazill and Dexte r  {46), who found tha t  
ET-18-OCH3 is taken up by  an endocytot ic  mechanism, 
tha t  can be blocked by the same endocytot ic  inhibitors 
as we have used. However, Bazill and Dexter  (46) con- 
cluded tha t  resistance of cells to e ther  lysophospholipids 
is due to a reduced uptake" since res is tant  cells used in 
their  s tudy  were found to incorporate less ET-18-OCHz. 
Obviously, HePC m u s t  be incorporated into the  cells 
before it can affect cell growth and cell viability, so t ha t  
inhibition of up take  is one way of protec t ing  cells from 
the cytotoxic effects of ether lysophospholipids. However, 
based on our finding, up take  alone can not  account  for 
variations in sensitivity for the different ceils tested, since 
the mos t  res is tant  cell line (3T3} and one of the mos t  sen- 
sitive cell lines (HL60} incorporated HePC to reach almost  
identical HePC-to-phospholipid ratios. 
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Systematic Analysis of Glycosphingolipids in the Human 
Gastrointestinal Tract: Enrichment of Sulfatides with Hydroxylated 
Longer-Chain Fatty Acids in the Gastric and Duodenal Mucosa 
Hitomi Natomi a,*, Toshihito Saitoh a, Kentaro Sugano a, Masao Iwamori b, Masahisa Fukayama c and 
Yoshitaka Nagai c 
aThe Third Department of Internal Medicine and bDepartment of Biochemistry, Faculty of Medicine, The University of Tokyo, 
Bunkyo-ku, Tokyo 113 and CThe Tokyo Metropolitan Institute of Medical Science, Bunkyo-ku, Tokyo 113, Japan 

The composition of the glycosphingolipids of the human 
gastrointestinal tract was studied. The major neutral 
glycosphingollpids were cerAmlde monohexosides (e.g., 
GalCer, GlcCer), LacCer, Gb3Cer, Gb4Cer and more polar 
ones with more than four sugars, whereas neither 
Gg3Cer nor Gg4Cer were present. The acidic glycosphin- 
golipids consisted of sulfatides and gangliosides such as 
GM3, GM1, GD3 and Gma. Also a large amount of sul- 
fatides was found in the gastric mucosa and duodenum. 
The concentrations of sulfatides in the fundic mucosa, an- 
tral mucosa and duodenum amounted to 416.0, 933.8 and 
682.9 nmol/g of dry weight, respectively, exceeding those 
in the gastric mucosa and kidney of other mammals. The 
major molecular species of the sulfatides were identified 
as I3SO3-GalCer with hydroxylated longer<hain fatty 
acids based on the analyses by gas-liquid chromatog- 
raphy and negative ion fast-atom bombardment mass 
spectrometry. In contrast, gangliosides in these regions 
showed a tendency to be lower than sulfatides, and the 
molar ratios of sulfatides to gangliosides were about 2.0, 
whereas those in other parts were less than 0.5. A high 
content of sulfatides in the gastric and duodenal mucosa, 
where mucosa is easily insulted by acid, pepsin and bile 
salts, may be closely related to their roles in mucosal 
protection. 
Lipids 28, 737-742 (1993). 

Gastrointestinal mucosa is a metabolically and mitotically 
active tissue~ with various cells being engaged in diges- 
tion and absorption. In particular, gastric mucosa con- 
sisting of predominantly parietal cells, chief cells and 
mucous cells has unique functions, such as hydrochloric 
acid and pepsin secretion, while protecting the mucosa 
from such a severe environment. I t  is therefore of interest 
to clarify in detail the composition, distribution and 
metabolism of glycosphingolipids in the gastrointestinal 
tract. Previous studies on gastrointestinal mucosa have 

*To whom correspondence should be addressed at Department of 
Medicine II, Tokyo Women's Medical College Daini Hospital, 2-1-10 
Nishiogu, Arakawa-ku, Tokyo 116, Japan. 
Abbreviations: CMH, ceramide monohexoside; FABMS, fast-atom 
bombardment mass spectrometry; GLC, gas-liquid chromatography; 
h, hydroxy; HPTLC, high-performance thin-layer chromatography; 
PBS, phosphate-buffered saline; PVP, polyvinylpyrrolidone; TLC, 
thin-layer chromatography; GalCer, galactosylceramide; GlcCer, 
glucosylceramide; LacCer, lactosylceramide; Gb3Cer, globotriaosyl- 
ceramide; Gb4Cer, globotetraosylceramide; Gg3Cer, gangliotriaosyl- 
ceramide; Gg4Cer, gangliotetraosylceramide; GM3, II3NeuAc - 

3 3 LacCer; GM2, II NeuAc-Gg3Cer; GM1, II NeuAc-Gg4Cer; GD3, 
II3(NeuAc)2LacCer; GD1 a, IV3NeuAc-,II3NeuAc-Gg4Cer; GDI b, 
II3(NeuAc)2-Gg4Cer; Gwlb, IV3NeuAc-,II3(NeuAc)2-Gg4Cer. The 
nomenclature used for gangliosides and other glycosphingolipids 
follows the system of Svennerholm (Ref. 1) and the recommenda- 
tion of the IUPAC-IUB Commission (Ref. 2), respectively. 

focussed on the characterization of fucolipids with blood 
group activities (3,4), on the characteristic expression of 
glyosphingolipids in the intestinal epithelium according 
to cellular differentiation and development (5-7) and on 
the structural characterization of sulfoglycosphingolipids 
in the gastric mucosa {8-11). However, systematic and 
detailed studies on the glycosphingolipid compositions of 
the whole gastrointestinal tract from esophagus to colon 
have not been undertaken. 

In a previous paper, we have reported that sulfatides 
(I3SO3-GalCer with hydroxylated longer-chain fat ty 
acids) were enriched in the rabbit gastrointestinal mucosal 
regions which are continuously exposed to acid and which 
were more resistant to acid hydrolysis than GM3, the 
major ganglioside in the mucosal regions (12). Therefore, 
we have assumed that  sulfatides might play a role in 
mucosal protection from acid environment. To extend our 
previous findings, we have attempted in the present study 
to systematically determine the glycosphingolipid com- 
position of the human gastrointestinal tract. 

MATERIALS AND METHODS 

Tissues. The tissues (esophagus, stomach, duodenum, 
jejunum, colon and rectum) used in this study were ob- 
tained at autopsy from patients who had died of lung 
cancer, uterine cancer or Parkinson's disease The whole 
intact mucosa was separated from the outer fibrosal and 
muscular layer, rinsed thoroughly with saline at 4~ and 
kept at -70  ~ until lipid extractiom Nine mucosal tissue 
samples were studied (Samples 1-9). Fundus Samples 2 
and 3 as well as antrum Samples 4 and 5 were obtained 
from specific individuals, respectively. 

Extraction and separation of glycosphingolipids. Tis- 
sues were homogenized in water and lyophillzed. Total 
lipids were extracted from the lyopbillzed powder succes- 
sively with chloroform]methanol]water (20:10:1, 10:20:1, 
20:10:1, 10:20:1, by vol) and chloroform]methanol (1:1, 
vol/vol) at 40~ Aliquots of the combined extracts were 
used for quantitation of cholesterol and lipid-bound 
phosphorus, and the remainder of the extracts was applied 
to a column of DEAE-Sephadex (A-25, acetate form) to 
separate into neutral and acidic lipid fractions as de- 
scribed previously (13). Neutral glycosphingolipids were 
prepared from the neutral lipid fraction by acetylation, 
Florisil column chromatography and deacetylation (14}, 
while acidic glycosphingolipids were prepared from the 
acidic lipid fraction by mild alkaline hydrolysis. Salts in 
the neutral and acidic glycosphingolipids were removed 
by dialysis. 

Thin-layer chromatography (TLC). Individual glyco- 
sphingolipids were chromatographed on silica gel 60 high- 
performance thin-layer chromatography (HPTLC) plates 
{E. Merck Co., Darmstadt, Germany) using the solvent 
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systems A, chloroform/methanol]water (65:35:8, by vol) 
and B, chloroform/methanol/aqueous 0.5% CaC12 
(55:45:10, by vol) and were detected with orcinol]H2SO4 
reagent for neutral glycosphingolipids and sulfogiyco- 
sphingolipids and with resercinol]HCl reagent for ganglic~ 
sides. The mobilities in TLC were compared with those 
of standard neutral glycosphingolipids (GalCer, LacCer, 
Gg3Cer, Gb4Cer, Gg4Cer), gangliosides (GM3 , GM2 , GM1 , 
GD3, GDla, GDlb, Gwlb) and sulfatides (I3SO~-GalCer). 

Quantitative analysis. Cholesterol and lipid-bound 
phosphorus in the total lipid extracts were determined by 
gas-liquid chromatography (GLC) using 5a~holestane as 
an internal standard (13) and by the method of Bartlett 
(15) after wet digestion with HC104 and H202, respec- 
tively. Lipid-bound sialic acid in the acidic glycosphingo- 
lipid fraction was measured by the resorcinol]HCl method 
(16). The individual neutral glycosphingolipids, sulfatides 
and gangliosides were quantitated densitometrically with 
a dual wavelength TLC densitometer (CS-9000; Shimadzu 
Ca, Kyoto, Japan) after locating the spots with either 
orcinol]H2SO4 or resorcinol]HC1 reagent. Orcinol-positive 
glycosphingolipids and resorcinol-positive gangliosides 
were monitored at 420 and 580 nm, respectively, while the 
control wavelength was set at 710 nm. 

TLC-immunostaining. Immunostaining of glycosphin- 
golipids on TLC plates was done as described previously 
(17). Briefly, after development of the glycosphingolipids 
on plastic TLC plates (Polygram; Macherey-Nagel, Diiren, 
Germany), the plates were soaked in the blocking buffer 
[1% polyvinylpyrrolidone (PVP), 1% ovalbumin, 0.02% 
NaN 3 in phosphate-buffered saline (PBS)] at 37~ for 
I l~ Then the developed plates with neutral glycosphingo- 
lipids were incubated with rabbit anti-Gg3Cer (asialo 
GM2) and anti-Gg4Cer (asialo Gin) antiser& On the other 
hand, the developed plates with acidic glycosphingolipids 
were incubated with cholera toxin (Sigma, St. Louis, MO), 
which has a strong affinity to GMD followed by incuba- 
tion with rabbit anti-cholera toxin antiserum, and with 
mouse anti-GM2 monoclonal antibody, YHD-06, which 
detects GalNAcf31-4Gal(3-2aNeuAc or NeuGc)~-structure 
(18). After the plates were washed five times with the 
washing buffer (0.1% Tween 20 in PBS) and reacted with 
blocking buffer at 37 ~ for 15 rain, the antibodies bound 
to the plates were detected with horseradish peroxidase- 
conjugated goat anti-rabbit or anti-mouse Ig (G + M + A) 
(Miles Scientific Lab., Naperville, IL) and the enzyme 
substrate (H202 and 4-chloro-l-naphthol). 

Preparative TLC Cer~mide monohexoside (CMH) and 
sulfatides were isolated by preparative TLC using solvent 
systems A and B, respectively. Bands with mobilities 
similar to CMH and sulfatides, as judged by staining a 
strip of the TLC plates with orcinol]H2SO4 reagent, were 
scraped from the plates, extracted by sonication in 
chloroform/methanol/water (10:10:1, by vol), and glyc~ 
lipids were eluted from the gel by column chromatography. 

Carbohydrate and fatty acid analyses. CMH and 
sulfatides isolated by preparative TLC were subjected to 
methanolysis with 1 M methanolic HC1 at 80~ for 20 h. 
Fat ty  acid methyl esters were extracted with n-hexane" 
and the methanolic phase was used for carbohydrate 
analysis. The fatty acid methyl esters were analyzed by 
GLC on 3% OV-101 coated on Chrolite using temperature 
programming from 150 to 250~ at 2~ The peak 
areas were corrected by comparison with the areas of 

peaks of an authentic mixture of fatty acid methyl esters, 
KF and KD (Applied Science Laboratories, State Coliege~ 
PA). The methanolic phase was evaporated to dryness 
under a flow of nitrogen, and reacetylated with methanol] 
acetic anhydride {4:1, vol]vol) at room temperature over- 
night. After evaporation, the carbohydrates in the residues 
were analyzed by GLC as the N-acetyl-O-trimethylsilyl 
derivatives using the same column and temperature pre~ 
gramming from 150 to 200~ at 2~ 

Structure ofsulfatides. Sulfatides were isolated from the 
acidic glycesphingolipid fraction by Iatrobeads (6RS8060; 
Iatron Lab., Toky~ Japan) column chromatography with 
a linear gradient system of chloroform/methanol]water 
(70:30:0.5 and 70:30:5, by vol). The homogeneity of the 
isolated sulfatides was examined by comparing their 
mobilities on a TLC plate with those of standard sulf~ 
glycosphingolipids, I3SO3-GalCer and II3SO3-LacCer. 
The structure of the isolated sulfatides was then analyzed 
by negative ion fast-atom bombardment mass spec- 
trometry (FABMS) as follows. About 5 ~g of the isolated 
sulfatides was mixed with about 5 ~LL of triethanolamine" 
and the resultant mixture was put on a stainless-steel sam- 
ple holder to be inserted into the FABMS ion sourc~ 
Analysis was performed by bombardment with a neutral 
xenon beam with a kinetic energy of 4-6 keV and detec- 
tion of negative ions with a mass spectrometer (JMS 
HX-ll0; JEOL, Toky~ Japan) equipped with a JMA-3500 
computer system (JEOL). Assignment of mass numbers 
was achieved by comparing the spectrum with that of 
perfluoroalkyl phosphazine (Ultramark; PCR Inc., 
Jacksonville, FL). 

RESULTS 

Neutral glycosphingolipids of the human gastrointestinal 
tract. A thin-layer chromatogram of the neutral glyco- 
sphingolipids from different regions of the human gastr~ 
intestinal tract is shown in Figure 1. Neutral glycc~ 
sphingolipids with mobilities similar to those of GalCer, 

FIG. 1. Thin-layer chromatography of neutral glycosphingolipids 
from different regions of the human gastrointestinal tract. Lane 1, 
esophagus (Sample N~  1); lane 2, fundic mucosa (Sample N~ 2); lane 
3, fundic mucosa (Sample N~ 3); lane 4, antral mucosa (Sample N~  
4); lane 5, antral mucosa (Sample N~  5); lane 6, duodenum (Sample 
N~ 6); lane 7, jejunum (Sample Ne~ 7); lane 8, colon (Sample N~  8); 
lane 9, rectum (Sample N~  9); St., standard neutral glycosphingo- 
lipids. The amount of lipid applied to each lane corresponded to 2.7 
mg dry weight of the respective tissue. Neutral glycosphingolipids 
were chromatographed on a high-performance thin-layer chromatog- 
raphy plate with solvent system A, and fractions were visualized 
with orcinol]H2SO 4 reagent. 
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LacCer, Gb3Cer and Gb4Cer were clearly separated and 
resolved further into two or three bands presumably due 
to differences in molecular heterogeneity in their ceramide 
portion. As described in the result of TLC-immunostain- 
ing, neither Gg3Cer nor Gg4Cer were present in the nor- 
mal gastrointestinal mucosa, but  several bands cor re  
sponding to glycosphingolipids having more than four 
sugars were seen below Gb4Cer. 

Acidic glycosphingolipids of the human gastrointestinal 
tract. As clearly shown in Figure  2, sulfat ides 
{I3SO3-GalCer} were present in much higher concentra- 
tion in the gastric mucosa and duodenum than in the 
other parts  of gastrointestinal tract. The mobilities of 
sulfatides in the antral mucosa and duodenum on a TLC 
plate were lower than those of s tandard sulfatides from 
human brain, indicating tha t  the greater par t  of these 
sulfatides contained more hydroxylated, longer~hain fat ty 
acids. The principal gangliosides in the human gastro- 
intestinal t ract  were GM3, GMZ, GI)3 and Gma. They 
amounted for more than 80% of all gangliosides. 

Detection of glycosphingolipids by TLC-irnmunostain- 
ing. In order to confirm the structure of glycosphingo- 
lipids, TLC-immunosta in ing with carbohydrate-specific 

ligands was used. With rabbit  anti-Gg3Cer and anti- 
Gg4Cer antisera,  ne i ther  Gg3Cer nor  Gg4Cer was 
detected in the neutral glycosphingolipids from human 
gastrointestinal mucos& Binding of cholera toxin to GM1 
was observed in the acidic glycosphingolipids from all 
tissues examined. Al though the concentration of Gm in 
the human gastrointestinal mucosa was 30 nmol/g of dry 
weight as the highest level which could hardly be detected 
by conventional TLC using resorcinol/HCl reagent, GM1 
Was easily detected by TLC-immunostaining with cholera 
toxin {Fig. 3}. Gangliosides having the nonreducing car- 
bohydrates of GM2 were not  detected in the human gas- 
trointestinal mucosa by TLC-immunosta in ing with 
mouse anti-GM2 monoclonal ant ibody YHD-06 (18). 

Carbohydrate and fatty acid compositions of CMH and 
sulfatides. The carbohydrate and fa t ty  acid compositions 
of CMH and of sulfatides are listed in Table 1 and Table 2, 

FIG. 2. Thin-layer chromatography of acidic glycosphingolipids from 
different regions of the human gastrointestinal tract. The lane num- 
bers, 1 to 9, correspond to those in Figure 1. St., standard sulfatides 
(13SO3-GalCer from human brain) and gangliosides. The amount of 
lipid in each lane corresponded to about 10 mg dry weight of the 
respective tissue. Sulfatides and gangliosides were chromatographed 
on a high-performance thin-layer chromatography plate with solvent 
system B, and fractions were located with orcinol/H2SO 4 reagent. 

TABLE 1 

FIG. 3. Thin-layer chromatography (TLCHmmunostaining of 
gangHoisides from different regions of the human gastrointestinal 
tract using cholera toxin. Total acidic glycosphingolipids from 
0.06-0.07 mg dry weight of the respective tissues and standard GM1 
(0.2-2.0 ng of sialic acid) were chromatographed on a plastic TLC 
plate using solvent system B. The plate was tested for cholera tox- " 
in binding by TLCAmmunostalning. The plate numbers, 1 to 9, co~ 
respond to those in Figure 1. A compound without carbohydrate, 
probably derived from a dialysis bag, was contaminating the region 
close to GM1 and gave a brown spot, not a purple one as for 
gangliosides, upon resorcinal/HCl staining (see Fig. 2). To assess the 
correct concentration of GMI, cholera toxin, a specific ligand for 
GM1, was used. The contaminant explains differences in apparent 
intensity in the Gsl regions in Figure 2 and Figure 3. 

Carbohydrate and Fatty Acid Composition of Ceramide Monohexoside from Different Regions 
of the Human Gastrointestinal Tract a 

Esophagus Fundus Fundus Antrum Antrum Duodenum Jejunum Colon Rectum 
1 2 3 4 5 6 7 8 9 

Molar ratio of carbohydrate 
Glc 1 1 1 1 1 1 1 1 1 
Gal 0.48 1.98 1.29 2.18 2.46 0.94 0.88 1.64 1.43 

Fatty acid (%) 
Nonhydroxylated 

16-20 28.7 25.3 44.8 29.9 32.4 55.2 44.2 19.0 47.2 
22-26 31.7 12.9 13.6 12.6 10.6 10.3 19.8 15.8 14.3 

2-Hydroxylated 
16-20 2.9 3.7 9.9 2.7 6.1 4.0 5.9 5.6 2.6 
22-26 36.7 58.1 31.7 54.8 50.9 30.5 30.1 59.6 35.9 

% of 2-Hydroxylated fatty 
acids 

in the total fatty acids 39.6 61.8 41.6 57.5 57.0 34.5 36.0 65.2 38.5 

aTissues are identified by sample numbers. For details see Materials and Methods. 
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TABLE 2 

Fatty  Acid Composition of  Sulfatides from Different Regions of  the Human Gastrv~ntestiual Tract a 

Esophagus Fundus Fundus Antrum Antrum Duodenum Jejunum Colon Rectum 
1 2 3 4 5 6 7 8 9 

Fatty acid (%) 
Nonhydroxylated 

16-20 72.4 29.4 25.8 29.0 24.5 20.1 60.6 45.1 58.2 
22-26 17.5 14.1 13.4 9.3 13.0 11.4 14.5 13.2 15.4 

2-Hydroxylated 
16-20 3.1 3.2 3.4 1.4 0.7 0.6 3.0 2.8 4.9 
22-26 7.0 53.3 57.4 60.3 61.8 67.9 21.9 38.9 21.5 
(28) (14.1) (9.6) (8.4) 

% of 2-Hydroxylated fatty 
acids 

in the total fatty acids 10.1 56.5 60.8 61.7 62.5 68.5 24.9 41.7 26.4 

aTissues are identified by sample numbers. For details see Materials and Methods. 

respectively. As shown in Table 1, the concentration of 
GalCer was higher than that  of GlcCer in the gastric 
mucosa, colon and rectun~ In the antral mucosa, the 
molar ratio of galactose to glucose in CMH was 2-2.5, and 
the higher proportion of GalCer corresponded to the 
relatively higher concentration of sulfatides in the antral 
mucosa that  may serve as possible substrate for the syn- 
thesis of sulfatides. On the other hand, GlcCer was the 
predominant CMH in the esophagus, duodenum and je- 
junum. The fat ty acids of CMH and sulfatides in the 
human gastrointestinal mucosa consisted mostly of 
nonhydroxylated fatty acids with chain lengths of ClS to 
C20 and hydroxylated fatty acids with chain lengths of 
C22 to C2e. In particular, more than 60% of the fatty 
acids of sulfatides in the antral mucosa and duodenum 
were the hydroxylated longer~chain fatty acids, about 10% 
of which were 28h:0 (h, hydroxy). Alsr there were close 
similarities between the fat ty acid compositions of CMH 
and of sulfatides in the antral mucosa. 

Structure determination of sulfatides. Sulfatides were 
isolated from the acidic glycosphingolipid fraction of the 
fundic mucosa (Sample Na  3) by Iatrobeads column 
chromatography. The isolated sulfatides showed the same 
mobility on TLC as did I3SO3-GalCer from human brain 
and were directly analyzed by negative ion FABMS. As 
shown in Figure 4, intense molecular ions, [M-H]-, were 
observed at m/z 778, 794, 878, 890, 906 and 934, cor- 
responding to the sulfatides (I3SO3-GalCer) with 
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FIG. 4. Negat ive  ion fast-atom bombardment mass  spectrometry 
(FABMS) spectrum of the sulfatides isolated from the l m m a .  gastric 
fundic mucosa. About 5 Hg of  the isolated sulfatides was analyzed 
by negative ion FABMS with 5 ~L of triethanolamine as the matrix 
solvent.  

4-sphingenine and the fatty acids 16:0, 16h:0, 22h:0, 24:0, 
241~0 and 26h:0, respectively. The relative intensities of 
the ions were in good agreement with the fatty acid com- 
positions of the sulfatides isolated from the fundic mucosa 
{Sample Na 3) as determined by GLC {Table 2). In addi- 
tion, the fragment ions of the terminal sulfate group at 
m/z 97, [HSO4]-, were clearly identified. 

Lipid composition of the human gastrointestinal tract. 
The lipid compositions in different regions of the human 
gastrointestinal tract are summarized in Table 3. The con- 
tents of cholesterol and lipid-bound sialic acid in the fun- 
dic mucosa were considerably lower than those in the 
other parts of the human gastrointestinal mucosa, and 
the molar ratio of cholesterol/lipid-bound sialic acid] 
lipid-bound phosphorus in the fundic mucosa was 
12.0-15.0:0.4-0.7:100.0. CMH (GlcCer, GalCer), LacCer, 
Gb3Cer and Gb4Cer were the major neutral glycosphingo- 
lipids, and their concentrations varied in the different 
regions. Although sulfatides were present throughout the 
human gastrointestinal tract, the highest content of 
sulfatides was observed in the gastric mucosa and duo- 
denum~ The concentrations of sulfatides in the fundic 
mucosa, antral mucosa and duodenum amounted to 416.0, 
933.8 and 682.9 nmol]g of dry weight, respectively. In con- 
trast, the total amounts of lipid-bound sialic acid in the 
gastric mucosa and duodenum were lower than those in 
the other parts, and molar ratios of sulfatides to lipid- 
bound sialic acid were 1.37-1.97, 2.10-2.33, and 1.95 for 
the fundic mucosa, antral mucosa and duodenum, respec- 
tively, whereas those in the other parts were about 0.5 or 
below (Table 3). 

DISCUSSION 

We have previously shown that sulfatides are preferen- 
tially enriched in the rabbit gastroduodenal mucosa {12}. 
In the present study, it was clearly demonstrated that 
human gastric mucosa and duodenum also contains large 
amounts of sulfatides, exceeding those present in the 
gastric mucosa of other mammals {8-12,19}. More than 
60% of the sulfatides in the antral mucosa and duodenum 
were identified as I~SO3-GalCer having hydroxylated 
longer-chain (C22 to Css) fatty acids wHydroxylation of 
fatty acids in I3SO3-GaICer is frequently observed in 
kidney {20-22) or epithelial cells of mammals (7). For ex- 
ample, contents of 13SO3-GaICer with ~-hydroxylated 
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Lipid-bound Lipid-bound Moat ratio 
Sample Cholesterol phosphorus sialic acid CMH GM3 Sulfatide of sulfatide 

Tissue number {/Lrnol/g of dry weight) (nmol/g of dry weight) to gangtiosides 

Esophagus 1 20.92 69.80 0.41 454.4 98.4 16.4 0.04 
Stomach 

Fundus 2 5.92 49.16 0.21 854.8 92.4 416.0 1.98 
Fundus 3 6.09 40.58 0.27 581.8 94.0 370.5 1.37 
Antrum 4 19.33 63.06 0.39 1114.6 206.3 820.5 2.10 
Antrum 5 21.99 67.78 0.40 1089.9 122.0 933.8 2.33 

Duodenum 6 21.17 61.04 0.35 954.4 113.4 682.9 1.95 
Jejunum 7 12.98 54.85 0.48 289.4 138.2 218.6 0.46 
Colon 8 18.96 75.32 0.47 944.7 81.3 297.3 0.63 
Rectum 9 10.78 36.71 0.48 458.0 126.2 153.1 0.32 
aFundus Samples 2 and 3, as well as antrum Samples 4 and 5, were obtained from specific individuals. MH, ceramide monohexoside. 

longe~chain (C22 to C2s) fa t ty  acids in the total sulfatides 
have been reported to be 72% in rat  kidney (20), 84% in 
house musk shrew kidney (21), 37% in human kidney (22), 
35% in hog gastric mucosa (8) and 70% in rabbit  fundic 
mucosa (12). I t  has been proposed tha t  as the fa t ty  acids 
in the ceramide part  of sphingolipids become more hydrox- 
ylated and longer-chained, the more stable and imper- 
meable the membranes become (23,24). To protect the ceils 
in the s trong acid environment, a more s turdy and 
acidically charged cell membrane tha t  can resist high con- 
centrat ions of hydrochloric acid may be required. 
I3SOs-GalCer with hydroxylated longer-chain fa t ty  acids 
is likely to be a most  suitable molecule for tha t  purpose  

In the present study, it was shown tha t  the major 
neutral  glycosphingolipid components  in the human 
gastrointestinal t ract  are CMH (GalCer, GlcCer), LacCer, 
Gb3Cer, Gb4Cer and probably lacto-series glycosphingo- 
lipids including fucolipids. Human  gastric mucosa (25) 
and small intestine (3) are known to be a rich source of 
fucolipids, which possess antigen activities of the human 
A B H  and Lewis blood group types. On the other  hand, 
the ganglio-series neutral  glycosphingolipids {Gg3Cer 
and Gg4Cer) were not  present, whereas gangliosides be ~ 
longing to the gangli~series were detected in the normal 
gastrointestinal  mucosa. In addition, CMH in the antral  
mucosa was shown to have a higher proportion of GalCer 
and a close similarity in fa t ty  acid composition to tha t  
of sulfatides, indicating tha t  CMH may serve as the pre- 
cursor of sulfatides in the antral  mucosa. GM3 , GMD GD3 
and GD1 a were the principal gangliosides comprising 
more than 80% of all gangliosides. We could not find GM2 
in the normal  gas t ro in tes t ina l  mucosa  by  T L C -  
immunostaining with anti-GM2 monoclonal ant ibody 
YHD-06. GM2 is considered to be one of the cancer- 
associated glycosphingolipids in melanoma (26,27), lung 
carcinoma {28), colonic carcinoma (29) and gastric car- 
cinoma (30). As clearly shown in the result of the binding 
of cholera toxin to GM1 by TLC-immunostaining, GM1 is 
present  in the surface of vir tually all regions of human 
gastrointestinal  mucosa. Vibrio cholerae produces the 
secretory cholera toxin, which specifically binds to Gm 
in cell membranes and activates membrane-bound 
adenylate cyclase through ADP-ribosylation of GTP- 
binding protein, leading to severe diarrhea (31-33). 

However, there is no convincing evidence that the cholera 
toxin has any direct effect on any regions other than the 
small intestine through GMI receptors. Moreover, little is 
known about the mechanisms of specific targetting of V. 
cholerae in the small intestine 

It is known that sulfatides exist in the mammalian ner- 
vous system, kidney, testis and avian salt gland. A high 
content of sulfatides in these tissues has been thought 
to be involved in myelin sheath formation (34), ion 
transport {35-38) and spermatogenesis (39). Although the 
presence of sulfatides in the mucosal tissue is well estab- 
lished, their biological function in the gastrointestinal 
tract has not yet been clarified. However, the preferential 
enrichment of sulfatides in the gastric mucosa and 
duodenum, which are continuously exposed to aggressive 
factors, such as acid, pepsin and bile salts, strongly in- 
dicates that sulfatides play an important role in mucosal 
protection. In addition, in our preliminary study of the 
effect of sulfatides against experimental ulcers in rats, 
sulfatides showed antiulcer activity (detailed data to be 
published elsewhere). Conversely, it has been recently 
reported that sulfated glycolipids may serve as the 
mucosal receptor for colonization of Helicobacter pylori 
(40,41), which colonizes only in the gastric epithelium and 
is now considered to be associated with gastrit is and pep- 
tic ulcer (42-44}. In our experiments,  viable H. py/or/  
showed a s trong binding to sulfatides by TLC-immuno-  
staining with rabbit  anti-H, pylori ant iserum (45). Sul- 
fatides in the gastric mucosa may serve as receptor for 
the a t tachment  and colonization of H. pylori. However, 
it  is still unclear why H. p f l o H  has not ye t  been detected 
in the duodenum, which also contains a large amount  of 
sulfatides. Further  studies on the cellular locMization and 
on the conformation of sulfatides are needed to elucidate 
the mechanisms of specific a t tachment  and colonization 
of H. p r i o r / i n  the gastric epithelium. 
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The dorsal aorta of carp (Cyprinus carpio L.) was can- 
nulated, and the fish were kept in thermostated aquaria 
at 5~ for 24 h. The water temperature was then gradu- 
ally increased to 25~ at a rate of 0.5~ and then de- 
creased to 5~ at the same rate. Blood was withdrawn 
at five-degree intervals to determine the fluidity of 
erythrocyte plasma membranes upon ex vivo incorpora- 
tion of the fluorescent dye, ~[p-(6-phenyl-l,3,5-hexa- 
trienyl)phenyl]propionic acid. Steady-state auisotropy 
(R,,) of the plasma membranes increased and decreased 
with the increase and decrease in water temperature, 
respectively. The sterol-tmphosphollpid ratio remained un- 
changed throughout the thermal shifts. The fatty acid 
compositions of the total phospholipids, of phosphatidyl- 
choline and of phosphatidylethanolamine remained vir- 
tually unchanged, except for the level of arachidouic acid, 
which increased in erythrocytes from fish at the higher 
temperature (25~ The molecular species compositions 
of phosphatidylcholines and phosphatidylethanolamines 
also remained unaffected throughout the thermal shifts. 
The erythrocyte plasma membranes were more responsive 
to temperature shifts in vivo than in vitro when percent 
efficacy was compared. Thus, factors other than lipid 
changes are conceivably involved in the adaptation of 
erythrocyte plasma membranes to short-term thermal 
changes. 
Lipids 28, 743-746 (1993). 

An inherent property of cells is their ability to maintain 
the structural and functional integrity of their membranes 
under changing environmental conditions. Temperature 
is one of the major external factors influencing membranes 
in poikilothermic animals. Changes in the composition and 
physical state of the membranes in response to changes 
in the prevailing ambient temperature have been observed 
in most cases studied so far {1,2). Restructuring of existing 
phospholipids, activation of different desaturases and ad- 
justment of deacylation/reacylation reactions are exam- 
ples of changes that  occur in membranes in response to 
thermal shifts (3-8). Conventionally, such responses have 
been studied by disturbing the status quo of an experi- 
mental specimen and by looking for corrective responses 
in membranes or membrane lipids in the acclimated stat~ 
However, the mode of control of the physical state of mem- 
branes under conditions such as those often faced by 
poikilotherms, i.e., the problem of maintaining function 
despite fluctuations in ambient temperature, is not well 
understood. 

*To whom correspondence should be addressed at Institute of 
Biochemistry, Biological Research Centre, Hungarian Academy of 
Sciences, H-6701 Szeged, P.O.B. 521, Hungary. 
Abbreviations:D PH-PA, 3- [p-(6-phenyl- 1,3,5-hexatrienyl}phenyl]pr~ 
pionic acid; GLC, gas-liquid chromatography; HPLC, high-perform- 
ance liquid chromatography; PC, phosphatidylcholine; PE, 
phosphatidytethanolamine; TLC, thin-layer chromatography. 

Most approaches involving the use of higher poikilo- 
therms as experimental models do not allow us to follow 
the response to external variations within a single speci- 
mere Moreover the specimens usually need to be sacrificed 
to gather response information. Thus, several specimens 
are usually required for such studies, and the response 
observed needs to be measured against variations between 
specimens. 

Fish erythrocytes can be used to study adaptive re- 
sponses to thermal changes at the membrane level within 
short time spans as these cells are nucleated and express 
many functions as do somatic cells. The advantage of 
studying erythrocytes over isolated membranes from 
other tissues or cells is the ease of their preparation. Fur- 
thermore, a recently introduced fluorescence label 3- 
[p-(6-phenyl-l,3,5-hexatrienyl)phenyl] propionic acid 
(DPH-PA), permits the study of the physical properties 
of plasma membranes in situ shortly after collecting the 
cells (9). The present study thus provides evidence that  
carp erythrocytes, obtained from a single specimen in 
which the dorsal aorta was cannulated, adjust the state 
and order of their plasma membranes, but not their lipid 
composition, in response to changes in environmental 
temperature 

MATERIALS AND METHODS 

Experimental design. Male winter-acclimated carp 
(0.50-0.75 kg), used in these experiments, were obtained 
from the Tisza Fish Farm (Szeged, Hungary; November 
1991-January 1992) at water temperatures of 3-7~ The 
fish were kept in thermostated aquaria in the laboratory 
at 5 ~ for 3 d for equilibration before the experiments 
were carried out. Preliminary experiments had indicated 
that 24 h would be adequate for temperature equilibra- 
tion for carp of this weight. The fish were anesthetized 
with MS 222 (10 mg/L) before cannulation of the dorsal 
aorta by the method of Hughes et aL (10). Following can- 
nulation, the fish were kept separately in appropriate com- 
partments for 24 h before starting the experiments. The 
compartments (two in each experiment, each 3.5 L capac- 
ity} were connected to a thermostated water reservoir, 
from which water was circulated. The water temperature 
was raised by 0.5~ from 5 to 25~ in five~degree steps 
and then decreased to 5 ~ again at the same rat~ After 
each step (up-shift or down-shift), the temperature was 
held for 24 h before sampling. Sufficient blood (50-100 ~L) 
was withdrawn through the cannula (the outlet was other- 
wise closed) into an Na-heparinized syringe at each 
temperature (5, 10, 15, 20 and 25~ For lipid analyses 
on erthrocytes, 1 mL of blood was withdrawn from sepa- 
rate fish on each occasion. 

Labeling of the erythrocytes. To ensure consistency of 
fluorescence measurements, the optical density of the cell 
suspension was adjusted to 0.05 absorbance units at 
366 nm (the excitation wavelength of DPH-PA) to stan- 
dardize light scattering of the cells. For cell labeling, 5 ~_L 
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of 1 • 10 -~ M DPH-PA (Molecular Probes Ina, Eugene, 
OR) in tetrahydrofuran was added to the cell suspensions 
in an isotonic buffer solution at pH 7.4 in a 4-mL quartz 
cell (the lipid-to-probe ratio was 200:1). Labeling was com- 
plete within 5 min, as measured by following changes in 
fluorescence intensity. Washing of the erythrocytes took 
10 min, and labeling was complete within 5 rain (11). 

Fluorescence  an iso tropy  measuremen t s .  Fluorescence 
anisotropy measurements were carried out with a com- 
puter-controlled thermostated Hitachi MPF-2A (Hitachi 
Ltd., Tokyo, Japan) spectrophotofluorimeter. The sample 
was excited with vertically polarized light at 366 nm at 
a slit width of 6 nm, and vertically (I~) and horizontally 
(Ivh) polarized emitted light was read at 430 nm at a slit 
width of 12 nm. Anisotropy values given are the average 
of 10 measurements. The standard error of individual 
determinations was always less than 0.005. 

Steady-state fluorescence anisotropy was calculated ac- 
cording to the formula Rss = I(~) - Z �9 I (vh)  -b 2 Z �9 I (vh)  , 

where Z = 0.92, calculated based on the formula Z = 
Iivh)/Iihh ). To correct the fluorescence intensity and R~ for 
light scattering, measurements were also made on un- 
labeled samples under identical conditions. The measure- 
ments were done according to Kuhry et  al. (12), who had 
shown that  both the fluorescence intensity and (Rs~) are 
affected by scatter: 

I (measured)  = I(f luorescence ) -{- I ( sca t te r  ) [1] 

Rs (measured) ---- f Rs (fluo) -F (1 - f)-R s (scatter) [2]  

where f (a balanced fluorescence intensity factor) = 
Inuo/Inuo + Iscatter. 

Ext rac t ion  and analysis  o f  lipids. Lipids were extracted 
with isopropanol/chloroform (11:1, vol/vol) as recom- 
mended by Freyburger et  ol, (13}. The extracted lipids were 
dissolved in benzene containing 0.02% butylated hydroxy- 
toluene as an antioxidant, and stored at -20~ until 
assayed. Phospholipids were separated by silicic acid col- 
umn chromatography, using chloroform to elute neutral 
lipids and methanol to elute phospholipids. Phospholipids 
were subfractionated by thin-layer chromatography (TLC) 
according to Fine and Sprecher (14) using pre-coated G-60 
silica gel plates (E. Merck, Darmstadt, Germany). Phos- 
pholipids were transmethylated under nitrogen with meth- 
anol containing 5% hydrochloric acid at 80~ for 2.5 h. 
Fatty acids were separated on 10% FFAP on 80-100 mesh 
Supelcoport (Supelco, Bellefonte, PA) using a 2-m column 
(2 mm i.d.). A Hitachi 263-80 (Hitachi Ltd.) gas-liquid 
chromatograph (GLC) connected to a Hitachi 263-80 data 
processor was used for analysis. For measuring the sterol- 
t~phospholipid rati~ total lipids were separated on TLC 
plates using petroleum ether/diethyl ether/acetic acid 
(75:15:1, by vol) as solvent. Phospholipids which did n o t  
move from the point of sample application were isolated 
for quantitative determination of phosphorus according 
to Rouser eta l .  (15). Free sterols were extracted with 
diethyl ether and quantitated by gas chromatography 
using a 3% SP 2250 on 100-200 mesh Supelcoport 
(Supelco) column as stationary phase and 5 a-cholestane 
as internal standard. Aliquots of the total lipid extracts 
were saponified with 0.1 N KOH in ethanol, and non- 
saponifiable residues were separated by GLC as described 

ET AL. 

earlier. Phospholipid phosphorus was also determined on 
the same aliquot. 

Molecular species of phosphatidylcholine (PC) and 
phosphatidylethanolamine (PE) were analyzed according 
to Takamura et  al. (16), by high-performance liquid chro- 
matography (HPLC) (Waters Associates, Milford, MA; 
Model 440) and detected at 254 nm; the instrument was 
connected to an integrator (Hitachi 263-80). The dinitro- 
benzoyl derivatives of the diacylglycerols obtained by 
phospholipase C (Sigma Chemicals, St. Louis, MO) hy- 
drolysis were separated on a Nucleosyl C-18 (5 ~an, 4 mm, 
i.cL X 250 mm) column with acetonitrile/2-propanol (80:20, 
vol]vol) of HPLC grade (Carlo Erba, Milan, Italy} used 
isocratically as mobile phase (flow rate of 1.0 mL/min). 
Peaks were identified by comparison with those of deriva- 
tives of authentic 1,2-diacylglycerol standards and also 
on the basis of their relative elution times (17); 16:0/22:6 
and 18:0/22:6 were obtained from Avanti Polar Lipids 
(Alabaster, AL), and 16:0/20:4, 18:0/20:4 and 16:0/18:1 were 
from Sigma; 16:0/22:6 was used as internal standard. 

R E S U L T S  

Due to its anionic nature (9), DPH-PA partitions into the 
outer leaflet of the erythrocyte plasma membrane, which 
is rich in positively charged phospholipids (18). DPH-PA 
thus can show changes in the physical state of the plasma 
membrane due to external stimuli. Dilution of labeled 
erythrocytes with buffer without DPH-PA leads to the 
almost complete and rapid efflux of DPH-PA, consistent 
with the fact that DPH-PA labels only the outer leaflet 
of plasma membranes (19). In the present study, fish ac- 
climated to a low environmental temperature (5 ~ were 
subjected to controlled up-shifts and down-shifts of am- 
bient water temperature, and changes in fluorescence 
anisotropy of the probe incorporated into the erythrocyte 
plasma membranes were followed. The heating and cool- 
ing rates were set to mimic, to some extent, the diurnal 
variations which these fish experience under natural 
conditions. 

Figure 1 reveals that the fluorescence anisotropy of the 
DPH-PA probe in the erythrocyte plasma membranes 
in v ivo varied in a continuous fashion with the change in 
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FIG. 1. Changes in 3-[p-(6-phenyl4,3,5-hexatrienyl)phenyl]propionie 
acid fluorescence anisotropy of f'mh (Cyprinus carpio L.) erythrocytes 
in response to temperature shifts under in vivo conditions. Readings 
were made at the actual (incubation) body temperature (means _+ 
SD of eight experiments). 
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temperature  The cells responded to an increase in 
temperature with increased rigidity of their membranes 
(increase in Rss) and v i c e  versa .  This raises the possibil- 
ity that  the cells of higher poikilotherms, such as risk con- 
t inuously adjust  to changes of environmentM/body 
temperature in terms of the physical state of their mem- 
branes. Wodtke and Cossins (20) recently reported tha t  
carp liver microsomes also adjust their microviscosity ac- 
cording to the actual water/body temperature. 

Figure 2 shows a comparison of i n  v i t r o  a n d  in  v i v o  ex- 
periments, which illustrates tha t  the red blood cells 
responded in  v i t r o  in the same way as they did in  v i v a  
Figure 2 also shows that ,  despite these similarities in the 
response of erythrocytes to temperature up-shifts and 
down-shifts, the response was always greater in  v i v o  than 
i n  v i t ro .  

Phospholipid analyses showed that  there were no signifi- 
cant  differences in phospholipid class composition (data 
not shown). Table 1 gives the fa t ty  acid composition, the 
total saturated fa t ty  acids and the saturated-to-unsatu- 
rated fa t ty  acid ratios of total  phospholipids and of PC 
and PE, and the sterol-to-phospholipid ratios of the 
erythrocytes at  5 and 25 ~ (temperature up-shifted fish). 
The data  show that  there was no marked change in the 
fa t ty  acid composition except for the elevated level of 
arachidonic acid {20:4) in the temperature up-shifted fish. 
There also was no change in the saturated-to-unsaturated 
ra t ia  The decrease in unsaturated fa t ty  acids and the 
higher saturated-to-unsaturated fa t ty  acid ratio in the 
total phospholipids in the erythrocytes before the temper~ 
ature up-shift may be due in par t  to the elevated level of 
myristic acid (14:0). If  14:0 is omit ted from the calcula- 
tions, the ratio decreases from 0.57 to 0.31, which is the 
same as tha t  for temperature up-shifted cells calculated 
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FIG. 2. Comparison of changes in 3-[p-(6-phenyl-l,3,5-hexatrienyl)- 
phenyl]propionic acid anlaotropy of fish (Cyprinus carpio L.) 
erythrocytes in relation to temperature shifts under in vivo ( �9 --  �9 ) 
and in vitro (A--A) conditions. In the in vitro experiments, 
erythrocytes were incubated as described in Reference 11. Readings 
were made at the incubation temperature of the blood/fish in both 
the cases (actual temperature). Anisotropy values at 25~ were 0.207 
___ 0.006 SD in in vitro and 0.245 _+ 0.007 SD in in vivo experiments 
(means +__ SD of eight experiments). 

TABLE 1 

Fatty Acid Compositions of Total Phospholipids (TPL) 
and of Phosphatidylcholines (PC) and Phosphatidylethanolamines 
(PE) of Fish Erythracytes Before and After Temperature Shift 
in Vivo a 

Total 
phospholipid PC PE 

Fatty acid 5~ 5-25~ 5~ 5-25~ 5~ 5-25~ 

14:0 11.8 5.6 -- 1.0 -- 0.5 
16:0 14.0 13.8 28.4 26.4 10.5 8.7 
16:1n-7 3.1 2.9 2.4 7.8 2.9 2.8 
18:0 10.1 10.0 4.4 3.3 5.4 4.4 
18:1n-9 13.5 12.9 12.0 13.6 14.5 12.0 
18:2n-6 2.1 2.2 1.9 3.0 2.3 2.1 
18:3n-3 trace trace trace trace trace trace 
20:4n-6 20.7 28.5 24.7 28.3 30.5 35.9 
20:4n-3 1.1 0.3 0.5 trace 0.6 0.4 
20:5n-3 4.2 3.8 5.2 3.0 6.4 5.1 
22:4n-6 1.5 3.1 trace 0.7 0.8 2.3 
22:5n-6 1.2 2.8 1.2 1.1 1.5 2.6 
22:5n-3 3.9 3.7 4.4 0.7 5.4 4.3 
22:6n-3 14.1 15.4 14.9 16.5 18.4 18.1 

Saturated 35.9 29.4 32.8 30.7 15.9 13.6 
Sat/unsat 0.55 0.39 0.49 0.41 0.19 0.15 
SterolfrPL 0.71 0.66 . . . .  

an = 8; traces are <0.1% of the total. 

in the same way. The sterol-to-phospholipid ratir which 
is known to affect the physical state of membranes (21-23), 
also remained unchanged (Table 1). 

Table 2 lists the major molecular species of PCs and 
PEs. Al though retafloring of these phospholipids during 
thermal acclimatization has been demonstrated in uni- 
cellular organisms (3,4) and in fish (5), carp erythrocytes 
did not  show such a response during the temperature up- 
shifts (Table 2) or down-shifts (data not shown). There were 
only minor changes in the levels of 16:0/20:4, 18:0/22:6 and 

TABLE 2 

Selected Molecular Species from Phosphatidylcholines (PC) 
and Phnsphatidylethanolamines (PE) from Carp Erythrocytes 
Before and After Temperature Shift from 5 to 25~ in Vivo a 

PC (% of total) PE (% of total) Molecular 
species 5~ 5-25~ 5~ 5-25~ 

22:6/22:6 0.9 0.8 0.7 0.8 
16:1/22:6 b 3.1 2.6 6.3 2.7 
18:1/20:5 trace trace 1.6 0.4 
18:1/22:6 c 3.1 3.6 6.9 9.8 
16:0/22:6 9.3 10.1 12.1 11.1 
18:1/16:1 trace trace 1.3 5.0 
16:0/16:1 1.9 1.0 2.0 2.2 
16:0/20:4 17.4 19.5 14.8 11.4 
18:0/22:6 d 14.3 12.1 14.3 11.6 
18:0/20:4 2.5 2.7 2.8 2.5 
18:1/18:1 2.7 2.4 -- 0.8 
16:0/18:1 35.6 31.8 35.1 29.8 
16:0/16:0 trace trace trace trace 
Unidentified 9.2 13.4 2.1 11.9 

an = 8; traces are <0.1% of the 
bCo-eluting with 22:5/22:5. 
cCo-eluting with 16:0/20:5. 
dCo-eluting with 16:0/18:2. 

total. 
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16:0/18:1. Our observations thus suggest tha t  the physical 
properties of fish erythrocyte plasma membranes can vary 
in response to changes in environmental  t empera ture  
wi thout  changes in lipid composi t ion or sterol-to-phos- 
pholipid ratio. 

t empera ture  up-shifted fish would not  need to be taken 
into consideration either. Fur ther  invest igations are 
needed to determine how such a sensit ive control of the 
physical  s ta te  of the erythrocyte  membrane  can occur in 
response to shor t - term tempera ture  changes in carp. 

DISCUSSION 

The physical s ta te  of b iomembranes  has  been shown to 
depend on their  lipid const i tuents ,  and temperature-  
induced changes in membrane  fluidity would be expected 
to be reflected in changes in membrane  lipid composition. 
In  the present  study, the total  phospholipids of the en- 
tire erythrocyte  were considered representat ive of those 
of the average cell membrane,  a l though individual mem- 
branes may  differ in respect to their lipid components  and 
fluidity, as has  been demons t ra ted  for fish liver and mus- 
cle (24,25}. An inverse relationship between fa t ty  acid un- 
saturat ion and temperature  has repeatedly been observed 
(6,26-28}. However, our da ta  presented in Table 1 show 
tha t  under our experimental conditions, carp erythrocytes 
did not  change their  sa tura ted- to-unsatura ted  f a t ty  acid 
ratio. The sterol-te~phospholipid ra t i a  which is also known 
to contr ibute  to the physical s ta te  of b iomembranes  
(22,23), has been shown to decrease in fish erythrocytes  
( 21 ) and mitochondria  (21) upon long-term adapta t ion  to 
lower temperatures.  However, in the present  study, this 
rat io remained unchanged irrespective of whether  this 
rat io was expressed in t e rms  of the ratio of free sterols 
(Table 1) or of total  sterols-to-phospholipids (data not  
shown). I t  appears, therefore, tha t  these rat ios would not  
play a major  role in the short- term acclimatization of fish 
to temperature.  As no differences in f a t t y  acid, phospho- 
lipid polar headgroup or molecular species composi t ion 
were observed, it appears  t ha t  phospholipid anisotropy 
does not  respond in the same way as it does in intact  cells, 
as we have earlier demons t ra ted  previously (11). 

To gain fur ther  insight  into the nature  of the observed 
control, e rythrocytes  collected from cold-acclimated fish 
were also incubated under  in v i tro conditions. In  the lat- 
ter  experiments,  the whole blood was incubated instead 
of isolated erythrocytes.  As in the in v ivo  experiments,  
the incubation tempera ture  in v i tro  was also raised from 
5 to 25~ and again decreased to 5~ at  a rate of 0.5~ 
The  t empera tu re - induced  changes  in f luorescence 
anisotropy in v i tro  and in v ivo  (Fig. 2) indicated tha t  the 
cells were more responsive to temperature changes in v i va  
although the response was also evident under in vitro con- 
ditions. I t  can be speculated tha t  some component  of the 
blood p l a sma  tha t  may  exchange with the outer  erythro- 
cyte membrane  in response to var ia t ions  in temperature,  
or some other  factors not  present  in the in v i tro  system, 
may  be involved in the control process. Because blood 
glucose remained at  normal  levels throughout  the experi- 
ment  (data not shown), activation of the adrenal gland can 
be ruled out. Besides catecholamines and other hormones, 
such as glucocorticoids, adrenocorticotrophic hormone, 
glucagon and insulin have also been shown to inhibit  A5 
desaturase  (29) activity. Thus, their  pu ta t ive  effect in 
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Kinetic Study of the Prooxidant Effect of Tocopherol. Hydrogen 
Abstraction from Lipid Hydroperoxides by Tocopheroxyls 
in Solution 
Kazuo Mukai a,*, Kouhei Sawada a, Yasuhiro Kohno  a and Junji Terao b 
aDepartment of Chemistry, Faculty of Science, Ehime University, Matsuyama 790 and bNational Food Research Institute, Ministry 
of Agriculture, Forestry and Fisheries, Tsukuba, Ibaraki 305, Japan 

A kinetic study of the prooxidant effect of vitamin E 
(tocopherol, TocH) has been carried out. The rates of 
hydrogen abstraction (k_ I) from methyl Unoleate hydro- 
peroxide (ML-OOH) by a-tocopheroxyl (a-Toc') (1) and eight 
types of alkyl substituted Toc" radicals (2-9) in benzene 
solution have been determined spectrophotometrically. 
The results show that the rate constants decrease as the 
total electron-donating capacity of the alkyl substituents 
on the aromatic ring of Toc" increases. The k-1 value 
(5.0 X 10-1M-is -l) obtained for a-Toc" (1) was found to be 
about seven orders of magnitude lower than the k I value 
(3.2 X 106M-is -1) for the reaction of a-TocH with peroxyl 
radical, which is well known as the usual radical-scaveng- 
ing reaction of a-TocH. The above reaction rates (k_ l) ob- 
tained were compared with those (k s) of methyl linoleate 
with Toc- (1-9) in benzene solution. The rates (k_ l) were 
found to be about six times larger than those (k s ) of the 
corresponding Toc'. The results suggest that both reac- 
tions may relate to the prooxidant effect of a-TocH at high 
concentrations in foods and oils. The effect of the phytyl 
side chain on the reaction rate of Toc" in micellar disper- 
sions has also been studied. We have measured the rate 
constant, k_ 1, for the reaction of phosphatidylchoHne 
hydroperoxide with a Toc" radical in benzene, tert-butanol 
and in Triton X-100 micellar dispersions, and compared 
the observed k-i values with the corresponding values 
for ML-OOH. 
Lipids 28, 747-752 (1993). 

The role of vitamin E (a-,/~, )- and &tocopherols) as an im- 
portant  biological antioxidant has been well recognized 
in recent years. The antioxidant properties of tocopherols 
(TocH) have been ascribed to hydrogen abstraction from 
the OH group in TocH by a peroxyl radical (LOO'). The 
hydrogen abstraction produces a tocopheroxyl radical 
{Tom), which combines with another LOO" (Reactions [1] 
and [2]) (Refs. 1,2). 

kl 
LO0 �9 + TocH -,- LOOH + Toe- [1] 

LOO" + Toc" ~ LOO-Toc (nonradical product) [2] 

In recent years, several investigators demonstrated that  
a-TocH at high concentrations acts as a prooxidant dur- 
ing the autoxidation of polyunsaturated fa t ty  acids (LH) 
in aqueous medium and in bulk phase (3-9). This pro- 

*To whom correspondence should be addressed. 
Abbreviations: LH, polyunsaturated fatty acid(s) and/or polyun- 
saturated fatty acid ester(s); LOOH, lipid hydroperoxide; LOO', 
peroxyl radical; ML-OOH, methyl linoleate hydroperoxide; PC, egg 
phosphatidylcholine; PC-OOH, phosphatidylcholine hydroperoxide; 
PhO ~ 2,6-di-tert-butyl-4-(4"-methoxyphenyl)phenoxyl; TLC, thin- 
layer chromatography; TocH, tocopherol; Toc', tocopheroxyl radical 

oxidant effect of a-TocH leads to an increase of the level 
of hydroperoxides (LOOH) with conjugated diene struc- 
ture. Loury et  al. (3) and Terao and Matsushi ta  (9) have 
proposed tha t  Toc- radicals participate in this prooxidant 
effect through Reactions [3] and [4]: 

k3 
Toc" + LH --) TocH + L" [3] 

k -  1 
Toc" + LOOH --* TocH + LOO ~ [4] 

where Reaction [3] is the chain transfer reaction and Reac- 
tion [4] is the reverse of Reaction [1]. A more complex reac- 
tion scheme, including a great number of elementary reac- 
tion steps, has been proposed by Rousseau-Richard et  al. 
(10,11). However, so far the kinetics of Reactions [3] and 
[4] related to the prooxidant effect of vitamin E have not  
been studied. The reactions are considered important  to 
the understanding of the prooxidant properties of vitamin 
E. 

We have recently reported the second-order rate con- 
stant,  k 3, for the reaction of LH esters (ethyl linole- 
ate, ethyl linolenate, ethyl arachidonate and all cis- 
4,7,10,13,16,19-docosahexaenoic acid ethyl ester) with Toc" 
(5,7-diisopropyltocopheroxyl 5) (12,13). The rate constant, 
k 3, obtained was 1.82 to 9.05 • 10-2M-is -1 in benzene at  
25~ The rate of k 3 is about 7 to 8 orders of magnitude 
lower than  k 1 for Reaction [1] of a-TocH with LOO" (1). 
Furthermore, we recently succeeded in measuring the rate 
c o n s t a n t  (k-l) for the  react ion of 5,7-diisopropyl- 
tocopheroxyl radical 5 with n-, sec- and t e r t -bu ty l  hydro- 
peroxides used as lipid hydroperoxide model systems (14). 
The observed rate, k-l, was 1.34 to 3.65 X 10-1M-is - '  in 
benzene solution at  25~ The values of k-1 are only 
about one order of magnitude higher than  those of k3. 

In the present work, we have determined the second- 
order rate constant, k-l, for the reactions of methyl  
linoleate hydroperoxide (ML-OOH) with nine types of 
alkyl substi tuted Toc" radicals 1-9 in benzene (see Fig. 1). 
The rate, k_~, was compared with k, for Reaction [1] and 
with k3 for Reaction [3]. The effect of alkyl subst i tuents  
on the aromatic ring of Toc" has also been studied. I t  is 
of interest to know how the rate of the reaction of 
ML-OOH with Toc- is different from tha t  of the phospho- 
lipid hydroperoxide We have thus measured the rate con- 
s tant ,  k_l, for the reaction of phosphatidylcholine 
hydroperoxide (PC-OOH) with a Toc" radical in benzene, 
tert- butanol and in micellar dispersions, and compared 
the observed k-1 values with the corresponding values 
for ML-OOH. The effect of the phytyl  side chain on the 
reaction rate of Toc" in micellar dispersion also has been 
studied. In Figure 1 we give the structures of the mole- 
cules studied in this work. The s tudy was intended to p ro  
vide a basis for the interpretation of similar reactions in 
more complex biological systems. 

Copyright �9 1993 by the American Oil Chemists' Society LIPIDS, Vol. 28, no. 8 (1993) 
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FIG. 1. Molecular structures of tocopheroxyl radicals 1-9, PhO ~ 
ML-OOH (methyl linoleate hydroperuxide) and PC-OOH 
(phosphatidylcholine hydroperoxide). 

MATERIALS AND METHODS 

Sample preparatior~ Methyl linoleate (linoleic acid methyl 
ester, LH) (>99%) was obtained from Sigma Chemical Ca 
(St. Louis, Me)  and used without further purification. 
Hydroperoxide levels in methyl linoleate were estimated 
by measuring absorption at 234 nm 05) and were found 
to be less than 0.3%. Egg phosphatidylcholine (PC) (>95%) 
was kindly supplied by Nippon Oil Fats Ca {Amagasaki, 
Japan). The average molecular weight of the PC was 
assumed to be 774 (13). The amount of hydroperoxides in 
the sample was found to be negligible as judged by thin- 
layer chromatography (TLC). a-T0cH was supplied by Eisai 
Ca (Tokyo, Japan). Triton X-100 was purchased from 
Nacalai Tesque Inc {Kyot~ Japan) and was used as re~ 
ceived. The 2,6-di-tert-butyl-4-(4'-methoxyphenyl)phenoxyl 
(PhO') 10 was prepared by the method of Rieker and 
Scheffler (16}. 

ML-OOH was prepared by photosensitized oxidation of 
methyl linoleate using methyleneblue as a sensitizer {17). 
The oxidation product was purified by SiO2 column 
chromatography. PC-OOH was prepared by the oxidation 
of PC with 102, following the method of Terao et  aL (18). 
The hydroperoxide was separated from the oxidation prod- 
ucts by reverse-phase liquid chromatography. The average 
molecular weight of the PC-OOH was assumed to be 806, 
based on that of PC (774). 

The preparation of TocH 2p-gp was reported previously 
(19-21). The Toc" radicals 3, 5, 6, 7, 8 and 9 are fairly stable, 
and were prepared by PbO2 oxidation of the correspond- 
ing TocH in benzene solution under a nitrogen atmospher~ 
However, in the cases of TocH lp, 2p and 4p, the Toc" 
radicals 1, 2 and 4 produced were not very stable, and ab- 
sorption spectra decreased rapidly with time Therefore, 
Toc. 1, 2 and 4 were prepared by reaction between the 
stable PhO o radical 10 and the corresponding TocH in 
benzene at 25~ under a nitrogen atmosphere and were 
reacted immediately with ML-OOH solution. 

Micellar dispersions of Triton X-100 (5.0 wt%) contain- 
ing Toc" 5 were prepared as follows {22). 5,7-Diisopropyl- 
tocopherol 5p {15-20 rag, 32-42 pmol) was dissolved in 
5-mL of diethyl ether, and the solution was poured into 
a small flask. The diethyl ether was removed on a rotary 
evaporator to obtain a thin film on the flask wall. Twenty 
mL of aqueous Triton X-100 {5.0 wt%, in 0.1 M phosphate 
buffer, pH 7) was added, and the flask was shaken 
vigorously in a Vortex mixer for 1 rain. PhO'-containing 
solutions of ~ t o n  X-100 (5.0 wt%) were prepared similarly 
and reacted with the above TocH-cont~inlng micellar 
dispersions. The PhO" radical is very stable in the absence 
of 5,7-diisopropyltocopherol and shows absorption peaks 
at Am~ = 377 and 577 nm in aqueous Triton X-100 
dispersions (5.0 wt%). Upon mixing the micellar disper- 
sion of TocH (0.66 mM) with the micellar dispersion of the 
PhO" radical (0.60 mM) (1:1, vol]vol) at 25.0~ the absorp- 
tion spectrum characteristic of the PhO" radical im- 
mediately changed to that of TOc" 5. The new absorption 
maxima in the visible region (;tm~ = 397 and 417 rim) a le  
due to Toe" 5 (23). Because Toc- 5 is stable at 25.0~ the 
absorption intensity decreases only gradually with time 
Measurements. The kinetic data were obtained on a 

Shimadzu UV-2100S {Kyot~ Japan) spectrophotometer 
by mixing equal volumes of solutions of Toc" and 
ML-OOH {or PC-OOH). The oxidation reactions were 
studied under pseudo-first-order conditions, and the ol~ 
served rate constants (kob~d) were calculated in the usual 
way, using standard least-squares analysis. All measure 
ments were performed at 25.0~ because Toc" 1, 2 and 
4 used are not stable at 37~ 

RESULTS AND DISCUSSION 

Reaction between M L - O O H  and Toc" 1-9 in benzene 
5,7-Diisopropyltocopberoxyl 5 is comparatively stable in 
the absence of ML-OOH and shows absorption peaks at 

= 417 nm and 397 nm in benzene (Fig. 2). When add- 
ing a benzene solution of excess ML-OOH to a benzene 
solution of Toc', the absorption spectrum of the Toc" 
gradually disappeared. Figure 2 shows an example of the 
results of the interaction between 5,7<liisopropyltocopher ~ 
oxyl 5 (ca. 0.15 raM) and MI~OOH (21.5 raM) in benzene 
The rate was measured by following the decrease in ab- 
sorbance at 417 nm of TOc ~ 5. Under these conditions, the 
rate of disappearance of Toc" in the presence of a constant 
concentration of MI~OOH is first-order in regard to TOc-. 
The pseudo-first-order rate constants, ko~d, were ob- 
tained by varying the concentration of ML-OOH: 

-d[Toc.]/dt = kobsd[TOc'] [5] 

TOc" 5 shows a slow natural decay in benzene Therefore, 

LIPIDS, Vol. 28, no. 8 (1993) 
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FIG. 2. Changes in the absorption spectrum of 5,7-diisopropyl- 
tocopheroxyl radical 5 in the course of the reaction of Toc ~ 5 with 
ML-OOH in benzene at  25.0~ ~Ibc']t= 0 = ca. 0.15 mM and 
[ML'OOH]t = o = 21.5 raM. The spectra were recorded at  100-s in- 
tervals. Arrow indicates decrease (4) of absorbance with t ime.  Ab- 
breviation as in Figure 1. TOC', tocopheroxyl radical. 

the pseudo-first-order rate constant, kobsd , for Woc" 
bleaching is given by Equation 6: 

kob,d = k o + k s [LOOH] [6] 

where k o is the rate constant for the natural decay of 
Toc- in benzene solution, and ks is the apparent second- 
order rate constant for the reaction of Toc. with added 
MI~OOH. These rate parameters are obtained by plotting 
kob,d against [ML-OOH]. Similar measurements were 
made for the reactions of Toc- 1-9 with ML-OOH. As 
shown in Figure 3, the first-order decay constant, kob~d, 
is proportional to the concentration of ML-OOH. 

As reported by Mahoney and DaRooge (24,25), the 
results are consistent with Reactions [7] and [2]: 

k-1 
Toc" + LOOH -~ TocH + LOO" [7] 

kl 

k2 
LOO" + Toc" ~ LOO-Toc [2] 

where k2[Woc" ] >> k,[TocH]; k 2 is the second-order rate 
constant for the reaction of Toc- with LOO'. A combina- 
tion product of Toc- and LOO', that is, LOO-Toc, was 
isolated by Yamauchi et aL (26). Under these conditions, 
the rate of disappearance of Toc- is given by the expres- 
sion (24,25): 

-d [Toc ' ] /d t - -  {k o + 2k_I[LOOH]} [Toc'] [8] 

The values of k_ 1 calculated from kob,d are listed in 
Table 1. The experimental errors in the k-1 value for Toc" 
radicals 3, 5, 6, 7, 8 and 9 were less than +7%. The natural 
decays of Toc" 1, 2 and 4 are much faster, and therefore 
we could only estimate the approximate rate constants.  

Several investigators have measured the rate constant,  
kz, for the reaction between LOO" and vitamin E deriva- 

(x  I0 -3) 

15 

10 

0 ~ 
0 

1//// t 
2 . 

1 2 3 

[LOOHJ (M) (x  10 -2) 

FIG. 3. Dependence of  t h e  pseudo-first~rder rate constants, kobsa, 
of Toc" radicals 1, 2, 3, 5, 6 and 7 on the concentration of ML-OOH 
in benzene at 25.0~ Abbreviations as in Figures 1 and 2. 

tives (Reaction [1 ] )  (27,28, and references therein). The 
most reliable kl value was reported by Burton et aL (27), 
using the inhibited autoxidation of styrene method. For 
example the kz value obtained for the reaction of a-TocH 
with poly(peroxystyryl)peroxyl radical was 3.20 • 
10eM-ls -1 in chlorobenzene at 30~ Therefor~ the k_l 
value (5.0 • 10-1M-is -1) obtained for wToc" I in the pres- 
ent study is about seven orders of magnitude lower than 
the above-mentioned kl value 

Effect of alkyl substituents in Toc radicals. In the pres- 
ent work, we have determined the second-order rate con- 
stants, k-l, for the reaction of ML-OOH with Toc" 1-9 in 
benzene As listed in Table 1 for the Toc- radicals 4, 5, 6 
and 7, having two alkyl substituents at the ortho posi- 
tions to the OH group, the k_l values obtained in 
benzene are 2.5 X 10-1M-is  -1 for radical 4, 1.33 X 

T A B L E  1 

Secondg)rder (k_ z and k3) Rate Constants for the  Reaction of Toc" 
1 -9  with Methyl Linoleate Hydroperoxide and Methyl Linoleate, 
R e s p e c t i v e l y ,  in Benzene at 25.0~ and Relative Rate Constants  
(k-l/k3) 

k_ 1 a k3 a 
Toc" (M- i s  - i  ) (M-Zs - I  ) k- l /k3 

1 5.0 X 10 - 1  - -  - -  
2 1.3 X 10 -1 2.3 X 10 -2 5.7 
3 2.11 X 10 -2 3.27 X 10-3L 6.45 
4 2.5 X 10 - I  5.0 X 10-2. ~ 5.0 
5 1.33 X 10 - I  1.86 X 10-2. 0 7.15 
6 9.14 X 10 -2 1.61 X 10-2.0 5.68 

7.77 X 10 -3 1.10 X 10 -30 7.06 
1.31 X 10 -1 1.83 X 10 -2 7.16 

9 8.41 X 10 -2 2.01 X 10 -2 4.18 

aEx~erimental errors in k-1 and k 3 values were less than 7% for 
T o c ; 3  and 5-9 and 20% for Toc" 1, 2 and 4. Toc' ,  tocopheroxyl 
radical. 
bThese values were previously reported (Ref. 13). 
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10-1M-is -1 for 5, 9.14 • 10-2M-is -1 for 6 and 7.77 • 
10-3M-is -1 for 7. The values of k_ 1 decrease in the order 
of 4 > 5 > 6 > 7, as the size of the two ortho-alkyl groups 
in the Toc" radical increases. The Toc- 4 is 32-times as 
reactive as the Toc. 7. The results clearly indicate tha t  
the decrease in k_~ is due to steric factors. Inductive ef- 
fects on the reaction rate of these Toc" radicals with 
ML-OOH would not be significant, because methyl, e thy l  
isopropyl and tert-butyl groups have electron-donating 
properties tha t  are not  too different. 

Further,  the rate constants  of Toc" radicals 1, 2 and 3, 
which have two alkyl subst i tuents  at  the ortho positions 
and a methyl  subst i tuent  at C-8 decrease in the order 
1 > 2 > 3. This result also suggests tha t  the effect of steric 
hindrance on the reaction rate is considerable 

Both  5,7-diisopropyl-8-methyltocopheroxyl 3 and 5,7- 
diisopropyltocopheroxyl 5 have two isopropyl substituents 
at  the ortho positions and, in addition, 3 has a methyl  
subst i tuent  at  the meta position. When comparing the 
rate constant ,  k_~, observed for Toc. 5 with tha t  for Toc" 
3, compound 5 is 6.3 times more reactive than 3. Similarly, 
5,7-diethyltocopheroxyl 4 is 1.9 t imes as reactive as the 
5,7-diethyl-8-methyltocopheroxyl 2. The results indicate 
tha t  subst i tut ion on the aromatic ring by an electron- 
donating methyl group (at C-8) results in a decrease in the 
second-order rate constant,  k_l. In other  words, in the 
reaction between the Toc" and ML-OOH, the Toc �9 acts as 
an electron acceptor, and thus the rate constants  will 
decrease as the total  electron-donating capaci ty of the 
alkyl subst i tuents  on the aromatic r ing of the Toc" in- 
creases (29). 

Effect of alkyl side chain of TOe" radical on its reaction 
rate in benzene and in miceUar dispersion. In order to 
clarify the effect of the phytyl  side chain of the Toc. radical 
on the reaction rat~ we have measured the rate constants, 
k_l, for the reaction of ML-OOH with 5,7-diisopropyl- 
tocopheroxyl 5 and 5,7-diisopropyltocopheroxyl model 8 
in benzene and in micellar dispersion. 

As shown in Table 2, the Toc" 5 and Toc- 8 without  
phytyl  side chain in 2-position reacted with the ML-OOH 
at a similar rate in benzene. On the other  hand, in 5 wt% 
Triton X-100 micellar dispersion, the k_~ value (6.93 X 
10-2M-s  -1) of Toc. 5 is 0.61 t imes  t h a t  (1.14 X 
10-1M-is -1) of Toc" 8. The result shows tha t  the phytyl  

side chain of vi tamin E has little effect on react ivi ty in 
homogeneous solution, whereas it  has considerable effect 
on react ivi ty in micellar dispersion (1,2,30-33). The sig- 
uificance of the above changes in the rate constants,  k-l,  
is not  clear a t  present, bu t  it  may relate to the biological 
act ivi ty of TocH. For instance, al though both  a-TocH 
models and a-TocH have high in vitro antioxidant  activi- 
ty  in solution, the former has no in vivo vitamin E ac- 
t ivi ty  (34,35). 

Reaction between PC-OOH and Toe" 5. I t  is of interest 
to examine whether  or not  the rate constant  of hydrogen 
abstract ion of PC-OOH is the same as tha t  of MIrOOH,  
which is one of the hydroperoxide derivatives (LOOH) of 
the fa t ty  acid moieties contained in the PC. 

The rate constants  for hydrogen abstract ion from PC- 
OOH and ML-OOH by Toc- 5 (ko~d) have been measured 
in benzene tert-butanol and 5 wt% Triton X-100. The 
second-order rate constants, k-l, are obtained by plotting 
kob.d vS. [LOOH]. The k_ I values obtained are given in 
Table 3. 
The observed k-1 value of PC-OOH was only 8% of 

that of ML-OOH in the nonpolar benzene solvent, whereas 
the k_1 value of PC-OOH was 1.9 times larger than that 
of MI~OOH in the more polar tert-butanol solvent. Fur- 
thermor~ in micellar dispersion, PC-OOH reacted at a rate 
tha t  was only about  30% of tha t  observed for ML-OOH. 
There is, as yet, no unambiguous explanation for this ap- 
parent  contradiction, bu t  some possible explanations are 
offered in the following. 

Firstly, the formation of reverse rnicelles in benzene solu- 
tion must  be considered, as PC molecules are known to 
aggregate into reverse micelles in nonpolar solvents 
(36,37). The solubility of Toc- 5, which has a nonpolar 
phytyl  side-chain, is high in benzene bu t  low in PC 
liposom~ Thus, formation of reverse micelles might  pre- 
vent  Toc" 5 from reacting with the hydroperoxide group 
of PC-OOH, causing a smaller rate constant,  k_~, for PC- 
OOH than for ML-OOH. This would be in agreement with 
the results obtained for the hydrogen abstraction reaction 
from PC and from unsa tura ted  fa t ty  acids (LH) by Toc. 
5 in benzene (13). Therefore, we measured the rate con- 
s tant ,  k - l ,  i n  polar  tert-butanol solvent  in which 
PC-OOH does not form reverse miceUes. As the two fa t ty  
acid moieties are quite close in PC-OOH, Toc- 5 may not  

T A B L E  2 

Pseud~First-Order (kot~d) and Second-Order (k_ t) Rate Constants for the Reaction of Toe" 5 and 8 with M L - O O H  in Benzene 
or 5 wt% Triton X-100 (pH = 7.0, 0.1 M phosphate buffer) at 25.0~ 

Toc" 5 Toe" 8 

[ML-OOH] kobsd k_ 1 a [ML-OOH] kobsd 
Solution (raM} (s - i} (M- 1 s - ]} (raM) (s - 1} 

k _ l  a 
(M-ls-1) 

Benzene 3.12 8.81 • 10 -4  1.33 • 10 -1  4.68 1.42 X 10  - 3  
6.24 17.3 9.37 2.79 
9.37 25.5 17.64 4.86 

12.49 33.9 

Micellar dispersion 3.96 5.29 • 1 0  - 4  6.93 X 10  - 2  4.02 9.6 • 10  - 4  
7.46 9.82 7.37 16.9 

11.22 15.3 11.08 24.5 
14.69 34.3 

1.31 • 10 -1 

1.14 X 10 -1 

aFor each Toc', the experimental error in k_ 1 value was less than 7%. Toe', tocopheroxyl radical; ML-OOH, methyl linoleate 
hydroperoxide. 
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T A B L E  3 

Pseudo-First-Order (kobsd) and Second-Order (k_ 1) Rate Constants for the Reaction of Toc" 5 with M L - O O H  and PC-OOH 
in Benzene, ter t -butanol  or 5 wt% Triton X-100 (pH = 7.0, 0.1 M phosphate buffer) at 25.0~ 

ML-OOH PC--OOH 

[ML-OOH] kobsd k_ i ~ [PC-OOH] kobsd 
Solution (raM) {s -i) (M-is -1 ) (raM) (s -i) 

k _ l  a 
(M-ls-1) 

Benzene 3.12 8.81 X 10 -4 1.33 • 10 -1 2.68 9.61 X 10 -s  
6.24 17.3 5.09 14.4 
9.37 25.5 7.66 20.9 

12.49 33.9 9.97 25.2 
tert-Butanol 3.92 8.56 X 10 -5 2.49 )< 10 -3 2.92 6.37 X 10 -s  

7.47 10.5 5.52 7.91 
11.51 12.5 7.71 10.1 
15.00 14.1 10.35 13.3 

Micellar dispersion 3.96 5.29 • 10 -4 6.93 X 10 -2 3.05 2.60 X 10 -4 
7.46 9.82 5.99 3.65 

11.22 15.3 7.98 4.61 

1.09 X 10 -2 

4.68 X 10 -3 

2.02 X 10 -2 

=Experimental error in k_ z values was less than 7%. Abbreviations as in Figure 1. 

be able to easily approach the active sit~ tha t  is, the -OOH 
group of PC-OOH. In  such a case, the k_ t value of PC- 
OOH will be smaller than  tha t  of ML-OOH. However, the 
observed k_l value (4.68 X 10-3M-is -1) of PC-OOH was 
1.9 t imes  la rger  t h a n  t h a t  (2.49 X 10-3M-ls-~)  of 
ML-OOH in tert-butanol. The reason for this is not  clear 
a t  present.  

In  Triton X-100, PC-OOH reacted with  Toc- 5 at  a rate  
tha t  was only about  30% of tha t  observed with ML-OOH. 
As the accessibility of the MI~OOH appears to be greater 
than  tha t  of PC-OOH in micellar dispersion, the reactiv- 
i ty  of ML-OOH was higher than  t ha t  of PC-OOH. 

The cause of the prooxidant effect of TocH. We recently 
reported the second-order rate constants,  k 3, for the reac- 
t ions of the Toc. radicals 4-7 with methyl  linoleate (LH) 
in benzene using a spectrophotometric monitoring sys tem 
(Reaction [3]) (12,13). We have also measured the rate con- 
s tants ,  k 3, for the reactions of Toc- 1, 2, 3, 8 and 9 with 
L H  in benzene a t  25.0~ As described in a previous sec- 
tion, wToc" 1 is unstable,  and we could not  determine the 
rate  constant ,  k3. The rate  constants ,  k3, obtained are 
summar ized  in Table 1, together  wi th  those reported for 
Toc" 4, 5, 6 and 7. The results  indicate tha t  the effect of 
subs t i tu t ion  on the reaction rates, k3, observed for Toc" 
2-9 is very similar to that on k_ i. The values of k_ i were 
plotted against k 3. As shown in Figure 4, the k_ i values 
were found to correlate linearly with the k 3 values (cor- 
relation coefficient = 0.96). The ratio of k-i to k3 was 
estimated to be about 6 • 1 from the values given in 
Table i (Eq. 9). 

k_l=(6---+l) X k  3 [9] 

I t  is well known t h a t  tocopherols (vitamin E) are pres- 
ent  in b iomembranes  and in oils, where they function as 
antioxidants .  The ant ioxidant  propert ies  of TocH have 
been ascribed to the initial oxidation by the LOO ~ radical 
of the phenolic hydroxyl  group, producing a Toc, radical 
(Reaction [1]) (1,2). On the other  hand, several investi- 
gators  have demonst ra ted  tha t  a-TocH at  high concentra- 
t ions acts  as a prooxidant  during the  autoxidat ion of L H  
in aqueous medium and in bulk phase  (3-11). This  proox- 

idant  effect of a-TocH leads to an increase of the level of 
L O O H  with a conjugated diene structure~ Loury  et aL (3) 
and Terao and Mat sush i t a  (9) have proposed t ha t  Toc- 
radicals participate in this prooxidant effect through Reac- 
t ions [3] and [4]. 

In  the present  work, we have measured the rate con- 
s tants ,  k- i ,  for the reaction of MI~OOH with Toc" 1-9. 
The k_~ values were found to be about  six t imes larger 
than  those (k3) of the corresponding Toc" radicals for 
Reaction [3]. The results  sugges t  tha t  bo th  Reactions [3] 
and [4] may  relate to the prooxidant  effect of a-TocH at  
high concentrations. Therefor~ if L H  coexists with LOOH 
in edible oils or in membranes,  the rate  of disappearance 
of Toc" will be represented by  Equat ion  10: 

-d[Toc']/dt = ka[LH][Toc'] + k-l[LOOH][Toc*] [10] 

(x 10 -1) 

3 , ' ' ' ' 

0 4 

2 

I 

P 
1 6 9 

0 �9 i I i I I 

0 1 2 3 4 5 6 

k3 (M-is -1) (• 10 -2) 

FIG. 4. Plot  of k -  l vs. k 3 for tocopheroxyl radicals 2-9. 
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In  the  initial s tage  of  lipid degradat ion ,  the  concentra-  
t ion  of L O O H  will be m u c h  lower t h a n  t h a t  of LH,  and  
t h u s  the  second t e rm in E q u a t i o n  10 is negl ig ib le  Conse- 
quently,  the  p roox idan t  effect of a-TocH in edible oils and  
fats  will be induced by  the  hydrogen abs t rac t ion React ion 
[3] between Toc- and  LH.  On the  o ther  hand, if the  autox- 
ida t ion proceeds,  the  level of L O O H  increases. W h e n  the  
concen t ra t ion  of L O O H  approaches  approx imate ly  17% 
of t h a t  of  LH,  the  radical  decay  React ions  [3] and  [4] will 
approach  similar rates. These facts  sugges t  t h a t  no t  only 
the  chain t ransfer  Reaction [3] is due to Toc., bu t  also tha t  
React ion [4] between Toc" and  L O O H  par t ic ipa tes  in the  
p roox idan t  effect of  a-TocH. 
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Kinetic Study of Reactions Between Tocopheroxyl Radicals 
and Fatty Acids 
Kazuo Mukai*, Hitoshi Modmoto, Yuji Okauchi and Shin-ichi Nagaoka 
Department of Chemistry, FacuRy of Science, Ehime University, Matsuyama 790, Japan 

A kinetic study on the prooxidant effect of vitamin E 
derivatives has been carried out. Rates of hydrogen al~ 
straction from various fatty acids and egg yolk lecithin 
by tocopheroxyl radicals were determined spectrophot~ 
metrically. The rate constants measured in micellar disper- 
sion were compared with those obtained in homogeneous 
solutions. The effects of structural variations of the vita- 
min E derivatives on their prooxidant activities were ex- 
amined. The formation of lecithin reverse miceiles in ben- 
zene appears to prevent the tocopheroxyl radicals from 
reacting with the phospholipid fatty acid moieties. 
Lipids 28, 753-756 (1993). 

It is well known that vitomin E (a-,/~, r and 6-tocopherols) 
inhibits the autoxidation of organic molecules in liquid 
phase The mechanism involved has been studied ~ v e l y  
by several investigators (1-4). Vitamin E is present in cellular 
membranes and in edible otis and acts as an antioxidant 
by protecting polyunsaturated fatty acids and other lipids 
from peroxidatiorL 

The antioxidant properties of tocopherols (TOCH) have 
been ascribed to hydrogen transfer from the OH group in 
the TocH to a peroxyl radical (LO0-). The hydrogen transfer 
produces a tocopheroxyl radical {Toc.) which combines with 
another LOO. (reactions [1] and [2]) (5,6). 

kl 
LO0. + TocH ~ LOOH +Toc. [1] 

LOO~ + T o c ,  -* Nonradical products [21 

On the other hand, several investigators have shown that 
a-TocH in high concentration acts as a prooxidant during 
the autoxidation of polyunsaturated fatty acids (LH) (7,8). 
This prooxidant effect of a-TocH leads to an increase of 
hydroperoxides with a conjugated diene structure Loury et 
at (7) and Terao and Matsushita (8) proposed that Toc- 
radicals participate in this prooxidant effect through the 
following reactions [3] and [4]: 

k3 
Toc.+ LH ~ TocH + L* [3] 

h -  1 
Toc* + L O O H  ~ TocH + L OO,  [4] 

*To whom correspondence should be addressed. 
Abbreviations: Et, ethyl; Et18:0, stearic acid ethyl est., Et18:1, oleic 
acid ethyl ester; Et18:2, linoleic acid ethyl ester; Et18:3, linohnic acid 
ethyl ester; Et20:4n-6, arachidonic acid ethyl ester; Et22:6n-3, 
c/s-4,7,10,13,16,19-docosahexaenoic acid ethyl ester;, iPr, isopropyl; LH, 
lipid; LOO., lipid peroxyl; Me, methyl; Met8:0, stearic acid methyl 
ester; Me18:1, oleic acid methyl ester; Me18:2, linoleic acid methyl 
ester; Me18:3, linolenic acid methyl ester; Me20:4n-6, arachidonic acid 
methyl ester; Me22:6n-3, c/s-4,7,10,13,16,19-docosahexaenoic acid 
methyl ester; tBu, t-butyl; TocH, tocopherol and its analogues; 
TocHM, 6-hydroxy-2,2-dimethyl~hromane and its analogues; TocHS, 
2,3-dihydro-5-hydroxy-2,2-dirnethyl-bensofuran and its analogues; 
Toc., tocopheroxyl radical and its analogues. 

where reaction [3] is a hydrogen abstraction from LH and 
a chain transfer reactioru Reaction [4] is a reversal of reac- 
tion [1]. These reactions are important in the understanding 
of the antioxidant and prooxidant properties of vitamin E. 
However, so far the kinetics of these reactions have not been 
studied extensively. 

We have recently determined the rate constant k-1 for 
reactions of alkyl hydroperox/des with Toc- (9,10). We also 
determined the second~0rder rate constant k s for reactions 
of various fatty acid esters with Toc. (11,12). The rate k s 
was compared with k_l. In order to interpret observed fea- 
tures of ks quantitatively, we carried out ab initio calcula- 
tions of models for the fatty acid esters. Calculated results 
were consistent with the experimental result~ It was shown 
that the observed features of ks can be explained in terms 
of the pseudo~conjugation between the C=C double bond 
and the active hydrogen~arbon boncL The effect of substi- 
tuent groups at the 5- and 7-positions of Toc- was also 
studie~ Furthermore~ we measured k 3 of egg yolk lecithi~ 

There remain, however, a few questions that still need to 
be answerecL Firstly, it would be worthwhile to know how 
k s values change when going from homogeneous solutions 
to inhomogeneous systems, such as micellar dispersions. 
Although a direct in vivo approach to the study of the pro- 
oxidant reaction is very difficult, it should prove useful to 
study such inhomogeneous lipid systems, because the in- 
formation that can be obtained may be relevant to mem- 
brane~ It would be of interest, for example, to m e a s u r e  k 3 
of egg yolk lecithin in micelles. Secondly, the effect of struc- 
tural variation of TocH on prooxidant activity has not been 
studied previously. Information about the effects of the 
phytyl side chain, the heterocyclic ring and the methyl at 
the 8-position will he needecL 

We have carried out a kinetic study of the proox/dant ef- 
fect of TocH. Rates of hydrogen abstraction from various 
fatty acids and egg yolk lecithin by Toc. were determined 
spectrophotometrically. 

MATERIALS AND METHODS 

Stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2), 
linolenic acid (18:3), arachidonic acid (20:4n-6), cis-4,7,10, 
13,16,19-docosahexaenoic acid (22:6n-3), their methyl 
esters (Med18:0, etc), and their ethyl esters (Et18:0, etc) 
(>99% pure) were obtained from Sigma Chemical Ca (St. 
Louis, MO). In order to estimate the ratios d hydroperox- 
ides in the unsaturated fatty acids and their esters, we 
measured the absorption at 234 nm due to the hydroperox- 
ides (12). Hydroperoxide levels in the samples were found 
to be lower than 0.3%. In the present work, we assumed 
that the k3 values of the fatty acids are close to those d 
the corresponding esters. In fact, since the carboxyl group 
is located far from the active site (allylic hydrogen) in the 
fatty acids, esterification may not have a large influence 
on k 3. 

As reported previously (9), vitamin E radicals are not 
stable, and thus stable radicals were used for the present 
work. The preparation of 5,7-diisopropyl-tocopherol {di-iP~ 
TocH), 6-hydroxy-2,2*dimethyl-5,7-diisopropyl-chromane 
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(di-iPr-TocHM) and 2,3-dihydr~5-hydroxy-2,2<limethyl-4,6- 
diisopropyl-benzofuran (di-iPr-TocH5) has been described 
previously (13-15). 5,7-Diisopropyl-8-methyl-tocopherol 
(di-iPr-8-Me-TocH) was prepared according to published 
methods (16). 6-Hydroxy-2,2-dimethyl-5,7-diisopropyl-8- 
methybchromane (di-iPr~8-Me-TocHM) was synthesized by 
reaction of paraformaldehyde with di-iPr-TocHM in 1,4- 
dioxane (16,17). 5,7-Diethyl-8-methyl-tocopherol (di-Et-8- 
MeTocH) and d-a-TocH were kindly supplied by Dr. Shiro 
Urano of Tokyo Metropolitan Institute of Gerontology 
and Eisai C~ Ltd., respectively, both from Toky~ Japan. 
In the experiments done in homogeneous solution, the 
radicals (di-iPr-Toc. etc) were prepared by PbO 2 oxidation 
of the corresponding TocH in a nitrogen atmospher~ TOc. 
radical containing micellar dispersions of Triton X-100 
were prepared as reported (18). 

Egg yolk lecithin was isolated according to the method 
reported by Singleton et  al. (19). Lecithin fatty acid 
moieties were analyzed by gas chromatography of the 
methyl esters obtained by transmethylation of lecithin. 
The values obtained are as follows: paimltic acid (16:0), 
41.3%; palmitoleic acid (16:1), 2.5%; 18:0, 8.7%; 18:1, 
29.5%; 18:2, 16.5%; and 20:4n-6, 1.7%. The average molec- 
ular weight of the lecithin was estimated to be 763.7. The 
amount of hydroperoxides in the sample was found to be 
negligible as judged by thin-layer chromatography. 

Commercial Triton X-100 was used without further puri- 
fication. The aqueous solution (1.0 wt%) was buffered at 
pH 7.0 by use of KH2PO4 and NaHPO4. Benzene and t- 
butanol were distilled before use  

The experimental procedures used for measurement of 
the rate constants were described previously in detail 
(9-12). Briefly, the kinetic data were obtained with a 
Shimadzu UV-2100S spectrophotometer by mixing equal 
volumes of solutions of 18:0, eta, or egg yolk lecithin and 
Toc- under a nitrogen atmosphere. The molar concentra- 
tion of Toc. and LH before the beginning of reaction was 
5 X 10 -5 and 1-3 • 10 -3 M, respectively. All measure- 
ments were performed at 25.0 -+ 0.5~ TOc. is unstable 
at 37~ 

The pseudo-first-order rate constant for reaction [3] 
(kobsd) was determined by following a decrease in absorb- 
ance of Toc- around 420 nm; kobsd is given by equation 
[5]: 

kobsd = k 0 + k 3 [LH] [5] 

where ko denotes the rate constant for natural decay of 
Woco, k 3 stands for the second-order rate constant for 
reactions of 18:0, Mel8:0, Etl8:0, eta, or egg yolk lecithin 
(LH) with TOc. and [LH] refers to the molar concentra- 
tion of LH. The rate parameters were obtained by plot- 
ting kob~d against [LH]. Experimental errors were less 
than --+5%. 

RESULTS AND DISCUSSION 

The k 3 values of the reactions of 18:0, Mel8:0, eta, with 
di-iPr-Toc, in micellar dispersion and t-butanol are given 
in Table 1. As reported previously (11,12), k 3 increases as 
the number of C - C  double bonds in the fatty acids and 
fatty acid esters increases (18:0<18:1<18:2<18:3<20:4n-6< 
22:6n-3 and Me18:0<Me18:l<18:2<18:3<20:4n-6< 
Me22:6n-3). Allylic hydrogen abstraction plays a major 
role in the high reactivity of the unsaturated fatty acid 
and the ester in reaction [3]. The allylic hydrogen is ac- 
tivated by the n-electron system (C=C double bond). 

The rate k 3 of 18:1 (Mel8:l) is much smaller than that 
of 18:2 (Me18"2). While 18:1 (Mel8:l) has four hydrogen 
atoms activated by a single n-electron system, 18:2 
(Me18:2) has two hydrogen atoms activated by two n- 
electron systems. Thus, the two hydrogen atoms activated 
by two n~electron systems will contribute to the high reac- 
tivity of 18:2 (Me18:2). As reported previously (12), the 
k 3 observed can be explained in terms of the pseudo-n- 
conjugation between the C=C double bond and the active 
hydrogen-carbon bond. 

The free acids 18:2, 18:3, 20:4n-6 and 22:6n-3 (or Me18:2, 
Me18:3, Me20:4n-6 and Me22:6n-3) have tw~ four, six and 
ten hydrogen atoms activated by two n-electron systems, 
respectively. The rate constants per active hydrogen 
(kab~JH's) are given in Table 1. In t-butanol, kabstr]H 
values for Me18:2, MeI8:3, Me20:4n-6 and Me22:6n-3 are 
similar. However, in micellar dispersion, kabstr/H 
decreases as the number of C=C double bond in 18:2, 18:3, 
20:4n-6 and 22:6n-3 increases. This could be explained as 
follows: The micelles contain Toc. and LH which have a 
polar "head" (-O. and -COOR, respectively) and a long 
hydrocarbon "taft". The polar "head" is located on the 
outer surface of the micelle facing the water phase Since 
the polar "head" of Toc. (-O-) cannot easily approach the 
hydrophobic end of the long hydrocarbon "tail" of LH in 
the micelles, the probability of a reaction occuring with an 

TABLE 1 

The k 3 Values and kabstr/H for the Reaction of Fatty Acid Derivatives with di-iPr-Toc -a 

Benzene b t-Butanol c Micelles d 

k3 kabstr/H k3 kabstr/H k3 kabstr]H 
M-is -1  M - l s - I  M-ls-Y M-is -1  M- is -1  M-Is-i 

18:0 < 10 -5  . . . . .  
18:1 1.04 X 10 -5  2.60 X 10 - 6  =10 -5  5.4 X 10 -2  1.3 X 10 -2  
18:2 1.82 X 10 -2  9.10 X 10 -3  1.01 X 10 -2  5.07 X 10 -3  2.4 X 10 -1  1.2 X 10 -1  
18:3 3.84 X 10 -2  9.60 X 10 -3  2.40 X 10 -2  6.00 X 10 -3  3.6 X 10 - I  8.9 X 10 -2  
20:4n-6 4.83 X 10 -2  8.05 X 10 -3  3.72 X 10 -2  6.20 X 10 -3  4.4 X 10 - i  7.4 X 10 -2  
22:6n-3 9.05 X 10 -2  9.05 X 10 -3  6.52 X 10 -2  6.50 X 10 -3  7.4 • 10 -1 7.4 X 10 -2  

aiPr, isoproply; Toc-, tocopheroxylradical. 
bReference 12, obtained for Et18:0, etc. 
cObtained for Mel8:0, etc. 
dObtained for 18:0, etc. 
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active hydrogen located near the tip of the "tail" is small. 
Accordingly, k,b.JH is not the same for 18:2, 18:3, 
20:4n-6 and 22:6n-3 in micellar dispersions. 

The idea that  the Toc- radicals and lipid chains within 
micelles are locally restricted may, of cours~ be somewhat 
simplistic, as micelles are dynamic structures. Also dif- 
fusion control between micelles might affect k 3 values 
hem especially for Tocs. with phytyl side chains. 

When LH and Toc- are contained in micelles, the actual 
local concentration of LH and Toc. are much larger than 
the nominal concentration of the solution. As a result, the 
apparent second-order rate constant k 3 (M-is -1) in 
micellar dispersions is larger than that  in homogeneous 
solutions. Since the specific gravity of Triton X-100 is close 
to that of water, and the concentration is 1.0% by weight, 
k 3 in miceUar dispersion must become larger than that 
in t-butanol by about two orders of magnitude However, 
as shown in Table 1, k3 in micellar dispersion is larger 
than that  in t-butanol by only one order of magnitude 
This supports our view tha t  the active site of Toc. (-O-) 
cannot easily access that  of LH (allylic hydrogen) which 
is concealed behind Triton X-100, which prevents Toc. 
from reacting with LH. 

The k 3 values of the reactions of Toc- with MelS:2 are 
given in Table 2 together with the rate constants for the 
antioxidant reaction of TocH with a phenoxyl, k,, {14,15, 
20-22}. Di-iPr-Toc. and di-iPr-8-Me-Toc, have prooxidant 
reactivity similar to that  of di-iPr~TocM, and di-iPr-8-Me- 
TocM-, respectively, in benzen~ As in the case of the an- 
tioxidant reaction (20), the effect of the phytyl side chain 
on the prooxidant activity is not very pronounced in 
homogeneous solution. 

In the antioxidant reaction, k s increases when going 
from TocH with a 6-membered heterocyclic ring to the cor- 
responding TocH with a 5-membered ring (di-iPr-TocM.< 
di-iPr~Toc5.). This can be explained in terms of an increase 
in orbital overlap between the 2p type lone pair on the 
ring oxygen and the aromatic n electrons (21). However, 
in the prooxidant reaction, di-iPr-TocM, having a 6-mem- 

T A B L E  2 

The k 3 Values for the Reactions of Tocopheruxyl Radical (Toc*) 
with 18:2 and k s Values for Tocopherol and its  Analogues.  

k3 

Benzene a Micelles b k s 
M-is-i M-is-i M-is-i 

di- iPr-Toc.  1.86 X 10 -2,c 2.4 X 10 -x  2.51 X 103'd 
di - iPr-TocM. 1.83 X 10 -2  9.5 X 10 -1  2.82 X 103'e 
di-iPr-8-Me-Toc* 3.27 X 10 -3  - -  4.43 X 103,f 
di-iPr-8-Me~TocM. 3.24 X 10 -3  - -  3.01 X 103~ 
di- iPr-Toc5.  2.01 X 10 -2  - -  5.40 X 103,h 
di-Et-Toc-  4.97 X 10 -2'c - -  1.97 X 103,a 
di-Et-8-Me~Toc- 3.69 X 10 - 2  - -  3.64 X 103,f 
d-a-Toc* =5 X 10 -2 ' i  - -  5.12 X l 0  ad 
Me~tBu-Toc *k 1.61 X 10 -2'c - -  2.97 X 103'd 
iPr - tBu-Toc-  1.10 X 10 -3'c - -  2.39 X 103~ 

=Obtained for Me18:2. 
bObtained for 18:2, 
CReference 12. 
dReference 14. 
eReference 20. 
/Reference 21. 

S-Unpublished data. 
hReference 15. 
iSinee d-a-Toe, is not stable, ex- 
perimental error is very large. 
]Reference 22. 
k5-Methyl-7-t-butyl-tocopherol. 

bered heterocyclic ring has a reactivity similar to that  
of di-iPr-Toc5, having a 5-membered ring. The effect of the 
heterocyclic ring on the prooxidant activity is not signifi- 
cant. 

Table 2 shows that the bulkier the substituent groups 
at the 5- and 7-positions of Toc-, the smaller k 3 [5-isc~ 
propyl-7-t-butyl-tocopheroxyl radical {iPr-tBu-Toc.) <di- 
iPr-Toc. <5,7-diethyl-tocopheroxyl radical (di-Et-Toc.} and 
di-iPr-8-Me-Toc.<di-Et-8-Me-Toc.<d-a-Toc-]. As reported 
previously {12), the pronounced substituent effect in the 
prooxidant reaction in homogeneous solution is due to the 
steric hindrance by the substituent groups at the 5- and 
7-positions. In contrast, the steric hindrance does not have 
a large influence on the antioxidant activity of TocH 
(14,15,20-22). 

Methylation at 8-position of Toc. decreases k3 (di-iPr- 
Toc �9 >di-iPr-8-Me-Toc �9 di-iPr-TocM �9 >di-iPr-8-Me-TocM -, 
and di-Et-Toc->di-Et-8-Me-Toc-), while methylation at 8- 
position of TocH increases k s (di-iPr-TocH<di-iPr-8-Me- 
TocH, di-iPr-TocHM<di-iPr-8-Me-TocHM and di-Et- 
TocH<di-Et-8-Me-TocHL Its methylation increases and 
decreases the antioxidant and prooxidant activities of 
TocH, respectively. In this context, it is suggestive that 
all natural TocH have a methyl group at 8-position. The 
increase in ks can be explained in terms of an increase in 
electron donating capacity of TocH and a charge transfer 
ability of the antioxidant reaction (21). At present, we can- 
not explain the decrease in k3 upon methylation, but the 
following possibilities exist. Firstly, methylation at the 
8oposition may stabilize Toc- and reduce prooxidant ac- 
tivity. Then since k a of di-iPr-8-Me-Toc. (di-iPr-8-Me- 
TocM.) is much smaller than that of di-iPr-Toc. (di-iPr- 
TocM-), methylation may increase steric hindrance by the 
substituent groups at the 7-position. Figures la and b 
show a schematic sketch of molecular structures of di-iPr ~ 
Toc- and di-iPr-8-Me~Toc ., respectively. By methylation at 
the 8-position, the active site of Toc. (-O.) is concealed 
behind two methyl groups of the isopropyl group at the 
7-position, which could prevent Toc. from reacting with 
LH. 

The effect of the phytyl side chain of Toc- on the pro- 
oxidant activity was exAmlned also in micellar dispersiol~ 
In benzene, the ks values of di-iPr-Toc- and di-iPr-TocM- 
are similar. However, in micellar dispersion, ks of di-iPr ~ 
Toc. is much smaller than k3 of di-iPr~TocM.. We believe 
t h a t  this  can be explained in terms of the 
structure of the micelles. Since the polar "head" of di-iPr- 
Toc. (-O.) can probably not gain easy access to the tip 
of the long hydrocarbon "tail" of LH in the micell~ the 

(a) (b) 

R 2 R2 

H\ Ri CHa c O/  R1 

/ \  I CH 3 
CH 3 CH 3 H 

FIG, 1. Molecular structures of di-iPr-Toc- (a) and di-iPr-8-Me-Toc- 
(b). Abbreviations as in Table 1. 
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TABLE 3 

The kle ~ Values obtained for the Reaction with di-iPr-Toco 
and ke~pd Data 

kleci kexpd 
M-Is-1 M-is-Y 

Benzene a 7.02 X 10 -3 2.07 • 10 -~ 
t-Butanol 4.95 X 10 -3 4.56 X 10 -3 
Micelle 1.0 • 10 -I 1.3 • 10 -I 

aReference 12. Abbreviations as in Table 1. 

4 
I 

I 

~3 
O 
O v- 

x 
2 

di-Et-Toc, d-~-Toc. 
O O 

di-Et-8-Me-Toc. 
O 

di-iPr- 
Toc5. 

di-iPr-TocM. O 
di-iPr-Toc. O O 

O Me-tBu-Toc. 

di-iPr- di-iPr- 

8-Me-TocM. 8-Me-Toc- 
�9 O O 0 i P r . t B u - T ~ -  ~ Q , , 

! 

0 ! 2 3 4 5 
ks/lO00 (M - i s -  1) 

FIG. 2. Plot of k 3 obtained in benzene v s .  k s. 

probability of the reaction of the active hydrogen located 
near the tip of the "taft" is small. However, this is not the 
case for di-iPr-TocM, which does not have a phytyl side 
chain and thus is more mobile in the micelles. Accordingly, 
k3 of di-iPr-TocM, is larger than that of di-iPr~Toc.. The ef- 
fects of the phytyl side chain on the mobility in heterogen- 
eous system, such as miceUe and membranes, have already 
been the subject of some experimental studies (1,23,24). 

It is interesting to examine whether or not the second- 
order rate constant of the hydrogen abstraction of egg yolk 
lecithin (k~r is the same as that  expected for the fat ty 
acid moieties of lecithin (h~xpd). The hie d values obtained 
in the reaction with di-iPr-Toc- in benzene, t-butanol and 
in micelles are given in Table 3 together with the k~pd 
data. The kexpd was calculated as described previously 
(12). The kexpd values in benzene, t-butanol and miceUar 
dispersion were estimated by the use of k 3 of Etl8:0, eta 
(12), Mel8:0, eta and 18:0, eta (Table 1), respectively. In 
t-butanol and micelles, k ~  is similar to the correspond- 
ing ke~pd. Steric hindrance between the two fat ty acid 
moieties of lecithin is unlikely to affect the kinetics. 
However, in benzene, k ~  is about 30% of the correspond- 
i ng  kexpd. Lecithins are prone to aggregate as reverse 
micelles in nonprotic solvents such as benzene (25,26), but 
not in t-butanol (25). Formation of reverse micelles pre- 
vents di-iPr-Toc, from reacting with the fatty acid moiety 
in benzene. 

I t  is desirable to compare ks and ha of various TocH in 
order to find useful antioxidants. Figure 2 shows a plot 
of k 3 obtained in benzene v s .  k s. A useful antioxidant 
should satisfy the requirement that  k s is large and h a is 
small. From Figure 2, it is suggested that di-iPr-Toc5* 
meets these criteria. TocH with bulky substituents at 5- 
and 7-positions and TocH with a methyl group at 8-posi- 
tion should also be useful. 

ACKNOWLEDGMENTS 
We thank Dr. Shim Urano of Tokyo Metropolitan Institute of Geron- 
tology and Eisal Ca, Ltd. for the generous gifts of di-Et-8-Me-TocH 
and d-a-TocH, respectively. We also thank Professor William A. Pryor 
of Louisiana State University and Prefessor Ren~ Martin of Univer- 
site de Nancy for valuable discussions. 

REFERENCES 
1. Burton, G.W., and Ingold, K.U. (1986) Aca Chem. Res. 19, 

194-201. 
2. Niki, E. (1989) Yuki Gosei Kagaku 47, 902-915. 
3. Barclay, L.R.C., Baskim K.A., Locke, S.J., and Vinqvist, M.R. 

(1989) Can- J. Chem. 67, 1366-1369. 
4. Pryor, W.A., Strickland, T., and Church, D.E (1988) J. Am. Chem. 

Soc 110, 2224-2229. 
5. Burton, G.W., and Ingold, K.U. (1981) J. Am. Chem. Sca 103, 

6472-6477. 
6. Niki, E., Kawakami, A., Saito, M., Yamamoto, Y., Tsuchiya, J., 

and Kamiya, Y. (1985) J. BioL Chem. 260, 2191-2196. 
7. Loury, M., Bloch, C., and Francois, R. (1966) Rev. Ft. Corps Gras 

13, 747-752. 
8. Terac~ J., and Matsushita, S. (1986) Lipids 21, 255-260. 
9. Mukai, K., Kohno, Y., and Ishizu, K. (1988) Biochern- Biophys. 

Res. Commun~ 155, 1046-1050. 
10. Nagaoka, S., Sawada, K., Fukumot~ Y., Nagashima, U., Kat- 

sumata, ~, and Mukai, K. (1992)J. Phys. Chem. 96, 6663-6668. 
11. Mukal, K., and Okauchi, Y. (1989) Lipids 24, 936-939. 
12. Nagaoka, S., Okanchi, Y., Urano, S., Nagashima, U., and Mukai, 

K. (1990)J. Am. Chem. Soc 112, 8921-8924. 
13. Muk~i~ K., Takarnatsn, K., and Ishizu, K. (1984) BulL Chem. Soa 

Jpn- 57, 3507-3510. 
14. Mukal, I~, Kageyama, Y., Ishida, T., and Fukuda, K. (1989) J. 

Org. Chem. 54, 552-556. 
15. Mukai, K., Okabe, K., and Hosose, H. (1989) J. Org. Chem. 54, 

557-560. 
16. Mukai, I~, Kikuchi, S~, and Urano, S. (1990) Biochim. Biophys. 

Acta 1035, 77-82. 
17. Urano, S, Hattori, Y., Yamanoi, S., and Matsuo, M. (1980) Chem. 

Pharm. Bull 28, 1992-1998. 
18. Mukai, K., Nishimura, M., and Kikuchi, S. (1991)I Biol. Chem. 

266, 274-278. 
19. Singleton, W.S., Gray, M.S., Brown, M.L., and White, J.L. (1965) 

J. Am. Oil Chem. Soc 42, 53-56. 
20. Mnkai: I~, Yokoyama, S, Fukuda, K., and Uemot~ Y. (1987) Bu/L 

Chem. Soc Jpn. 60, 2163-2167. 
21. Nagaoka, S., Kuranaka, A., Tsuboi, H., Nagashima, U., and 

Mukal, K. {1992)J. Phys. Chem. 96, 2754-2761. 
22. Mukal, K., Fukuda, K., Tajima, K., and Ishizu, K. (1988) J. Org. 

Chem. 53, 430-432. 
23. Fukuzawa, K., Chida, H., Tokumura, A., Tsukatani, H. (1981) 

Arch. Biochem. Biophys. 206, 173-180. 
24. Niki, E., Kawakami: A., Salto, M., Yamamoto, Y., Tsuchiya, J., 

Kamiya, Y. (1985)J. Biol. Chem. 260, 2191-2196. 
25. Barclay, I,R.C, MacNeil, J.M., VanKeesel, J., Forrest, B. J., Porter, 

N.A., Lehman, L.S., Smith, K.J., and Ellington, Jr., J.C. (1984) 
J. Am. Chem. Soc 106, 6740-6747. 

26. Lehman, L.S., and Porter, N.A. (1984) in Oxygen Radicals Chem. 
Biol. Proa, Int. Conf, 3rd (Bors, W., Saran, M., and Tait, D., eds.) 
pp. 281-284, de Gruyter and C(~, Berlin. 

[Received July 30, 1992, and in revised form April 13, 1993; 
Revision accepted June 9, 1993] 

LIPIDS, Vol. 28, no. 8 (1993) 



The Urinary Excretion of Thiobarbituric Acid Reactive Substances 
and Malondialdehyde by Normal Adult Males After Consuming 
a Diet Containing Salmon 
Gary J. Nelson a,*, Virginia C. Morris b, Peda C, Schmidt a and Orville Levander b 
awestern Human Nutrition Research Center, Agricultural Research Service, U.S. Department of Agriculture, Presidio 
of San Francisco, California 94129 and bBeltsville Human Nutrition Research Center, ARS, USDA, 
Beltsville, Maryland 20705 

757 

In this study we investigated the output of thiobarbituric 
acid reactive substances (TBARS) and malondialdehyde 
(MDA), as thiobarhituric acid (TBA)-MDA adduct, in the 
urine from subjects eating a diet in which the only source 
of n-3 long,chain, polyunsaturated fatty acids was fresh 
salmon. Nine healthy men, ages 30-65, were confined in 
the United States Department of Agriculture Western 
Human Nutrition Research Center, San Francisc~ CA, for 
100 d; food intake and exercise levels were controlled. All 
subjects were placed on a stabilization diet (StD) for 20 
d, then six were fed the salmon diet for 40 d. The others 
remained on the StD. The groups switched diets for the 
last 40 d. Both diets were isocaloric (16% protein, 54% CHO 
and 30% fat by energy %). The sRImon diet contained 7.5% 
of calories from n4} fatty acids (FAs) and 2% from n~3 FAs, 
primarily eicosapentaenoic acid and docosahexaenoic acid 
in a 50:60 rati~ while the StD contained 7.5% from n4} FAs 
and < 0.3% n-3 FAs (with presumably no significant 
amounts of C20 or C22 n-3 FAs). Twenty-four hour urinary 
output was collected, and 2% 3-d pool samples prepared 
for analysis of urinary TBARS and the TBA-MDA adduct. 
The total urinary output of each individual varied con- 
siderably, and on a daily basis the concentration of autoxi- 
dation products in an individual's urine varied als~ How- 
ever, the mean daily output (in ~moles TBA-MDA equiva- 
lents/day) at the end of the SAlmon diet feeding period was 
significantly greater (7.05 • 1.33 TBARS, P < 0.05; and 
7.07 • 1.73 TBA-MDA adduct, P < 0.01) compared to 
when the subjects were eating the StD (5.65 • 1.09 TBARS 
and 4.65 • 0.76 TBA-MDA adduct). When the TBARS 
and TBA-MDA adduct values were normalized relative to 
creatinine output (in nmoles TBA-MDA equivalents/~anole 
creatinine), the data achieved even greater statistical sig- 
nificence. The mean output of the group eating the salmon 
diet was 0.478 • 0.076 for TBARS (P < 0.01) and 0.476 • 
0.082 for the TBA-MDA adduct (P < 0.001) v& 0.345 • 
0.059 for TBARS and 0.283 ___ 0.041 for the TBA-MDA 
adduct when the subjects were consuming the StD. Thus, 
the consumption of cooked fish may increase one's ex- 
posure to MDA and other autoxidation products, com- 
pounds that may be carcinogenic or mutagenic. 
Lipids 28, 757-761 (1993). 

Fish oil supplements and diets containing fish have been 
purported to promote cardiovascular health and alleviate 

*To whom correspondence should be addresed at USDA, ARS, 
WHNRC, P.O. Box 29997, Presidio of San Francisco, San Francisco, 
CA 94129. 
Abbreviations: En%, energy percent; FA, fatty acid; HPLC high- 
performance liquid chromatography; MDA, malondialdehyde; RDA, 
Recommended Dietary Allowance; StD, stabilization diet; TBA, 
thiobarbituric acid; TBARS, thiobarbituric acid reactive substances; 
TMP, 1,1,3,3-tetramethoxy-propane. 

several other human afflictions, such as cancer, arthritis and 
psoriasis (1-5). Some investigators have questioned the ade- 
quacy of the antioxidant level in the typical Western diet 
if individuals start consuming increased amounts of n-3 
long, chain polyunsaturated fatty acids (FAs) (6-9). An 
experimental approach to answer this question was at~ 
tempted by Draper and colleagues (10) who measured the 
malondialdehyde (MDA) levels in urine from normal volun- 
teers who had consumed fish oil supplements. They found 
that MDA excretion in the urine was increased after con- 
sumption of a fish oil supplement but concluded that this 
increase was the result of autoxidation products in the sup- 
plement rather than an increased production of these sul> 
stances in viva They suggested that fish oil supplements 
that were not previously autoxidized do not necessarily in- 
crease the amount of MDA produced in vivo, although they 
did state that protracted consumption of n-3 FAs must be 
presumed to increase the vitamin E requirement. There is 
no comparable information about the excretion of lipid 
autoxidation products in the urine after consumption of 
fresh rib_ 

In a recent study (11,12) directed primarily toward the 
effect of a diet with increased n-3 polyunsaturated FAs on 
FA metabolism, blood lipids and platelet function, 24+h urine 
samples were collected and stored at -70~ (no urine was 
lost). The source of the n-3 long~hain polyunsaturated FAs 
in this study was fresh salmon rather than a fish oil sup- 
plement. The stored urine samples provided an opportunity 
to examine the excretion of thiobarbituric acid reactive 
substances (TBARS) and MDA in urine samples from hu- 
man volunteers eating a diet containing fresh risk The 
results of these analyses are reported hem 

MATERIALS AND METHODS 

Materials. All foods were purchased at local food markets. 
The salmon (Pacific, chinool~ Oncorhynchus tshawytscha) 
was purchased fresh from a seafood wholesale supply com- 
pany as a large batch from a single boat. I t  was frozen 
until used for meal preparations during the study. 

Subjects. Twelve volunteers, consisting of men between 
the ages of 30 and 65, were recruited from the West Coast. 
All volunteers were given complete physical examinations. 
Body weights had to be within -10 to +20% of ideal body 
weights using the Metropolitan Life Insurance Company 
tables (medium frame values from the 1983 edition). Evi- 
dence of existing illness or chronic disease was an exclu- 
sion criterion. Smoking, excessive alcohol consumption 
or evidence of narcotic abuse were also exclusionary. The 
physical characteristics of the final nine volunteers who 
completed the study were previously published {11). 

Experimental design. All the volunteers were confined 
to the Nutrition Research Unit of the Western Human 
Nutrition Research Center, San Francisc~ CA during the 
study. A crossover design was used. The subjects were 
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fed a stabilization diet (StD), containing less than 1% n-3 
long-chain, polyunsaturated FAs for twenty days. On day 
21 of the study, the subjects were divided into two groups. 
One. designated Group A, was then placed on the salmon 
diet for 40 d. The other group, designated Group B, r~ 
mained on the StD for forty more days. On day 61, the 
groups switched diets for the remaining 40 d of the study. 
Statistical comparisons of the measured parameters were 
made using day 20 as the baseline value for each subject 
in group A and day 60 for each subject in group B. Sub- 
jects served as their own controls. 

Diets. The diets consisted of foodstuffs accessible in 
grocery stores in San Francisc~ CA. No dietary supple- 
ments were given except a-tocopherol to bring the diet to 
200% of the Recommended Dietary Allowance (RDA) for 
this vitamin because diets containing large amounts of 
polyunsaturated FA may deplete the reserves of antioxi- 
dant nutrients. (A complete description of the diets, 
listing all the major and minor nutrients, is available upon 
request.) There was a five-day menu cycle used throughout 
the study. No alcohol was included in the diets. The diets 
were designed around a prudent diet concept of 30:55:15 
fat, carbohydrate and protein in energy percent (En%). The 
nutrient composition of the diet was calculated from a 
computerized nutrient data bank and adjusted to provide 
at least the RDA for known essential nutrients. Dietary 
quantities of saturated and n-6 FAs were held constant 
in these diets. The StD had less than 1% n-3 FAs (mostly 
as a-linoleuic acid) and approximately 50% monoun- 
saturated FAs (mostly oleic acid). The salmon diet had 
approximately 7.5% long-chain polyunsaturated n-3 FAs 
with a concomitant reduction in the level of monoun- 
saturated FAs. All participants were weighed every day, 
and the caloric value of their meals adjusted daily, if 
necessary, to maintain their weight within the design 
limits of the study (+2%). If all the intakes for each 
volunteer were averaged during the entire study, the mean 
energy intake was approximately 2800 KcaYd. As no two 
subjects ate the same amount of salmon each day, the 
amount of n-3 FAs is best expressed in terms of percent 
of calories per day rather than grams of n-3 FAs consumed 
per day. In this study each volunteer fed the salmon diet 
received 2.1% of his calories from long-chain, n-3 polyun- 
saturated FAs. If, for example, an individual in this study 
was receiving 3000 Kcal/d, he would have consumed about 
2.1 g of 20:5n-3, 0.8 g of 22:5n-3 and 3.0 g of 22:6n-3, or 
about 6 g/d of n-3 polyunsaturated FAs. 

Analysis of urinary TBARS, thiobarbituric acid 
(TBA)--MDA adduct and creatinina Urine samples were 
stored frozen at -70  ~ until thawed for analysis. Fresh 
aliquots were taken from the 3-d pools for each anal- 
ysis. TBARS were determined by the method of Buege 
and Aust (13). Aliquots of urine were added to the TBA 
reagent (0.375% TBA, 15% trichloroacetic acid, 0.25N 
HCI and 0.2% butylated hydroxytoluene). Samples and 
standards were heated in a water bath at 80~ for 30 
rain, cooled in ice water and centrifuged for 10 rain at 
1000 • g. Absorbance of the supernatant was read at 
535 nm, and the concentration of TBA-MDA equiva- 
lents was calculated from a standard curve derived 
from the acid hydrolysis of 1,1,3,3-tetramethoxypropane 
(TMP). 

Since the TBARS assay for human tissues and body 
fluids is subject to interference by substances other than 

MDA (14), a TBA test based on high-performance liquid 
chromatography (HPLC) was also used for comparison. 
The TBA-MDA adduct (assumed to Form in a 2:1 ratio, 
see Ref. 14) was determined by a modification of the 
method of Tatum et aL (15). Aliquots of urine were added 
to TBA reagent (0.27% TBA 0.13N HC1 and 0.2% 
butylated hydroxytoluene). Samples and standards were 
heated at 80~ for 30 rain, cooled, and centrifuged for 10 
min at 1000 • g. The TBA-MDA complex was extracted 
in butanol, mixed with 1/2 vol of methanol and injected 
into the HPLC. HPLC conditions were as follows: mobile 
phase. 1:1 (vol/vol) mixture of methanol and 0.05% 
tetrabutyl ammonium dihydrogen phosphate as the ion- 
pairing reagent; colnmn 5 ~ C18 reversed phase (Beckman 
Instruments, Fullerton, CA); flow rate, 1 ml,/min and 
detection, fluorimeter set at an excitation wavelength of 
550 nm. The TBA-MDA adduct was calculated from a 
standard of TMP carried through the same procedure~ 

Creatinine in the urine was measured by an alkaline 
picrate colorimetric procedure in a Centrifichem System 
600 (Baker Instruments, Allentown, PA) using reagents 
purchased from Trace America, Inc. (Miami, FL). 

Statistical analysis. The data were analyzed with a two- 
tailed, paired t-test. All statistical analyes were done with 
the PC SAS data system, Version 6.03 (SAS Institute, 
Chapel Hill, NC 1988). 

RESULTS 

Tables 1 and 2 give the results of the TBARS test and 
the TBA-MDA adduct analyses (in ~moles TBA-MDA 
equivalents/day}, respectively, for the nine subjects who 
completed this study. The total urinary output of each 
individual varied considerably, consequently the daily con- 
centration of autoxidation products in the urine also 
varied. Despite this variation, the mean daily output of 
oxidation products at the end of the salmon diet feeding 
period was significantly greater {approximately 20% for 
the TBARS and 50% for TBA-MDA adduct) than the out- 
put of these substances when the subjects were eating the 
StD. The TBARS test combined means were significantly 
different at the P < 0.05 level while the TBA-MDA ad- 
duct means were significantly different at the P < 0.01 
level. 

When the TBARS test and the TBA-MDA adduct 
values were normalized relative to the creatinine content 
of the urine {moles TBA-MDA equivalents/l~mole creati- 
nine), the data achieved greater statistical significance 
This is shown in Tables 3 and 4 for the TBARS test and 
the TBA-MDA adduct, respectively. Combined mean 
urinary output for all subjects on the salmon diet was 50% 
greater for the TBARS test (P < 0.01) and 75% percent 
greater for the TBA-MDA adduct analysis (P < 0.001) 
than the combined means before the subjects consumed 
the salmon diet for forty days. 

The above results were obtained using the combined 
data from Groups A (n = 6) and B (n = 3) to give a total 
n of nine for the study. As this was a crossover study, 
Group A returned to the stabilization diet for the last 40 
d of the study. It is apparent from the tables that  both 
the TBARS and TBA-MDA adduct values for Group A 
in the urine at day 100 of the study had returned to their 
pre-salmon feeding values (day 20). For Group A the day 
100 values for the TBARS test {Table 1) were lower than 
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TABLE 1 

Analysis of TBARS in Urine o f  S u b j e c t s  C o n s u m i n g  Salmon a 

759 

Subject Group 

End of 
Baseline intervention 

(day 20 Group A {day 60 Group A End of study 
and day 60 Group B) and day 100 Group B) (day 100) 

(~maoles TBA-MDA equivalents/day) 

1 A 4.27 7.86 4.62 
2 A 6.21 7.54 3.31 
3 A 7.15 6.40 4.26 
4 A 6.85 8.87 6.80 

11 A 4.97 6.28 4.78 
12 A 6.75 7.32 4.78 

Means • SD, Group A 6.03 • 1.16 7.38 • 0.96 4.76 • 

5 B 4.78 7.99 --  
8 B 4.82 4.23 - -  

10 B 5.26 6.98 - -  

M e a n s  • SD, Group B 4.95 • 0.27 6.40 • 1.95 - -  

C o m b i n e d  means • SD 5.65 • 1.09 7.05 • 1.33 --  

1.14  

=Differences between the combined means, using baseline day 20 and end day 60 for Group A and baseline 
day 60 and end day 100 for Group B, were significant at the P < 0.05 level. Abbreviations: TBARS, thiobar- 
bituric acid reactive substances; TBA, thiobarbituric acid; MDA, malondialdehyde. 

the 20 day values, but this difference vanished when the 
TBARS values were normalized relative to daffy creatinine 
output {Table 3). 

DISCUSSION 

It has been established that increased MDA ingestion 
from oxidized fish oil increases the excretion of MDA in 
the urine {10,16,17). The work presented here shows that 
the ingestion of cooked fish containing n-3 long-chain 
polyunsaturated FAs increases the excretion of both 
TBARS and MDA in the urine Both methods used to 
measure MDA in the urine {the colorimetric TBARS test 
and the fluorimetric HPLC determination of the TBA- 
MDA adduct) gave essentially the same results when the 

sub jec t s  were c o n s u m i n g  the  sa lmon  diet ,  b u t  t he  T B A R S  
t e s t  y i e lded  s o m e w h a t  h igher  va lues  t h a n  the  T B A - M D A  
a d d u c t  d e t e r m i n a t i o n  while  the  sub j ec t s  were fed the  S t D  
diet .  Th i s  s u g g e s t s  t he  p resence  of i n t e r f e r ing  s u b s t a n c e s  
in  t h e  u r ine  w h e n  t h e  s u b j e c t s  were  fed  t h e  S t ] )  d ie t .  
U n d e r  these  condi t ions ,  therefor~ m e a s u r e m e n t  of u r i n a r y  
M D A  b y  H P L C  of t h e  T B A - M D A  a d d u c t  is  more  ac- 
c u r a t e  t h a n  t h e  T B A R S  tes t .  K o s u g i  et  aL (18) r e p o r t e d  
t h a t  H P L C  s e p a r a t i o n  was  n e c e s s a r y  for a c c u r a t e  quan-  
t i t a t i o n  of t h e  r ed  p i g m e n t  f o r m e d  in t h e  T B A  a s s a y  of 
h u m a n  u r i n e  

The  q u a n t i t y  of M D A  excre ted  da i ly  in  t he  u r ine  b y  our  
N o r t h  A m e r i c a n  ma le  s u b j e c t s  {eight Caucas i ans  a n d  one 
As ian )  agrees  c lose ly  w i t h  t h e  a m o u n t s  found  r e c e n t l y  in  
t h e  u r ine  of J a p a n e s e  s u b j e c t s  when  e x p r e s s e d  on  a b o d y  

TABLE 2 

A n a l y s i s  of TBA-MDA Adduct in Urine of Subjects Consuming Salmon = 

Subject Group 

End of 
Baseline intervention 

(day 20 Group A (day 60 Group A 
and day 60 Group B) and day 100 Group B) 

End of study 
(day 100) 

(~moles TBA-MDA equivalents/day) 

1 A 4.40 9.96 
2 A 4.02 7.32 
3 A 5.31 6.73 
4 A 5.53 7.86 
Ii A 4.12 6.11 
12 A 6.00 6.98 

Means • SD, Group A 4.90 • 0.83 7.49 • 1.34 

5 B 4.00 8.45 
8 B 4.32 3.65 

10 B 4.13 6.58 

Means • SD, Group B 4.15 • 0.16 6.23 • 2.42 

Combined means • SD 4.65 • 0.76 7.07 • 1.73 

4.72 
4.35 
4.09 
6.60 
3.81 
3.27 

4.76 • 1.14 

=Differences between the combined means, using baseline day 20 and end day 60 for Group A and baseline 
day 60 and end day 100 for Group B, were significant at the P < 0.01 level. See Table I for abbreviations. 
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T A B L E  3 

A n a l y s i s  of  T B A R S  in Urine  of Subjec t s  C o n s u m i n g  Sa l mon  s 

End of 
Baseline intervention 

(day 20 Group A (day 60 Group A End of study 
Subject Group and day 60 Group B) and day 100 Group B) (day 100) 

(nmoles TBA-MDA equivalents//~mol creatinine) 

1 A 0.285 0.414 0.260 
2 A 0.458 0.534 0.264 
3 A 0.344 0.471 0.323 
4 A 0.290 0.490 0.267 

11 A 0.337 0.477 0.314 
12 A 0.415 0.600 0.447 

Means _ SD, Group A 0.354 + 0.069 0.498 + 0.063 0.312 + 0.071 

5 B 0.368 0.478 -- 
8 B 0.310 0.329 -- 

10 B 0.301 0.512 -- 

Means ___ SD, Group B 0.326 + 0.036 0.439 + 0.097 -- 

Combined means _+ SD 0.345 + 0.059 0.478 + 0.076 -- 

aDifferences between the combined means, using baseline day 20 and end day 60 for Group A and baseline 
day 60 and end day 100 for Group B, were significant at the P < 0.01 level. See Table 1 for abbreviations. 

weight basis. Our subjects (mean of 84 • 13 kg, see Ref. 
11) excre ted  55 and  84 nmoles  of T B A - M D A  
equivalents/kg/day when fed the stabilization and salmon 
diets, respectively (HPLC analysis of TBA-MDA ad- 
duct). Twelve healthy Japanese subjects (six males and 
six females with an overall mean body weight of 53 kg) 
excreted from 26 to 95 nmoles of red pigment/kg/day 
(TBA-reactive material in urine separated by HPLC, see 
Ref. 18). 

MDA is a mutagen in the Ames test (19) and is thought  
to be a carcinogen (20). However, because ingested MDA 
usually becomes conjugated to lysine during the absorl~ 
tion process (16), it may not be as hazardous as MDA pro- 
duced in vivo from n-3 long-chain polyunsaturated FAs. 
Thus, the question arises whether the MDA found in the 
urine of these subjects was produced in vivo or in the cook- 

ing process before the fish was eaten. Siu and Draper (21) 
have suggested that  less than 10% of the ingested MDA 
is excreted in the urine Unfortunately, no measurements 
of the MDA content of the cooked fish were made in this 
s tudy  so tha t  the endogenous or exogenous origin of the 
TBARS and MDA excreted in the urine cannot be 
established with any certainty. However, we believe that  
it is unlikely tha t  the MDA was present in the fresh fish 
as it was kept frozen at - 2 0 ~  until it was ready for cook- 
ing. (Commercial salmon fishing boats  usually keep the 
fish alive in salt water or packed in ice until they dock. 
The fish in this s tudy  were filleted and frozen at a dock- 
side processing plant within hours of docking.) Alsa  the 
fish fillets were not flame exposed during cooking to 
minimize oxidation. Fish, because of its high water con- 
tent and low fat content, cooks internally at  100~ or less, 

TABLE 4 

A n a l y s i s  of  T B A - M D A  A d d u c t  in Urine  of Subjec t s  C o n s u m i n g  Sa l mon  = 

End of 
Baseline intervention 

(day 20 Group A (day 60 Group A End of study 
Subject Group and day 60 Group B) and day 100 Group B) (day 100) 

(nmoles TBA-MDA equivalents/banol creatinine) 

1 A 0 .294  0 .524  0 .266  
2 A 0 .297  0 .518  0 .348  
3 A 0 .256  0 .495  0 .310  
4 A 0 .234  0 .435  0 .259  

11 A 0 .279  0 .465  0 .250  
12 A 0 .369  0 .572  0 .395  

M e a n s  _+ SD,  Group A 0 .288  --4-- 0 .046  0 .501 + 0 .048  0 .305  +-- 0 .058  

5 B 0 .308  0 .506  - -  
8 B 0 .278  0 .284  - -  

10 B 0 .236  0 .483  - -  

Means  +_ SD,  Group B 0 .274  + 0 .036  0 .424  +_ 0 .122  - -  

Combined  m e a n s  + S D  0 .283  - 0 .041  0 .476  --+ 0 .082  - -  

=Differences between the combined means, using baseline day 20 and end day 60 for Group A and baseline 
day 60 and end day 100 for Group B, were significant at the P < 0.001 level. See Table i for abbreviations. 
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largely independent of the set cooking temperature. I t  
should be noted also tha t  the diet contained twice the 
RDA of tocopherol. Work by Draper and colleagues (8,10) 
and others (22,23) suggests that  added tocopherol will sup- 
press the oxidation of long-chain polyunsaturated FAs in 
vivo. Als(~ as it  is known tha t  the amount  of free MDA 
in the diet, plasma and urine is negligibl~ the mutagenici- 
ty  and carcinogenicity of dietary MDA may not  be a ma- 
jor problem. The lysine adduct of MDA, the form in which 
it  is absorbed, is nonmutagenia  This does not  mean, how- 
ever, tha t  dietary n-3 FAs cannot be potential  risk factors 
because they could lead to increased lipid peroxidation in 
v i v a  The peroxides could then produce MDA in tissues 
where it  could react with cellular DNA. 

Kaasgaard et  al. (24) reported tha t  livers from Cynomol- 
gus monkeys after feeding menhaden oil showed variable 
but  increased lipofuscin levels despite a diet tha t  had been 
supplemented with a fourfold excess of tocopherol. This 
suggests tha t  excess tocopherol at  tha t  level may not halt 
lipid peroxidation in vivo. 

The subjects in this s tudy may have either ingested or 
produced much more MDA than was detected in the urine 
if the speculation of Sin and Draper  (21) concerning the 
small percent  of MDA excreted in urine is correct. 
Whether  the increased excretion of TBARS and MDA 
found here indicates any adverse health consequence re~ 
lated to consumption of food containing n-3 polyun- 
sa turated FAs remains to be determined. However, none 
of the subjects in this short  te rm s tudy showed any 
adverse effects ascribable to lipid oxidation. Their in v i tro 
platelet aggregation as measured by sensitivity to adeno- 
sine diphosphate and arachidonic acid was reduced, and 
their  in v i vo  bleeding t imes were unchanged. The total  
serum cholesterol was unchanged bu t  their very low den- 
si ty lipoprotein and triglycerides levels were reduced and 
their high-density lipoprotein cholesterol level went up 
significantly. Their risk factor profile was in fact healthier 
at  the end of the s tudy by the usual criteria, such as lipid 
profiles, platelet function, e ta  The complete report  on the 
health parameters  studied in the volunteers is found in 
References 11 and 12. If  subsequent work does show that  
the increased ur inary excretion of lipid peroxidation by- 
products  is the result of in v ivo  processes, increased in- 
take of antioxidant nutrients,  preferably through dietary 
food sources containing these compounds, may be war- 
ranted. 
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Novel Brominated Phospholipid Fatty Acids from the Caribbean 
Sponge Agelas sp. 
N6stor M. Carballeira* and Anastacio Emiliano 
Department of Chemistry, University of Puerto Rico, Rio Piedras, Puerto Rico 00931 

The very long-chain fatty acids, (5E,9Z)~bromo-5,~tetra- 
cosadienoic, (5E,9Z)4~brom~23-methyl~5,~tetracosadienoic, 
(5E,9Z)~brom~5,~pentacosadienoic and (5E,9Z)~brom~ 
24-methyl-5,~pentacosadienoic acids, were identified in the 
phospholipids (mainly phosphatidylethanolamine) of the 
sponge Agelas sp. Structure elucidation was accomplished 
by means of mass spectrometry and chemical transforma- 
tions, including deuteration with Wilkin~on's catalyst. All 
of the sterols from the sponge had the A5,7 nucleus, with 
24-methylcholesta-5,7,22-trien~3(kol (ergosterol) and 24-ethyl- 
cholesta-5,7,22-trien-3/3~l being the most abundant. 
Lipids 28, 763-766 {1993). 

Phospholipids with brominated fatty acids are particularly 
rare in nature Only two reports of naturaUy~ccurring 
phespholipid brominated fatty acids have appeared and both 
were concerned with sponges. Two heptacosadienoic acids 
with the rare 5,9<Uene pattern, isohnteiso methyl branching, 
and the bromovinyl function were isolated from the marine 
sponges Petrosia ficiformis and Petrosia hebes (I). Likewise, 
the long-chain fatty acid (5E,9Z}-6-bromo-5,9-hexacosadi- 
enoic acid (3a) was also isolated from the phospholipids of 
a Hymeniacidonid sponge (2). It is significant to note that 
all of these fatty acids were found principally in phospha- 
tidylethanolamine (PE) and that the bromine atom was al- 
ways found at the vinylic carbon 6-position of the 5,9-diene 

HO 5 6 
9 10 

functionality of the demospongic acid, regardless of carbon 
chain length or methyl branching. 

These brominated phospholipid fatty acids in marine 
sponges are of particular interest, as the number of hal~ 
genated fatty acids found in marine organisms is extremely 
small in comparison with the number of halogenated secon- 
dary metabolites reported to date (2). A few other free 
halogenated long-chain fatty acids have been reported in the 
marine environment. Six fatty acid chlorohydrins of palmitic 
and stearic acids (mainly with the combinations 9-chloro- 
10-hydroxy and 10-chlor~9-hydroxy) were found in the total 
lipids of the jellyfish A. aur/ta (3). This finding was followed 
by the elegant work of Schmitz and Gopichand (4), who 
isolated (7E,13~,15Z)-I 4,16<librem~7,13,15-hexadecatrien-5- 
ynoic acid f~om the marine sponge Xestospongia rnuta, the 
first dibrominated straight-chain acetylenic acid from a 
sponge Other examples include a monobrominated straight- 
chain C~s bisacetylenic acid from X. testudinar/a (5) and six 
mon~ and dibrominated straight-chain unsaturated Cs, C16 
and C~8 acids from the same genus (6). Although all of the 
latter reports are on free fatty acids, the only halogenated 
fatty acids in phospholipids have been found in sponges. 

In our present work we wish to report the isolation and 
structural elucidation of four new brominated phospholipid 
fatty acid~ namely (5E,9Z)~'rbrem~5,9-tetracosadienoic acid 
(la), (5E,gZ)-6-brom~5,9-pentacesadienoic acid (2a), (5E,9Z)- 
6-brom~2~methyl-5,9-tetracesadienoic acid (2b) and (5E,9Z~ 
6-brom~24-methyl-5,9-pentacosadienoic acid (3b), from the 
phespholipids of an Agelas Sll, which was collected during 
a recent expedition to Mona Island, Puerto Rica We also 
wish to report the unusual sterol composition of this sponge 

la n=13 

2a n=14 

3a n=15 

i01 H .Br 

2b n=12 

3b n=13 
SCHEME 1 

*To whom correspondence should be addressed at Department of 
Chemistry, University of Puerto Rico, P.O. Box 23346, San Juan, 
Puerto Rico 00931-3346. 
Abbreviations: ECL, equivalent chain length; GC/MS, gas chroma- 
tography/mass spectrometry; FTIR, Fourier transform infrared spe~ 
troscopy; NMR, nuclear magnetic resonance; PE, phosphatidyl- 
ethanolamine; TLC, thin-layer chromatography. 

EXPERIMENTAL PROCEDURES 

Agelas sp. was collected August 1, 1992, near Mona Is- 
land, Puerto Rico, at a depth of 25 m. The sponge was 
freeze-dried in a Labconco Freeze Dryer 4.5 {Model 77510; 
Kansas City, MO). The sponge (36 g) was carefully cleaned 
of all nonsponge debris and cut into small pieces. Extrac- 
tion with 250 mL of chloroform/methanol {1:1, vol/vol) 
yielded the total lipids. The neutral lipids, glycolipids and 
phospholipids (20 rag) were separated by column chroma- 
tography on silica gel {60-200 mesh) using the procedure 
of Privett et aL (7). The phospholipid classes were frac- 
tionated by thin-layer chromatography (TLC) using silica 
gel 60 and chloroform]methanol]NH4OH (65:35:5, by vol) 
as solvent. The fatty acyl components of the phospho- 
lipids were obtained as their methyl esters by reaction of 
the phospholipids with methanolic hydrogen chloride (8) 
followed by column chromatographic purification and elu- 
tion with hexane]diethyl ether (9:1, vol/vol). The resulting 
methyl esters were analyzed by gas chromatography/mass 
spectrometry (GC/MS) using a Hewlett-Packard 59970 
MS ChemStation (Hewlett-Packard, Palo Alt~ CA) equip- 
ped with a 30 m X 0.32 mm nonpolar fused silica column 
(Supelc~ Bellefonte, PA) with SPBTM-1 as the bonded 
phase GC/Fourier transform infrared (FTIR) spectra were 
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recorded on a Nicolet (Madison, WI) 740 FTIR spec- 
trometer. For the location of double bonds, pyrrolidides 
were prepared by direct treatment of the methyl esters 
with pyrrolidine/acetic acid (10:1, vol/vol) in a capped vial 
(2 h at 100~ followed by ethereal extraction from the 
acidified solution and purification by preparative TLC (9). 
The double bond position of the monoenoic acids was 
elucidated by preparing the corresponding dlmethyl di- 
sulfide derivatives by dissolving the esters (2 mg) in di- 
methyldisulfide {0.2 mL) and adding a solution (0.05 mL) 
of iodine in diethyl ether {60 mg/mL) and heating the solu- 
tion at 50~ for 24 h, followed by the standard work-up 
(10). Hydrogenations were carried out in 10 mL of abso- 
lute methanol in the presence of catalytic amounts 
of platinum oxide (PtO2). Deuterations were also carried 
out in 10 mL of methanol in the presence of catalytic 
amounts of Wilkiuson's catalyst [RhCl{PPhs)s]. Deu- 
terium was obtained from the reaction of sodium and 
D20. Spectral data for the key fatty acids for this discus- 
sion follows. 

Methyl (5E,gZ)-6-bromo-5,9-tetracosadienoat~ MS (70 
eV) m/z (relative intensity), 377(M+-Br, 5.3), 236(4), 13.00 
221{3), 204(3), 179(6.7), 177(2.9), 167{5.8), 161{10.7), 13.61 
159(10.3), 149(14.7), 147(8.9), 141(9), 139(10), 135(14.3), 13.73 
133(7.2), 131(7.3), 123(16), 121(11), 119)13), 111(16.8), 14.00 
109(22.9), 107(12.8), 105(14), 97(37.6), 95{38), 91(27), 85(20), 14.65 
83(47), 81(56), 79(43), 74(35), 71(46), 69(81), 67(42). 14.72 

15.00 N-(5E,9Z)-6-bromotetracosa-5,9-dienoylpyrrolidine MS 15.45 
(70 eV) rn/z (relative intensity), 497(C28Hs0NOBr +, 0.1), 15.63 

495(0.1), 416(M+-Br, 18), 260(15.2), 258(C~lH17NOBr +, 15.73 
13.5), 180(CnH~sNO +, 5.3), 126(9.5), 113(100), 98(25), 16.00 
85(13.7). 16.35 

Methyl (5E,gz)-6-bmmo-23-methyl-5,9-tetracosadieno- 16.45 
16.64 ate. MS (70 eV) rn/z (relative intensity), 391(M+-Br, 9.1), 16.71 

359(M+-Br-CH3OH, 3.8), 250 (8.5), 221(3.3), 179(4.2), 17.00 
177(3.2), 167(4.9), 161(13), 159(13), 149(17), 147(10), 17.76 
141(18), 139(22), 135(16), 133(11), 131(5), 121(16), 119(16), 17.90 
111(16), 109(24), 107(18), 105(13), 97(38), 95i35), 91(25), 18.00 
85(17), 83(50), 81(70), 79(59), 74(33), 71(31), 69(66), 67(60). 18:43 

N-(5E,9Z)-6-bromo- 23-methyltetracosa-5,9-dienoylpyr- 18.62 18.83 
rolidine. MS (70 eV) m/z (relative intensity), 511(C29Hs2- 19.00 
NOBr +, 0.18), 509(0.16), 430(M+-Br, 24), 260(14.5), 19.32 
258(C~H17NOBr +, 14.5), 180(CnH18NO +, 5), 126(7.2), 20.00 
113(100), 98(25), 85(14). 20.62 

Methyl (5E,gZ)-6-brom~5,9-pentacosadienoate. MS (70 20.71 
eV) m/z (relative intensity), 391(M+-Br, 9), 359(M+-Br - 21.0o 21.64 
CHsOH, 4.1), 250(7.3), 221(4.1), 179(4.1), 177(4.8), 22.00 
167(4.2), 161(14), 159(14), 149(11), 147(13), 141(16), 139(17), 22.61 
135(14), 133(8), 131(5), 121(12), 119(14), 111(12), 109(23), 22.72 
107(19), 105(12), 97(30), 95(26), 91(18), 85(14), 83(38), 23.53 
81(58), 79(55), 74(26), 71(26), 69(51), 67(51). 24.16 

24.51 N-(5E,9Z)-6-bromopentacosa-5,9~dienoylpyrrolidine MS 25.50 
(70 eV) m/z (relative intensity), 511(C29Hs2NOBr +, 0.38), 25.90 
509(0.26), 430(M+-Br, 42), 260(22), 258(CllH17NOBr +, 26.53 
21), 180(Cl~HIsNO +, 7), 126(7.6), 113(100), 98(32), 
85(16). 26.92 

Methyl (sE,gz)-6-brom(~24-methyl-5,9-pentacosadieno- 27.20 
ate  MS (70 eV) m/z (relative intensity), 405(M+-Br, 5.5), 27.52 
373(M+-Br-CH3OH,1) 331(1.6), 264(4.4), 191(3.6), 179i3), 27.90 
177(4), 167(2), 161(8.8), 159(8.6), 149(9.6), 147(7.5), 141(14), 
139(11), 135(11), 133(5.7), 131(5.6), 121(12), 119(7.9), 
111(21.6), 109(25), 107(9), 105(14), 97(47), 95(38), 91(14), 
85(22), 83(55), 81(53), 79(44), 74(21), 71(45), 69(61), 67(46). 

N-I5E,gZ)-6-bromo-24-methylpentacosa-5,9-dienoylpy- 

rrolidinr MS (70 eV) m/z (relative intensity), 525(C30H54 - 

NOBr +, 0.1), 523(0.1), 444(M+-Br,17), 260(13), 258(Cll- 
H17NOBr +, 16), 180(CnH18NO +, 5.4), 126{6.7), 113(100), 
98{20), 85(11.7). 

RESULTS AND DISCUSSION 
The principal phospholipid from Agelas Sl~ was identified 
by TLC as PE, but small amounts of phosphatidylserinr 
phoshatidylinositol and phosphatidylcholine were also 
detected. The major fatty acids from the phospholipids 
of the sponge were identified in the standard way from 
the GC equivalent chain length values (ECL) and electron 
impact mass spectra of the methyl esters and the N-acyl- 
pyrrolidides. The complete list of fatty acids identified is 
shown in Table 1. Branched-chain fatty acids (particularly 

TABLE 1 
Principal Phospholipid Fatty Acids from Agelas sp. a 

Abundance 
ECL b Fatty acid wt%) 

Tridecanoic (13:0) 6.2 
12-Methyltridecanoic (i-14:0) 2.7 
11-Methyltridecanoic (ai-14:0) 0.5 
Tetradecanoic (14:0) 2.9 
13-Methyltetradecanoic (i-15:0) 6.4 
12-Methyltetradecanoic (ai-15:0) 3.6 
Pentadecanoic (15:0) 1.3 
Methylpentadecanoic (16:0) 0.7 
14-Methylpentadecanoic (i-16:0) 1.6 
9-Hexadecenoic (16:1) 1.7 
Hexadecanoic (16:0) 6.5 
15-Methyl-9-hexadecenoic (17:1) 5.9 
Methylhexadecanoic (17:0) 5.8 
15-Methylhexadecanoic (i-17:0) 2.8 
14-Methylhexadecanoic (ai-17:0) 1.3 
Heptadecanoic (17:0) 1.1 
3,7,11,15-Tetramethylhexadecanoic (20:0) 9.6 
11-Octadecenoic (18:1) 0.5 
Octadecanoic (18:0) 3.6 
Methyloctadecanoic (19:0) 5.2 
17-Methyloctadeeanoic (i-19:0) 0.5 
11-Nonadecenoic (19:1) 2.4 
Nonadecanoic (19:0) 0.6 
5,8,11,14-Eicosatetraenoic (20:4) 3.3 
Eicosanoic (20:0) 5.2 
19-Methyleicosanoic (i-21:0) 1.4 
18-Methyleicosanoic (ai-21:0) 2.1 
Heneicosanoic (21:0) 2.8 
20-Methylheneicosanoic (i-22:0) 0.3 
Docosanoic (22:0) 0.6 
21-Methyldocosanoic (i-23:0) 0.4 
20-Methyldocosanoic (ai-23:0) 0.5 
5,9-Tetracosadienoic (24:2) 0.6 
23-Methyl-5,9-tetracosadienoic (i-25:2) 1.8 
5,9-Pentacosadienoic (25:2) 0.6 
5,9-Hexacosadienoic (26:2) 0.6 
6- Bromo- 5,9-tetracosadienoic (24:2)* 0.5 
6-Bromo-23-methyl-5,9-tetracosadienoic 
(i-25:2) c 1.8 
6-Bromo-5,9-pentacosadienoic (25:2) c 1.4 
2-Hydroxyhexacosanoic (h-26:0) 0.8 
6-Bromo-24-methyl-5,9-pentacosadienoic 
(i-26:2) c 0.4 
6-Bromo-5,9-hexacosadienoic (26:2) 0.3 

aThe aldehyde heneicosanal (21:0) was also identified in the mixture 
(1.2%). 
bEquivalent chain length (ECL) values are those of the methyl 
esters of the acids. 
CThese acids have not been described before in nature. 
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iso/anteiso) were predominant in the mixture, accounting 
for up to 56% of the total fat ty acid composition. Of in- 
terest are the large amounts in this particular sponge of 
tridecanoic acid (13:0), which is not a common fatty acid 
in most sponges. Phytanic acid, namely 3,7,11,15-tetra- 
methylhexadecanoic acid (20:0), was also observed in the 
mixture as the most abundant fatty acid {10%}; no other 
isoprenoid fatty acid was detected in the sponge, The main 
demospongic fatty acids in the sponge, i.a, those with the 
A5,9 diene function, were characterized as 5,9-tetraco- 
sadienoic acid, 5,9-pentacosadienoic acid and 5,9-hexaco- 
sadienoic acid. I t  is interesting to note that the recently 
discovered 23-methyl-5,9-tetracosadienoic acid was also 
identified in the mixture (2% relative abundance}. The 
complete characterization of all of these fatty acids has 
been previously described (11). 

The most interesting fatty acids in the sponge were a 
series of five brominated A5,9 demospongic acids. One of 
the fatty acids was identified as the 6-bromo-5,9-hexa- 
cosadienoic acid (3a}, as confirmed by comparing its spec- 
tral data with that published in the literature (2). The 
other four brominated fatty acids in the phospholipids of 
Agelas sp. were further characterized as the correspon- 
ding 6-bromo derivatives of the principal demospongic 
acids present in the sponge~ All of the brominated fatty 
acids showed similar spectral characteristics. The main 
feature of the ~H nuclear magnetic resonance (NMR) 
spectrum was the presence of multiplets between 5.32 and 
5.41 ppm for the C-9 and C-10 hydrogens, while the C-5 
hydrogen was observed further downfield as a triplet at 
5.84 ppm, due to the electronegative vicinal bromine at 
C-6. The GC/MS of the brominated fatty acid methyl 
esters showed strong mass spectral peaks at m/z 74 (due 
to the McLafferty rearrangement typical of fatty acid 
methyl esters) and M+-79 peaks as molecular ions, in- 
dicating facile loss of bromine under electron impact. 

r n / z  2 5 8 ,  260 

i .vzlao ~ ,  
i I 

2b 

The GC/MS of the corresponding brominated fatty acid 
pyrrolidides was critical for identifying the position of the 
bromine substituent. For example, N-(5E,9Z)-6-bromo- 
23-methyltetracosa-5,9-dienoylpyrrolidine (2b) afforded 
molecular ion peaks as doublets of equal intensity at m/z 
511 and rnYz 509, indicating the presence of bromine, and 
a strong peak at rn/z 430 due to the loss of bromin~ Similar 
peaks were observed for the pyrrolidides of the other fatty 
acids, differing by 14 amu depending on the chain-length. 
However, common to all of these pyrrolidides was a base 
peak at m/z 113 due to McLafferty rearrangment, a peak 
not so prominent at m/z 180, which corresponded to a dou- 
ble allylic fragmentation between C-6 and C-9 with the 
loss of bromine, and a strong doublet of equal intensity 
at m/z 258 and m/z 260 due to the same fragmentation 
with the bromine substituent intact (Figs. 1 and 2). This 
information limited the point of attachment of the bro- 
mine between C-1 and C-7. 

Catalytic hydrogenation (PtO2) of the brominated 
methyl esters yielded the corresponding saturated fatty 
acids. For example, 6-bromo-5,9-tetracosadienoic acid af- 
forded tetracosanoic acid, 6-bromo-23-methyl-5,9-tetra- 
cosadienoic acid afforded 23-methyltetracosanoic acid, eta 
It was then possible to calculate the corresponding ECL 
values for these methyl esters, and to locate the branching 
in the original molecules. For example, 23-methyltetra- 
cosanoic acid afforded an ECL value of 24.66 and 24- 
methylpentacosanoic acid, resulting from the hydrogena- 
tion of 6-bromo-24-methyl-5,9-pentacosadienoic acid, af- 
forded an ECL value of 25.60. Therefore, the methyl 
branching in the original fatty acids is located at the 
penultimate carbon, corresponding to the iso-isomer. This 
methyl substitution was confirmed by GC co-injection 
with authentic samples. 

The exact location of the bromine substituent was con- 
firmed by deuteration of the pyrrolidides utilizing Wilkln- 
son's catalyst [RhCI(PPh3)3] in methanol in order to avoid 
deuterium scrambling {Fig. 1). Five deuteriums were in- 
corporated into the brominated fatty acid pyrrolidides. In 
all of the deuterated fatty acid pyrrolidides, a difference 
of 15 amu was observed between C-4 and C-5, between C-8 
and C-9, and between C-9 and C-10, indicating the addi- 
tion of deuterium atoms to the double bonds. Moreover, 

D2, MeOH 

RhCI(PPh3) 3 

m/z 171 m/z 140 

I D H ',,D D ; 

t s 
rrYz 15$ 

2c 

FIG. 1. Key mass  spectral  fragmentat ions  for the N- 
(5E, gZ~-bromo-23-methyltetracosa-5,gdienoylpyrrolidine (2b) and the 
N- [5,6,6,9,10-2Hs]23-methyltetracosanoylpyrrolidine (2c). 

~`i~'~ii~'~:i~'~;i~;~I~:iiiii~'~;i~:i~''~ii~`~iii ''''~i~''''~ii''''~ L'I 
~'~`~.~~"'i~i~z~`~'~~ .~.,..~.,..~.,..~ 

FIG. 2. Partial mass spectrum of the N-(5E,9Z)-6-bromopentacosa- 
5,9-dienoylpyrrolidine. 
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a difference of 16 ainu was detected between C-5 (m/z 155) 
and C-6 (rnYz 171), clearly demonst ra t ing an additional 
replacement of bromine with deuter ium at  C-6 (1). 

The GC/FTIR spectra of the original brominated fa t ty  
acid methyl  esters displayed absorption peaks at  3018, 
2993, 2956, 2878, 1739, 1592, 1453, 1264 and 1123 cm -1. 
No peak at  980-968 cm -1 was observed, indicating cis  
ra ther  than  t rans  unsaturat ion for the A9 double bond, 
as is usual for demospongic acids (11). The stereochem- 
is t ry  at  the A5 double bond was previously established 
as E by a microscale metal-halogen exchange reaction 
followed by protonolysis (2). 

The sterols from A g e l a s  sp. were also isolated, using 
reverse-phase high-performance liquid chromatography 
for the final separation. The part icular  sterols were char- 
acterized by 300 MHz 1H NMR, MS and by comparison 
with authentic samples. The following sterols were char- 
acterized: cholesta-5,7,22-trien-3/3-ol (9%), cholesta-5,7- 
dien-3~ol (8%), 24-methylcholesta-5,7,22-trien-31~-ol (39%), 
24-methylcholesta-5,7-dien-3/3-ol (6%) and 24-ethylcho- 
lesta-5,7,22-trien-3(~-ol (38%). For most of these sterols, the 
~H NMR spectrum showed the C-18 and C-19 angular 
methyls igna ls  at d 0.63 and 0.94 ppm, respectively, and 
two ring-olefinic signals deshielded to d 5.38 and 5.58 ppm, 
corresponding to the A5,7 protons. I t  was part icularly 
striking tha t  neither cholesterol nor 24-ethylcholesterol 
was present in this sponge as they are common sterols 
in sponges. This sponge seems to prefer A5,7 sterols. 
Whether  these findings bear any connection with the un- 
precedented brominated phospholipids isolated in this 
work is jus t  a mat te r  of speculation at  this point. 

In this paper we have expanded present knowledge on 
the occurrence of brominated phospholipid fa t ty  acids in 
marine sponges. Four new acids have been identified. As 
to their origin, we can only speculate but  it is possible tha t  
they originated by the action of a bromoperoxidase on 
their nonbrominated counterparts,  which were also found 
in their sponge (12). In fact, the biosynthesis of the 
6-bromo-5,9-hexacosadienoic acid (3a) was previously in- 
vestigated by Lain et  al. (2) utilizing radiolabeled precur- 
sors, and they concluded tha t  the bromination was the 
terminal step in the biosynthesis of these unusual acids. 
Based on the data  available in the literature, we believe 
tha t  the biosynthesis of the brominated acids follows the 

biosynthet ic  route shown below, as an example  for the 
6-bromo-23-methyl-5,9-tetracosadienoic acid (2b). 

i-15:0 ~ i-25:0 -~ i-h5-and A9-25:1 ~ i-As'9-25:2 --* i-6-Br- A5'9-25:2 

Work is in progress t ry ing  to elucidate the origin of 
these unusual  f a t ty  acids in sponges. 
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The Steryl Ester and Phospholipid Fatty Acids of the Sponge 
Agelas conifera from the Colombian Caribbean 
Carmenza Duque*, Nestor Cepeda and Alejandro Martinez 
Departamento de Quimica, Universidad Nacional de Colombia, Bogota, Colombia 

The steryl ester and phosphoHpid fractions of the marine 
sponge Age/as conifera were isolated and analyzed. The 
fatty acyl components of the steryl ester and phosphoHpid 
fractions as determined by gas chromatography and gas 
chromatography/mass spectrometry were very similar and 
consisted of 56.8 and 62.7% of C14-C~ acids (normal; 
branched, especially/so and ante/so; and monounsaturated, 
particularly A 9 and A 11 acids) and of 43.1 and 35.5% of 
C24-C26 acids (A5,9 dl-n~turated acids), respectively. The 
major constituent fatty acids detected were 13-methyl- 
tetradecanoic, n-hexadecanoic, l~methylhexadecanoic, 11- 
octadecenoic, 12-methyloctadecanoic, 5,~pentacosadienoic 
and 5,~hexacosadienoic acids. The phospholipids isolated 
were identified as phosphatidylcholine (37%), phosphatidyl- 
serine (34%), phosphatidylethanolamine (16%) and phos- 
phatidylinositol (11%). The distribution of fatty acids with- 
in the phospholipid classes was also determined. 
Lipids 28, 767-769 (1993). 

Agelas (family Agelasidae) is a genus that had been classi- 
fied in the past as belonging to the order Poeilesclerida, but 
based on similarities in free amino acid patterns between 
Agelas and some Axinellida~ Agelas was more recently re  
assigned to the order Axinellida (1). However, further infol- 
mation on other Agelas constituents would still be desirable 
to st~stantiate the correctness of the new classificatio~ As 
part of our studies on the chemical composition of marine 
sponges occurring in Colombian coastal waters (2-4), we 
therefore turned our attention to Agelas conifera, a very 
abundant sponge in the Caribbean Se~ 

In 1989, we reported the sterol composition of A. conifera 
(4) (h ~ + A 7 sterols) which showed great similarities with 
that of A. oroides (5), A. maur/t/ana (6) and A. d/spar (7). 
Recentl)~ the presence of bromopyrrole metabolites in ~L con- 
ifera (8) was also reportecL a characteristic which is also 
shared with some members of Axinellidae In continuation 
of this work and of earlier work by others (9-11), we here 
report our findings on the steryl ester and phospholipid fatty 
acids of A. conifera. 

MATERIALS AND METHODS 

A. conifera was collected from a depth of 10-20 m at Santa 
Marta Bay on the Caribbean coast of Colombia on three 
different occasions during one year. Sponge specimens 
were immediately cleaned and frozen. Total lipids were ex- 
tracted by treating the thawed sponges (570 g) at 0~ for 
5 min with chloroform]methanol (1:1, vol]vol) (12) followed 

*To whom correspondence should be addressed at Departamento de 
Qulmica, Universidad nacional de Colombia, Apartado aAreo 14490, 
Bogot& Colombia 
Abbreviations: ECL, equivalent chain length; FID, flame-ionization 
detector, GC, gas chromatography; GC/MS, gas chromatography/mass 
spectrometry; PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine; PI, phosphatidylinositol; PS, phosphatidylserine; TLC, thin- 
layer chromatography. 

by filtering and washing the organic layer twice with 
water containing sodium chlorid~ 

Isolation of steryl esters. A portion of the crude total 
lipid extract {10 g) was purified by silica gel column chro- 
matography using benzene/ethyl acetate {10:2, vol/vol) as 
the mobile phase to yield 620 mg of a mixture of steryl 
esters. 

Isolation and analysis of phospholipids. Another por- 
tion of the crude lipid extract (0.8 g) was subjected to col- 
umn chromatography using silicic acid (100 mesh) treated 
with Ammonium hydroxide according to the procedure of 
Privett et aL (13) to separate the phospholipids from the 
neutral lipids and glycolipids. 

The phospholipids thus obtained were kept under nitro- 
gen at -10~ in chloroform]methanol (1:1, vol]vol) con- 
taining 0.002% of butylated hydroxytoluen~ Subse- 
quently, the phospholipids were further separated into 
classes by thin-layer chromatography (TLC) using double 
development and chloroform]methanol]28% Ammonium 
hydroxide (65:35:8, by vol) as solvent. Fractions were made 
visible with molybdenum blue spray reagent. Phospho- 
lipid classes were identified by cochromatography with 
standards, and by use of Dragendorff, ninhydrine and 
periodate-Schlff spray reagents (14). Individual phospho- 
lipid classes were isolated by preparative TLC using above 
solvent and rhodamine 6G as spray agent. Phospholipids 
classes were quantified by a spectrophotometric phos- 
phorus assay using molybdenum blue reagent (14). 
Analysis of fatty acids. Saponification of the steryl ester 

fraction and methanolic hydrogen chloride treatment 
of the total phospholipid extract and of individual 
phospholipid classes were used to prepare both methyl 
esters and N-acyl pyrrolidides (15) for gas chromatography 
(GC) and gas chromatography/mass spectrometry 
(GC/MS). 

The methyl esters were analyzed by GC using a Hewlett- 
Packard (Avondale, PA) 5700A gas chromatograph equip- 
ped with a crossUnked OV-101 fused silica capillary col- 
umn (25 m X 0.31 ram, i.d.} and a flame-ionization detec- 
tor {FID). The temperature program was started at 170~ 
and raised at 2~ to 270~ Flow rates of carrier and 
make-up gases were 1 mL/min and 30 mL/min, respec- 
tively. Detector and injector temperatures were kept at 
250 and 300~ respectively. 
GC/MS analyses were performed on a Shimadzu (Kyot~ 

Japan) 9020 DF gas chromatograph/mass spectrometer 
using the GC conditions mentioned abov~ Mass spectra 
were obtained in the electron impact mode under the fol- 
lowing conditions: temperature of the ion source, 250~ 
electron energy, 70 eV; ionizing current, 60 mA; injection 
volumes, 0.1 gL. Helium was used as the carrier gas. 

The N-acyl pyrrolidides were analyzed by GC/MS under 
the conditions used for the methyl esters, except that the 
column temperature program was started at 230~ and 
raised at 4~ to 290~ 

Fatty acids were identified by GC based on equivalent 
chain length {ECL) values and by GC/MS based on the 
mass spectra of the methyl esters and pyrrolidides. Quan- 
titations were based on integrated GC/FID peak areas. 
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RESULTS AND DISCUSSION 

The  p h o s p h o l i p i d s  i den t i f i ed  in t h e  A. conifera m a r i n e  
s p o n g e  were p h o s p h a t i d y l c h o l i n e  (PC) a t  37%, p h o s p h a -  
t i d y l s e r i n e  (PS) a t  34%, p h o s p h a t i d y l e t h a n o l a m i n e  (PE) 
a t  16%, p h o s p h a t i d y l i n o s i t o l  (PI) a t  11%, and  one uniden-  
t i f fed  p h o s p h o l i p i d  a t  2%. 

H i g h  p e r c e n t a g e s  of P E  a n d  PS,  a n d  a t  t i m e s  PC, s eem 
to  be  c h a r a c t e r i s t i c  of m a r i n e  s p o n g e s  {15-18). B y  con- 
t r a s t ,  PI ,  wh ich  is one of t he  m a j o r  p h o s p h o l i p i d s  in 
bac te r ia ,  occurs  on ly  in ve ry  smal l  a m o u n t s  in eukaryotes .  
However ,  P I  was  found  in s i gn i f i c an t  q u a n t i t i e s  in prep-  
a r a t i o n s  of A. conifera, which  s u g g e s t s  t h a t  t h e  P I  origi-  
n a t e s  f rom b a c t e r i a  which  l ive in s y m b i o s i s  w i th  t h e  
sponge.  Vacelet  a n d  D o n a d e y  (19), in  s t ud i e s  done  on  the  
a s s o c i a t i o n s  be tween  s p o n g e s  and  bac t e r i a ,  have  in  fac t  
d e m o n s t r a t e d  the  presence  of in terce l lu lar  bac t e r i a  in sev- 
era l  spec ies  of t h e  g e n u s  Agelas, a l t h o u g h  no speci f ic  in- 
f o r m a t i o n  on A. conifera was  prov ided .  Thus ,  t h e  phos-  
p h o l i p i d s  r e p o r t e d  here  are  l ike ly  to  ref lec t  t he  compos i -  
t i on  of A. conifera c o n t a i n i n g  s y m b i o t i c  bac t e r i a .  

The  f a t t y  acyl  c o m p o s i t i o n s  of t h e  t o t a l  phosho l ip ids ,  
of the  s t e ry l  es te rs  and  of ind iv idua l  phospho l ip id  classes,  
a s  d e t e r m i n e d  by  GC a n d  GC/MS a n a l y s i s  of t h e  m e t h y l  
es ters  and  pyrro l id ides  are shown in Table 1. The  t ab le  l i s t s  
25 f a t t y  acids ,  wh ich  were iden t i f i ed  t o g e t h e r  w i t h  t he  
E C L  va lues  of t h e  m e t h y l  es ters .  I d e n t i f i c a t i o n s  were 
m a d e  b a s e d  on E C L  va lues  and  c o m p a r i s o n  w i th  the  E C L  
va lues  of s t a n d a r d s .  I n  a d d i t i o n  t h e  m a s s  s p e c t r a  of t h e  
m e t h y l  es te rs  p r o d d e d  molecu la r  we igh t  i n fo rma t ion  and  

he lped  in a s se s s ing  b r a n c h i n g  in t he  s a t u r a t e d  esters.  The  
m a s s  s p e c t r a  of t h e  N-acy l  py r ro l i d ide s  c o n f i r m e d  t h e s e  
i d e n t i f i c a t i o n s  a n d  a lso  p r o v i d e d  i n f o r m a t i o n  which  
he lped  in loca l iz ing  t h e  p o s i t i o n s  of doub le  b o n d s  in m o s t  
of the  u n s a t u r a t e d  acids.  The  spec t ra l  d a t a  were also com- 
p a r e d  w i t h  t h o s e  of a u t h e n t i c  reference c o m p o u n d s  a n d  
w i t h  o t h e r  p u b l i s h e d  s p e c t r a  ( E n v i r o n m e n t a l  P r o t e c t i o n  
A g e n c y  N a t i o n a l  I n s t i t u t e s  of H e a l t h  m a s s  s p e c t r a l  
l ibrary) .  

The  f a t t y  ac id  d i s t r i b u t i o n s  in t he  s t e r y l  e s t e r  and  in 
t he  p h o s p h o l i p i d  c lasses  were found  to  be  ve ry  similar .  In  
b o t h  f r ac t ions  t he re  were n o r m a l  cha in  s a t u r a t e d  ac ids  
(C14, C1s, Cl6, C17, C1s and C20), branched chain and par- 
ticularly iso and anteiso saturated acids (CI~, C~6, C17, 
C~s, C~9 and C20), monounsaturated acids, i.e. mainly A 9 
a n d  A H (Cle, C17, Cls, C19 a n d  C23) a n d  A 5'9 n o r m a l  cha in  
d i u n s a t u r a t e d  ac ids  (C24, C25 a n d  C26). The  d i u n s a t u r a t e d  
c o m p o u n d s  c o m p r i s e d  a b o u t  43% of t h e  t o t a l  f a t t y  ac ids  
in t he  s t e r y l  e s t e r  f r ac t ion  a n d  35% in t h e  p h o s p h o l i p i d  
f rac t ion;  t h e  m o n o u n s a t u r a t e d  f a t t y  ac ids  r e p r e s e n t  15 
a n d  17% in t h e  s t e r y l  e s t e r  and  in t h e  p h o s p h o l i p i d  frac- 
t ions ,  respect ive ly ,  a m o u n t i n g  to  a t o t a l  of 58 a n d  52% of 
u n s a t u r a t e d  f a t t y  ac ids  in t h e s e  two f rac t ions .  Of t h e  re- 
m a i n i n g  f a t t y  acids,  20% c o r r e spond  to  s a t u r a t e d  n o r m a l  
cha in  a n d  22% to  s a t u r a t e d  b r a n c h e d  cha in  ac ids  w i t h i n  
t h e  s t e r y l  es ters ,  a n d  14% to  s a t u r a t e d  n o r m a l  cha in  a n d  
31% to s a t u r a t e d  b r a n c h e d  cha in  ac ids  in t h e  phospho-  
l ip ids .  

I t  is i m p o r t a n t  to  po in t  ou t  the  h igh  pe rcen tage  of f a t t y  
ac ids  found  in t h i s  s p o n g e  h a v i n g  an  odd  n u m b e r  of 

TABLE 1 

S t e r y l  E s t e r  a n d  P h o s p h o l i p i d  F a t t y  A c i d s  o f  Agelas eonifera a 
Abundance (%) 

= Steryl ester Phospholipid Unknown 
Number ECL Fat ty  acid fraction fraction PE PC PS PI phospholipid 

1 13.60 12-Methyltridecanoic (iso-14:0) --  0.5 -- 1.1 -- -- -- 
2 14.00 Tetradecanoic (n-14:0) 3.2 2.5 4.5 5.8 -- 15.1 14.7 
3 14.61 13-Methyltetradecanoic (iso-15:0) 2.8 6.2 --  4.3 -- 9.6 --  
4 14.70 12-Methyltetradecanoic (anteiso-15:0) 1.5 2.6 -- 2.4 -- 3.6 --  
5 15.00 Pentadecanoic (n-15:0) 0.6 0.8 2.1 2.6 -- 5.7 7.2 
6 15.66 14-Methylpentadecanoic (iso-16:0) 0.7 1.3 -- 1.5 -- 3.4 --  
7 15.81 9-Hexadecenoic (A9-16:1) 3.1 1.4 3.4 4.5 -- 2.2 12.6 
8 16.00 Hexadecanoic (n-16:0) 10.1 7.1 12.4 27.8 9.7 16.8 37.7 
9 16.45 14-Methyl-9-hexadecenoic (Ag-anteiso-17:1) 3.5 4.3 -- 3.0 - -  - -  - -  

1 0  16.43 10-Methylhexadecanoic (10-Me-16:0) 6.7 6.6 -- 7.3 11.3 2.2 - -  

1 1  16.66 15-Methylhexadecanoic (iso-17:0) 1.7 2.1 -- 2.6 --  3.0 -- 
12 16.73 14-Methylhexadecanoic (anteiso-17:0) 1.2 1.2 -- 1.8 -- -- -- 
13 16.87 Heptadecenoic (17:1) 0.9 0.4 -- 1.7 --  -- -- 
14 17.00 Heptadecanoic (n-17:0) 1.1 0.4 -- 1.7 -- -- --  
15 17.69 15-Methylheptadecanoic (anteiso-18:0) 1.1 0.5 3.2 3.6 -- -- 11.4 
16 17.78 ll-Octadecenoic (Al1-18:1) 4.6 7.3 -- 4.1 2.5 --  --  
17 18.00 Octadecanoic (n-18:0) 4.1 2.6 4.6 8.8 4.5 13.6 16.4 
18 18.44 12-Methyloctadecanoic (12-Me-19:0) 4.3 9.1 2.4 9.6 8.2 24.7 --  
19 18.88 11-Nonadecenoic (ALL19:1) 2.6 2.7 4.4 . . . .  
20 20.00 Eicosanoic (n-20:0) 1.2 0.7 . . . . .  
21 20.44 ?-Methyleicosanoic (Me-20:0) 1.8 1.2 -- --  4.0 --  - -  

2 2  22.86 ll-Tricosaenoic ( A l l - 2 3 : 1 )  - -  1.2 . . . . .  
23 2 3 . 5 0  5 , 9 - T e t r a c o s a d i e n o i c  (A5'9-24:2)  5 . 6  3 . 2  5 . 4  - -  4 . 4  - -  - -  
2 4  24.50 5,9-Pentacosadienoic (A5'9-25:2)  1 7 . 0  13.6 19.8 2.2 17.4 - -  - -  

2 5  25.27 Unidentified --  1.2 --  --  18.2 --  --  
26 25.50 5,9-Hexacosadienoic {A5'9-26:;2) 20.5 18.7 37.6 3.6 19.7 --  --  

aEqnivalent chain length (ECL) values are those of the methyl esters of these acids. Averages from the analyses of the three samples 
collected over one year {seasonal variations were not observed). A dash indicates an abundance of less than 0.4%. Abbreviations: PE, 
phosphatidylethanolarnine; PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol. 
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carbon a toms  (41% in the  s teryl  ester  fraction and 43% 
in the phospholipid fraction}, which cannot  be a t t r ibu ted  
only to associated bacteria.  

F rom the dis tr ibut ion of f a t ty  acids within the  phos- 
pholipid classes it  is apparen t  {Table 1) t ha t  short-chain 
fa t ty  acids occur mainly in PC, P I  and in the unidentified 
phospholipid, with tetradecanoic, hexadecanoic, 12-meth- 
yloctadecanoic and octadecanoic acids being the major  
components .  The long-chain A s.9 f a t t y  acids are mainly  
found in PE and PS. These results  are in general agree- 
men t  wi th  the analyses done on other  sponges {16-18} 
which have consis tent ly  shown t h a t  demospongic  acids 
are pr imari ly  found in phospholipids containing a free 
8rnlno group. Our results also indicate that bacterial type 
fatty acids predominate in PI, PC and in the unknown 
phospholipid. 

According to Bergquist et aL (10), only the broad 
descriptive parameters of the fatty acid mixtures {straight 
and branched, even and odd, unsaturated and long-chain 
fatty acids} are relevant to taxonomic considerations. 
Thus, the fatty acid profile of A. conifera is character- 
ized by a high percentage {35%} of long-chain fatty acids 
with a predominance in even-carbon numbered acids, 
medium levels {36%} of branched fatty acids with a pro- 
dominance in odd-carbon numbered acids, and high levels 
{63%} of straight chain acids with a predominance of even- 
carbon numbered compounds. Except for the high odd 
and branched acid content, these results seem to agree 
well with the fatty acid profile reported for some species 
from the other two Axinellida families {10}. In contrast, 
it is important to mention the low content (11%) of Iong- 
chain fa t ty  acids reported by Carballeira et  aL (20) for the 
sponge A.  dispar. 

Although the results seem to indicate homogenei ty  in 
the fa t ty  acid pa t te rns  in the Axinellida families, it is also 
clear t ha t  a number  of addit ional Age las  species need to 
be analyzed as to their  f a t t y  acid composi t ion in order to 
obtain a more complete  picture of the f a t t y  acid pa t t e rns  
in the Agelasidae family. 
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Pavlova gyrans and P. lutheri were cultured, and the 
dihydroxysterols were isolated from the free sterol and 
the polar sterol fractions. Four dihydroxysterols were 
detected in amounts greater than 1% of total sterol by 
gas chromatography and were analyzed by gas chroma- 
tography/mass spectrometry. The two principal sterols 
were isolated by chromatography on alumina followed by 
hydrophobic Sephadex column chromatography. The two 
sterols appeared to differ by having either a methyl or 
an ethyl group at C-24; they were termed "methyl- 
pavlovol" and "ethylpavlovol" Analysis by 400 MHz 
nuclear magnetic resonance showed that methylpavlovol 
is 4a,24/~-dimethylcholestan-3/3,4~-diol and ethylpavlovol 
is 4a-methyl,24~-ethylcholestan-3~,4~-diol. The 4a- 
methyl,4/~-hydroxy configuration has not been observed 
previously in a natural sterol. Dihydroxysterois make up 
approximately one-third of the total sterois in these 
Pavlova species. Neither the biosynthetic origin of these 
dihydroxysterols nor their role in the biochemistry of 
Pavlova is known. 
Lipids 28, 771-773 (1993). 

Bivalves feed on phytoplankton and other particulate 
matter. Attempts to culture bivalves, such as oysters and 
clams, have utilized various phytoplankton as food. Sup  
plementation with other factors, including carbohydrates, 
proteins, lipids and polyunsaturated fatty acids, as well 
as sterols, has also been shown to be important in the 
oyster's diet {1,2). Species of Pavlova have been included 
frequently in oyster diets (3). Pavlova gyrans and R lutheri 
were found to have an unusual sterol composition and to 
contain C~s and C29 AS-sterols, 4a-methyl sterols with a 
saturated nucleus and a group of unknown sterols a p  
parently bearing two hydroxyl groups (4). The sterol con- 
tent of these phytoplankton is unusually high (7-9 mg/g 
dry wt) compared to that of most other phytoplankton 
we have examined (Patterson, G.W., and Wikfors, G.H., un- 
published). Sterols are found as free sterols, steryl esters 
or steryl glycosides in plants (5), but in algae most sterols 
occur in the free form (Patterson, G.W., and Wikfors, G.H., 
unpublished). R gyrans is unusual in that about one-third 
of its sterols is found in the polar fraction where the prin- 
cipal components were poriferasteryl glucoside and ethyl- 
pavlovol monoglucoside (6). The objective of this study 
was to isolate, characterize and identify the major 
dihydroxysterols of P. gyrans and P. lutheri. 

MATERIALS AND METHODS 

P. gyrans  Butcher, strain designation "93" and P. lutheri 
"MONO" were obtained from the Milford laboratory 

*To whom correspondence should be addressed. 
Abbreviations: GC/MS, gas chromatography/mass spectrometry; 
NMR, nuclear magnetic resonance. 

culture collection (Milford, CT) and were cultured axenl- 
cally in enriched seawater medium "E" formulation and 
harvested in stationary phase as described previously (4). 
The lipid fraction was obtained from lyophilized algae by 
CHCI3/CH3OH extraction in a Soxhlet apparatus. Sterols 
obtained from the free sterol and the polar sterol fractions 
after fractionation of the total lipid on Biosil A (4) con- 
tained dihydroxysterols at 25-50% of the total sterols, 
with the largest percentages occurring in the polar sterol 
fractio~ The free sterol fraction and free sterols generated 
from the polar sterol fraction by acid hydrolysis were 
pooled and chromatographed by alumina column chro- 
matography to separate dihydroxy and monohydroxy 
sterols. Dihydroxy sterols were further fractionated by 
lipophilic Sephadex chromatography (7) which produced 
samples of a C~ dihydroxysterol (methylpavlovol) and a 
C30 dihydroxysterol (ethylpavlovol) in amounts permit- 
ting analysis by 400 MHz nuclear magnetic resonance 
(NMR). ~3C and 1H NMR spectra were obtained with a 
Bruker AM-400 (Karlsruh~ Germany) spectrometer 
operating at frequencies of 400.179 MHz for ~H and 
100.619 MHz for ~3C using tetramethylsilane as an inter ~ 
nal standard (8). Specific pulse sequences used included 
DEPT-135 (9), NOESY (10), COSY (11) and C-H correla- 
tion (12) experiment~ which were conducted as reference{k 
Electron impact mass spectra were measured at 70eV and 
an ionization temperature of 150~ Data were recorded 
with an Incos Data System (Incos Finnigan Corp., San 
Jo s s  CA). 

RESULTS AND DISCUSSION 

In P. gyrans, four dihydroxysterols were detected by 
capillary gas chromatography in the late-eluting fractions 
from al,  mina chromatography. These compounds had 
retention times relative to cholesterol of 2.06, 2.13, 2.22 
and 2.52 in capillary gas chromatography on SPB-1. P. 
lutheri contained each of these compounds except 2.13. 
Compounds 2.06 and 2.52 eluted slightly earlier and were 
separated from compounds 2.13 and 2.22 on alumina 
chromatography, but  could not be separated from each 
other by this metho~ Gas chromatography/mass spec- 
trometry (GC/MS) was performed on the mixture of com- 
pounds 2.06 and 2.52. The major peaks observed are listed 
in Table 1. The mass spectra indicate the presence of C~ 
and C30 homologe which are saturated sterols having two 
hydroxyl groups. Apparently these are sterols with Cs 
and Clo side chains possessing an "extra" carbon on the 
nucleus. This extra carbon is probably at C-4, as the 
strong M-15 peak characteristic of 14-methyl sterols is not 
present. Acetylation of these sterols yielded only mono- 
acetates, suggesting the presence of a tertiary hydroxyl. 

Volkman et  cal. (13) had noted that a dihydroxysterol 
from P. salina dehydrated in the presence of BF3/ 
methanol to produce a C~ methylstanone, suggesting 
that the compound in question was a 3,4-dihydroxy 
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TABLE 1 

Mass Spectral Data for the Saturated Dihydroxysterols  of Pavlova 

Ster~ a 

Fragmentation Methylpavlovol Ethylpavlovol 

[M] + 432 (18) 446 (16) 
[M - CH3] + 417 (57) 431 (50) 
[M H20] + 414 (8) 428 (7) 
[M 33] + 399 (19) 413 (18) 
[M - 59] + 373 (32) 387 (31) 
[M - 75] + 357 (44) 371 (41) 
Base peak 95 (100) 95 (100) 
aReported as m/z (relative intensity). 

4-methyl  sterol. The homologous dihydroxysterols  from 
P. g y r a n s ,  which we have termed "methylpavlovol"  and 
"ethylpavlovol"  were separa ted  by column chromatog- 
raphy on lipophilic Sephadex and analyzed by 13C and 1H 
N M R  spectrometry.  The ass ignments  for ethylpavlovol 
were readily made based on the resul ts  obta ined by 
various N M R  techniques and by comparison with litera- 
ture values (14,15). Two hydroxy-bearing signals were 
detected from ethylpavlovol (2.52}, at  75.65 p p m  and 74.17 
ppm, but  only the signal a t  75.65 p p m  was detected in 
a DEPT-135 experiment.  The C-3 hydroxy, arising from 
a methine carbon, gives the signal a t  75.65 p p m  and the 

74.17 p p m  signal arises f rom a qua te rnary  carbon (C-4). 
The chemical shift  of C-3 at  75.65 p p m  is consis tent  wi th  
the presence of a methyl  at  C~4 (C~3 of 4a-methylcholestan- 
313-ol resonates a t  76.6 p p m  and the C-3 of 4~-methyl- 
cholestan-3~-ol at  74.1 ppm) (16). There are also three 
singlet methyl  signals in the 1H N M R  spectrum. 1D 
NOE difference experiments,  with irradiat ion at  H-30 or 
H-19, revealed no detectable interaction between these two 
methyls.  A NOESY exper iment  (650 ms  mixing time} did 
not  detect  a crosspeak between H-30 and H-19, bu t  did 
detect an H-3 vs. H-30 crosspeak. Thus, the 4a-methyl-4~- 
hydroxy s t ruc ture  is preferred over the 4~-methyl-4a- 
hydroxy s t ruc tur~  Coincidentally, molecular mechanics 
calculations showed tha t  the 4a-methyl-3~,4~ diol is more 
s table  by 1.48 kcaYmole than  the 4~-methyl-3~,4a-diol 
s t ructure.  1H N M R  analysis  of the me thy l  s ignals  
showed the or ientat ion of the C-24 ethyl  to be ~ as it is 
in mos t  algae (17). The s t ruc ture  of ethylpavlovol,  there- 
fore, is 4a-methyl-24~-ethylcholestan-3~,4~-diol {Fig. 1). 

13C and ~H N M R  analyses of methylpavlovol  gave 
results similar to those of ethylpavlovol (Table 2) with the 
exception of the side chain signals. These signals corr~ 
spond to those of a C-24~(24S) methyl  by the closer fit  
of the C-20, C-23, C-24, C-25, C-26 and C-27 peaks  (36.21, 
30.65, 39.13, 31.52, 17.64 and 20.51 ppm, respectively} to 
those reported for the 24~/S side chain (36.3, 30.7, 39.2, 
31.5, 17.7, 20.6 ppm) {16}, than  to those reported for the 

TABLE 2 

NMR Results  for Methylpavlovol  and Ethylpavlovol  e 

13C Chemical shifts 1H Chemical shifts b 

Carbon Methylpavlovol Ethylpavlovol Methylpavlovol Ethylpavlovol 

1 36.68 36.61 1.74, 1.69 
2 27.21 27.17 1.69 
3 75.69 75.65 3.249 3.250 
4 74.18 74.17 
5 53.00 52.92 0.90 
6 20.62 20.60 1.75 
7 32.52 32.48 1.80, 0.87 
8 34.96 34.90 1.37, 1.32 
9 55.67 55.59 0.59 

10 36.26 36.22 
11 20.64 20.60 1.43, 1.28 
12 40.02 39.97 1.96, 1.10 
13 42.58 42.53 
14 56.66 56.61 0.94 
15 24.21 24.19 1.55, 1.06 
16 28.25 28.28 1.83 
17 56.16 56,12 1.09 
18 12.10 12.07 0.643 0.646 
19 13.99 13.97 1.006 1.009 
20 36.21 36.28 1.36 
21 18.86 18.77 0.899 0.906 
22 33.76 33.89 1.36, 0.96 
23 30.65 26.37 1.29 
24 39.13 46.05 0.92 
25 31.52 28.93 1.67 
26 17.64 19,60 0.779 0.828 
27 20.51 18,97 0.771 0.807 
28 15.48 23.00 0.852 1.323, 1.16 
29 12.32 0.851 
30 25.37 25.36 1.225 1.229 

aResults given in ppm. NMR, nuclear magnetic resonance. 
bprotons 3, 18, 19, 21, 26, 27, 28 (methylpavlovol), 29 (ethylpavlovol) and 30 were 
measured directly from the 1D NMR spectra. The remainder were obtained from C-H 
correlation spectra and are reported to fewer significant figures. 
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HO CH 3 

METHYL PAVLOVOL J 
E 

HO CH 3 

ETHYLPAVLOVOL 

FIG. I. The structures of methylpavlovol (4a,24{klimethylcholestan- 
3/J,4~oI) and ethylpavlovol (4~-methyl-24f~ethylcholestan~3/J,4~ol) 
from Pavlova gyrans and P. lutherL 

24aiR side chain (36.0, 30.4, 38.9, 32.5, 20.3, 18.3 ppm) (16). 
Methylpavlovol and ethylpavlovol differ from the stanols 
4mmethylergostanol and 4=-methylporiferastanoL already 
identified in Pavloua (4), Proto theca  and Dic t yos t e l ium 
(15) only by the presence of the 4/3-hydroxyl group. The 
4~-methyl-4~-hydroxy grouping has not  been observed 
previously to occur on a natural sterol. The biosynthetic 
relationship between the dihydroxysterols and the other 
sterols of Pavloua has not been investigated. Work is con- 
t inuing to identify two other C29 dihydroxysterols in 
P. gyrans.  
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Age-Related Accumulation of Phosphatidylcholine Hydroperoxide 
in Cultured Human Diploid Cells and Its Prevention by a-Tocopherol 
Toshihide Suzuki a, Teruo Miyazawaa, *, Kenshiro Fujimoto a, Miki Otsuka a and Masako Tsutsumi b 
aDepartment of Applied Biological Chemistry, Faculty of Agriculture, Tohoku University, Sendai 981 and bTechnical Affairs 
Department, Pias Co., Osaka 531, Japan 

The levels of phosphatidylcholine hydroperoxide in seri- 
ally cultured human fetal diploid fibroblasts at various 
population doubling levels were determined by high- 
performance liquid chromatography combined with 
chemiluminescence detection. This methodology utilizes 
a mixture of cytochrome c and luminol as post~olunm 
hydroperoxide group specific luminescent reagents. The 
cellular hydroperoxide content increased with age from 
0.34 to 27.72 pmol/10 s cells. At the end of the cells' 
in vitro lifespan {51st population doubling level), the 
hydroperoxide content per 106 cells reached about 80 
times the level found in cells of the 20th population dou- 
bling level. Supplementation of exogenous a-tocopherol 
to the culture medium prevented hydroperoxide ac~ 
cumulation, but did not extend the lifespan in vitro. The 
results indicate that substantial intracellular phospho- 
lipid hydroperoxide accumulation occurred in the course 
of aging of human fetal diploid fibroblasts. 
Lipids 28, 775-778 (1993). 

Peroxidation of membrane lipids has been suggested as 
one of the basic deteriorative reactions in cellular 
senescence (1-4). Since Harman {1) proposed the "free 
radical theory of aging" in 1956, numerous studies have 
been undertaken to determine the relationship between 
the aging process and lipid peroxidation. Yet, direct 
evidence for such a relationship is still lacking. In previous 
studies, the link between aging and tissue lipid peroxida- 
tion could not be sufficiently assessed because the thio- 
barbituric acid (TBA) test commonly employed in such 
experiments is not specific for lipid hydroperoxides (5-7). 
Measurement of expired hydrocarbon gas from rats {8) and 
lipofuscin pigment measurements in rat tissues (9) and 
cultured diploid cells (10) also have been used as a lipid 
hydroperoxidation index relative to aging, but these meth- 
ods rely on the measurement of secondary oxidation prod- 
ucts. TO assess the degree of lipid hydroperoxidation in 
biological membranes, the direct detection of primary 
peroxidation products, such as phospholipid hydroperox- 
ides, seems to be advantageous. Changes in intracellular 
Na § and K + content, membrane fluidity and membrane 
lipid transition temperature following aging have been 
reported (11,12). Because phospholipids are a major con- 
stituent of membranes and contribute to membrane func- 
tion, direct measurement of phospholipid hydroperoxide 
seems to be an important approach to assess membrane 
lipid peroxidation. 

We have previously developed a sensitive and selec- 
tive assay for phospholipid hydroperoxides using high- 

*To whom correspondence should be addressed at Department of 
Applied Biological Chemistry, Faculty of Agriculture, Tohoku 
University, Tsutsumidori Amamiyamachi 1-1, Aoba-ku, Sendai 981, 
Japan. 
Abbreviations: CL, chemiluminescence; HPLC, high:performance 
liquid chromatography; PCOOH, phosphatidylcholine hydroperox- 
ide; PDL, population doubling level. 

performance liquid chromatography (HPLC) combined 
with chemflnminescence (CL) detection (13-15). This 
CL-HPLC method has been successfully applied to the 
estimation of phospholipid hydroperoxide levels in human 
blood plasma (14,16), serum lipoproteins (17), liver of car- 
bon tetrachioride intoxicated rats (18) and hepatocar- 
cinogenesis in rats on choline~deficient and ethionine~ 
enriched diets (19). The CL-HPLC method has also been 
employed in other laboratories to determine hydroperox- 
ides (20-22). 

In the present study, we investigated the age-dependent 
changes of phosphatidylcholine hydroperoxide (PCOOH) 
levels in cultured human fetal diploid cells as determined 
by the CL-HPLC method. The effect of a-tocopherol, a 
potent biological antioxidant, on PCOOH content and 
cellular lifespan was examined. 

MATERIALS AND METHODS 

Cell cultur~ Normal human diploid fibroblasts (HE-l) 
were established by Dr. Sat~ Institute of Osaka Oriental 
Medicine (Osaka, Japan); their final population doubling 
level (PDL) is the 51st. The cells were serially cultured 
in 20 mI, of Eagle's minimum essential medium that con- 
tained 10% fetal calf se~lm A single lot of fetal calf serum 
(Whittaker M.A. Bioproducts, Rockville, MD) was used 
throughout the experiments. Cultures were maintained in 
250-mL Falcon flasks at 37~ in an atmosphere of 95% 
air and 5% carbon dioxide The cells were subcultured 
weekly at a 1:2 split ratio using 0.25% trypsin contain- 
ing 0.01% butylated hydroxytoluene as an antioxidant. 

~Tocopherol treatment, d, ba-Tocopherol was solubilized 
by mixing it into growth medium using polyethylene 
glycol Na  400 (Tokyo Kasei Kogyo Ca, Toky~ Japan). 
&/-a-Tocopherol (Eisai Ca, TOky~ Japan) was added to the 
medium at 0.1, 1 and 10 ~g per mI, after the 42nd PDL 
to examine its antioxidant effect. The final concentration 
of polyethylene glycol in the medium was 0.1% throughout 
all experiments using a three'graded amount of exogenous 
a-tocopheroL orTocopherol content was determined by the 
fluorescence-HPLC method (23) on the total llpids ex- 
tracted as described below. Cells were counted with a 
Coulter Counter ZBI (Coulter Electronics, Hialeah, FL). 

Lipid extraction Cells were harvested by treatment 
with 0.25% trypsin containing 0.01% butylated hydroxy- 
toluene and centrifuged at 1,000 rpm for 5 rain. Two mL 
of 0.15 M sodium chloride containing 0.002% butylated 
hydroxytoluene was added to 5 X 106 cells, and the mix- 
ture was homogenized in a Teflon-glass homogenizer under 
ice cooling. The homogenate obtained was added to 5 rnL 
of chloroform/methanol (2:1, vol/vol) (24,25) and mixed 
vigorously for 1 mira The mixture was centrifuged at 3,000 
rpm for 10 mln_ The lower chloroform layer containing 
total lipid was dried over anhydrous sodium sulfate, the 
solvent was removed in a rotary evaporator and the 
residue was dried under a nitrogen stream. The total lipid 
obtained was dissolved in 100 ~L of a mixture of 
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chloroform]methanol (2:1, vol/vol), and a 20 ttL portion was 
subjected to the hydroperoxide assay by CL-HPLC 
(18,19). 

C L - H P L C  analysis. The CL-HPLC system and ex- 
perimental conditions for measuring PCOOH in the total 
lipids prepared from human diploid cells were essentially 
as described previously by Miyazawa et  aL (14,16-18) and 
Yoshida et  aL (19). Analytical conditions were as follows: 
the HPLC column was a JASCO Finepak SIL (5 pro, 250 
• 4.6 ram; Japan Spectroscopic Co., Tokyo, Japan), the 
mobile phase was a mixture of chloroform/methanol/water 
(1:9:0.1, by vol), and the flow rate was 1.1 mL/min using 
a JASCO 880-PU pump. After passing through a JASCO 
875-UV detector set at 234 nm to monitor conjugated 
diene, the column eluant was mixed with a luminescent 
reagent at a post-column mixing joint (Y type; Kyowa 
Seimitsu, Tokyo, Japan). The luminescent reagent was 
prepared by dissolving 10 ~g/mL of cytochrome c (from 
horse heart, type VI; Sigma Chemical C~, St. Louis, MO) 
and 1 /~g/mL of luminol (3-aminophthaloyl hydrazine; 
Wako Pure Chemical Co., Osaka, Japan) in 50 mM borate 
buffer (pH 9.3) and was pumped at 1.0 mL/min with a 
JASCO 880-PU pump. The CL generated by reacting the 
hydroperoxide with the luminescent reagent was 
measured with a CLD-100 CL detector (Tohoku Electronic 
Industries Co., Sendai, Japan) or a JASCO 825-CL detec- 
tor. Calibration of PCOOH was done with authentic 
PCOOH, which was prepared from egg yolk phosphatidyl- 
choline (98.6%, Nippon Oil & Fats C(~, Tokyc~ Japan) by 
photooxidation as described previously (13-15). 

RESULTS AND DISCUSSION 

Figure 1 shows the CL chromatogram of PCOOH when 
the total lipids extracted from cultured human diploid 
cells (48th PDL) were subjected to the CL-HPLC assay. 
PCOOH (R t = 13 min) was eluted and measured as a 
single sharp peak by CL detection. This PCOOH peak has 
the same retention time as does authentic PCOOH. The 
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retention time was also confirmed by cochromatography 
with the authentic PCOOH. By treatment of total lipid 
with sodium borohydride, the chemiluminescence peak 
ascribed to PCOOH disappeared as PCOOH was reduced 
to the corresponding nonluminescent hydroxyl phospha- 
tidylcholin~ Other CL peaks detected near 2 and 4 rain 
were tentatively assigned to mixtures of phosphatidyl- 
ethanolamine hydroperoxide, phosphatidylserine hydro- 
peroxide and neutral lipid hydropemxides. These CL peaks 
also disappeared after sodium borohydride treatment. 

Figure 2 shows the content of PCOOH per 108 cells as 
a function of PDL. The cellular content of PCOOH was 
increased with advancing serial subcultures. The cells at 
the 20th PDL corresponded to the middle of the active 
multiplication period (phase II) as defined by Hayflick and 
Moorhead (26). The cellular PCOOH content at all PDLs 
was compared with that of the 20th PDL (figures in paren- 
theses of Fig. 2). From the 20th PDL to the 47th PDL, 
the PCOOH content increased less than threefold, but 
then PCOOH levels markedly increased after the 48th 
PDL. The PCOOH level of the 48th PDL was about thir- 
teen times that of the 20th PDL, the 50th PDL fifty times 
that and the 51st PDL eighty times that of the 20th PDL. 

Table I shows the effect of a-tocopherol addition to the 
culture medium on cell numbers, and a-tocopherol and 
PCOOH contents in cultured cells. The cell numbers of 
control (not treated with a-tocopherol) showed a decrease 
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FIG.  1. Chemiluminescence chromatogram of phesphatidylcholine 
hydroperoxide (PCOOH) when tota l  lipid extracted from cultured 
human  diploid cells (48th populat ion doubling level) was subjected 
to chemiluminescence-high-performance liquid chromatography 
assay. The PCOOH concentration detected on the chemilnmlnescent 
ehromatogram corresponded to 4.5 pmol of PCOOH/106 cells. 

PDL 

FIG. 2. Changes in the phosphatidylcholine hydroperoxide content 
per 10 6 cells as a function of population doubling level (PDL). Values 
are the  mean of three experiments and SD. Figure in parentheses 
is the value relative to young cells (20th PDL). 
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TABLE 1 

Effect of d,/-a-Tocopherol on Phosphatidylcholine Hydroperoxide (PCOOH} Content of Cultured Human Fetal Diploid Cells a 

Population Cell numbers a-Tocopherol PCOOH content 
doubling level (• 106 cells/flask) (ngll0"cells) (pmol/106 cells) 

(PDL) 0 0.1 1 10 b 0 0.1 1 10 b 0 0.1 1 l0 b 

45 28 32 27 22 <1 2 24 780 0.5 0.3 0.3 0.4 
46 31 32 28 16 <1 2 21 870 0.9 0.2 0.2 0.5 
47 32 29 25 8 <1 3 24 1600 0.9 0.9 0.3 0.9 
48 29 29 23 6 <1 2 20 1400 4.4 0.7 0.5 3.2 
49 24 23 17 3 <1 3 21 1500 16.9 2.1 0.7 18.7 
50 20 19 14 _c <1 2 20 c 17.4 2.2 0.7 c 
51 10 10 8 c <1 2 24 c 27.7 8.8 0.8 _c 

aValues represent the average of three experiments. 
bd, ba-Tocopherol (0, 0.1, 1 and 10 ~g/mL medium) was added to the medium. 
CNot determined. 

af ter  the 49th PDL. Supplementa t ion  with I or 10 ~g of 
a-tocopherol/mL medium decreased cell numbers  more 
rapidly when compared  to controls, a=Tocopherol levels in 
cultured cells increased in relation to the amount  of 
exogenous a-tocopherol added to the  medium. Abou t  
1.0-8.6% of a-tocopherol exogenously added to the growth 
medium was incorporated into the cells (3.2% at  0.1 
~g/mL, 3.2% at  1 ~g/mL and 8.6% at  10 ~g/mL at  the 45th 
PDL; 3.5% at  0.2/~g/mL, 1.8% at  1/~g/mL and 2.2% at  
10 ~g/mL at  the 49th PDL; 1.0% at  0.1 ~g/mL and 1.0% 
at  1 ~g/mL at  the 51st PDL). Sakagami  and Yamada (27) 
had reported t ha t  2.0-4.0% of a-tocopherol added to the 
medium was incorporated into the cells. 

Accumulation of cellular PCOOH with serial subcultur- 
ing was also related to a decrease in the cellular prolifera- 
tion rate~ According to the original concept  of Hayfl ick 
and Moorhead (26) and Hayfl ick (28), the l imited in vitro 
l ifespan of cells was characteris t ic  of phase  I I I ,  which is 
the  period of an apparent  decrease in the rate  of cell pro- 
liferation accompanied by morphological, biochemical and 
cytological changes. The present  results  suggest  tha t  
cellular phospholipid hydroperoxidation occurred in phase 
I I I .  The lifespan of cultured diploid cells is known to be 
reduced under  hyperbaric  oxygen (29) and is extended 
under lower oxygen concentrations (30). These results also 
suggested tha t  oxidative deterioration of membrane lipids 
associated with membrane  phospholipid hydroperoxida- 
t ion contr ibutes  to cellular aging. 

Supplementa t ion  of 0.1 or 1 ~g/mL of a-tocopherol to 
the growth medium effectively prevented PCOOH ac- 
cumulat ion for all P D L  as compared to controls. A higher 
PCOOH accumulat ion was observed when 10 ~g/mL of 
a-tocopherol was added to the medium as compared to the 
addit ion of 0.1 or 1 ~g/mL of a-tocopherol, mTocopherol is 
commonly  considered a poten t  antioxidant,  bu t  in this 
case of lipid autoxidation, o~tocopherol in high concentra- 
tions showed a prooxidant  effect (31,32). In  cultured cells, 
an op t imum a-tocopherol concentrat ion t h a t  can effec- 
t ively prevent  membrane  lipid hydroperoxidat ion should 
be maintained.  Al though supplementa t ion  of small 
amoun t s  of a-tocopherol (0.1 and 1 ~g/mL medium) pre- 
vents  the accumulat ion of PCOOH, it  is possible as pre- 
viously reported (27,33), t ha t  a lifespan extension could 
not  be  observed in the present  study. 

We recently found tha t  PCOOH accumulated signifi- 
cant ly  in the liver and brain of ra ts  with age (34). The 

PCOOH content  of Drosophi la  melanogaster  flies was 
reciprocally proport ional  to their  l ifespan (35,36). 

In conclusion, in the present study accumulation of 
cellular PCOOH was clearly shown to be associated with 
an increase in cellular PDLs. Supplementation with 0.1 
or 1 ~g/mL medium of a-tocopherol prevented cellular 
phospholipid hydroperoxide accumulation, but did not ex- 
tend in vitro lifespan. 
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Formation of Octadecadienoate Dimers by Soybean Lipoxygenases 
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aDepartment of Bio-Organic Chemistry and bDepartment of Biomolecular Mass Spectrometry, Bijvoet Center for Biomolecular 
Research, Utrecht University, NL-3584 CH Utrecht, The Netherlands 

The aim of this investigation was to determine whether 
the regioselectivity found for lipoxygenases in the forma- 
tion of fatty acid hydroperoxides from linoleic acid is rc~ 
flected in the formation of dimeric products in secondary 
reactions involving linoleic acid, produce hydroperoxide and 
lipoxygenase. A method was therefore developed for the 
separation and identification of dimers formed by fusion 
of two linoleic acid radicals or a linoleic acid radical and 
linoleate. The method includes solid-phase extraction, 
preparative separation of products by thin-layer chroma- 
tography, derivatization to the corresponding fully hydro- 
genated methyl esters and capillary gas chromatography 
(GC) coupled with electron impact mass spectrometry. We 
present evidence that the formation of octadecadienoate 
dimers, during the secondary reaction of soybean lipoxy- 
genase-1 or lipoxygenase-3, is a nonenzymic process that 
can be envisaged by nonspecific association of intermediate 
fatty acid radicals (L') that have dissociated from the en- 
zyme. We could show that the relative amounts of different 
octadecadienoate dimers formed remain unaltered, regard- 
less of pH and type of soybean isoenzyme used. Quan- 
titative analysis by GC showed that under the reaction con- 
ditions used, the formation of dimers branching at the 
13-position is preferred. 
Lipids 28, 779-782 (1993). 

Lipoxygenases (LOX; linoleate:oxygen oxidoreductases, EC 
1.13.11.12) comprise a class of enzymes that catalyze the 
regi~ and stereoselective dioxygenation of polyunsaturated 
fatty acids containing one or more (1Z,4Z)-pentadiene sys- 
tems. The products are chiral Z,E~onjugated fatty acid 
hydroperoxides. In mammalian tissues, LOX are involved 
in the initial steps of the biosynthesis from arachidonic acid 
of physiologically active compounds, including leukotrienes 
and lipoxins (1). In plants, these enzymes have been sug- 
gested to play a role in germination and possibly in the for- 
mation of anti-pathogens (2,3). Furthermor~ LOX has been 
shown to be involved in the biosynthesis of 12-ox~phyt~ 
dienoic acid (4), a precursor of jasmonic acid (5). Considerable 
attention has been paid to the plant LOX, and in particular 
the soybean isoenzymes have been thoroughly investigatecL 

Three distinct types of LOX isoenzymes can be purified 
from soybeans, usually designated as LOX-1, LOX-2 and 
LOX-3. These isoenzymes differ with respect to isoelectric 
point, reactivity toward substrates, and optimal reaction 
conditions. The product of the aerobic reaction of LOX-1 
with linoleic acid is almost exclusively 13S-hydroperoxy-9Z, 
l lE-octadecadienoic acid, while with LOX-2 and LOX-3, 
regio- and stereospecificity are less pronounced. Privett et al  

*To whom correspondence should be addressed at Bijvoet Center for 
Biomolecular Research, Department of BimOrganic Chemistry, 
Padualaan 8, NL-3584 CH Utrecht, The Netherlands. 
Abbreviations: GC, gas chromatography; GC/MS, gas chromato- 
graphy/mass spectrometry; LOX, lipoxygenase(s); TLC, thin-layer 
chromatography; UV, ultraviolet. 

(6) have reported that in addition to this primary reaction, 
lipoxygenases are also capable of performing a secondary 
reaction during which, among others, polymeric compounds 
are formecL Garssen et aL (7) were the first to identify the 
mechanism of this secondary reaction in which dimeric com- 
pounds, oxodienoic acids and n-pentane are formed v/a a 
coupled enzymic reaction of linoleic acid and product hydr~ 
peroxide LOX-1 shows this secondary reaction only under 
anaerobic conditions (7). With IX)X-3 it can occur both under 
aerobic and anaerobic conditions whereas LOX-2 shows very 
little formation of such products under any condition (8). 
In previous studies only limited information on the struc- 
tures of the linoleic acid radical-derived dimeric products 
that are formed during the secondary reaction of lipoxygen- 
ases with linoleic acid could be obtained (9,10). This was 
mainly due to the lack of suitable methods for the separa- 
tion and analysis of the various positional isomers. The aim 
of this investigation was to determine whether the regi~ 
specificity found for soybean LOX in the formation of fatty 
acid hydroperoxides is reflected in the formation of dimeric 
products. To this end, the positional isomers of the octadeca- 
dienoate dimers were completely separated and analyzecL 

MATERIALS AND METHODS 

LOX-1 and LOX-3 were isolated from soybeans (11,12). 
Specific activities, as measured polarographicaUy using 
a thermostated Clark-type oxygen electrode (Hansatec, 
King's Lynn, United Kingdom) were 230 ~mol rain -z for 
LOX-1 (pH 9.0) and 25 ~mol min -1 mg -1 for LOX-3 (pH 
6.6). Regiospecificity of the different isoenzymes was 
determined by performing small-scale (10 mL) incubations 
wi th  linoleic acid (100 ~M) dissolved in oxy- 
gen-saturated 0.1 M sodium borate (pH 9.0) or 0.1 M 
sodium phosphate buffer (pH 6.6) at 25~ After acidifica- 
tion of the reaction mixtures to pH 3.0 followed by extrac- 
tion with octadecyl reversed-phase extraction columns 
(J.T. Baker, Deventer, The Netherlands), the crude hydro- 
peroxides were analyzed by reversed-phase high-perform- 
ance liquid chromatography on a CP-Spher-C18 column 
(5 ~m, 4.6 X 250 mm) (Chrompack, Middelburg, The 
Netherlands) with tetrahydrofuran/methanol/water/acetic 
acid (25:30:45:0.1, by vol) at a flow rate of 1.0 mL min -z 
as eluent. Detection was by a ultraviolet (UV) detector 
(Kratos Spectroflow 783, Separations, H:I. Ambacht, The 
Netherlands) set at 234 mn. All preparative reactions were 
carried out at 25 ~ by incubation of linoleic acid (500 ~M) 
with either LOX-1 (36 nM) or LOX-3 (200 nM) in 250 mL 
air-saturated 0.1 M sodium borate (pH 9.0) or 0.1 M 
sodium phosphate buffer (pH 6.6), using reaction flasks 
with an airtight seal cap ([02] -- 240 ~M). The ap- 
pearance of secondary reaction products was monitored 
by the change in absorbance at 285 nm, corresponding 
to the absorption maximum of oxodienoic acids, in a 
Hewlett-Packard model 8450A UV-visible spectrophoto- 
meter (Hewlett-Packard, Amstelveen, The Netherlands). 

Copyright �9 1993 by the American Oil Chemists' Society LIPIDS, Vol. 28, no. 9 (1993) 



780 

L.M. VAN DER HEIJDT E T  AL. 

The reaction mixtures were acidified and extracted as 
described above. The free fatty acids were esterified by 
reaction with diazomethane and separated by preparative 
thin-layer chromatography (TLC) on precoated plates (Sili- 
cagel 60 F254, 0.5 mm, E. Merck, Darmstadt, Germany) 
using the solvent system n-hexane/diethyl ether (40:60, 
vol/vol). The fractions, containing dimers were collected 
and, after extraction with methanol, hydrogenated over 
a platinum catalyst (PtO~, MeOH). The hydrogenated 
fractions were analyzed on a Hewlett-Packard model 5890 
series-II gas chromatograph equipped with a split injec- 
tor. Gas chromatography (GC) was done under isothermal 
conditions for 2 min at 280~ followed by temperature 
programming to 320~ at 2~ rain -1 using an HT-5 fus- 
ed silica capillary column (25 m • 0.33 mm i.&, 1-~an phase 
thickness, Siloxane-Carborane, 5% phenyl equivalent; 
SGE, Ringwood Victoria, Australia) at a column pressure 
of 5 kPa with He as carrier gas (flow rate~ 2 mL min-Z). 
The injector temperature was kept at 300 o C. The column 
outlet was connected directly to the ionization source of 
a JEOL AX 505-W mass spectrometer (JEOL LtcL, Toky(~ 
Japan), operated at an ionization energy of 70 eV and kept 
at a temperature of 230~ Gas chromatography/mass 
spectrometry (GC/MS) scanning was from m/z 35-700, and 
the following ions were selected in the mass chromato- 
gram: rn/z 297, 381, 409, 437, 463, 467, 491 and 594 (scan 
rate~ 1 s-Z). The relative amounts of different positional 
isomers were determined by integration of the mass chr~ 
matograms. 

RESULTS AND DISCUSSION 

By use of a high-temperature capillary column (HT5) for 
the purification of the octadecadienoate dimers formed 
during the secondary reaction of soybean LOX, we were 
able to completely separate and analyze all positional 
isomers, as can be judged from the mass chromatograms 
obtained for the reaction of LOX-1 at pH 9.0 (Fig. 1). The 
mass spectra were collected at the center of each peak. 
Each fragmentation pattern is indicative of one type of 
linkage between the Czs-chains of the dimeric compounds 
only (Fig. 2 and Table 1). In addition to the major peaks, 
a small shoulder eluting at 10.7 min can be observed (Fig. 
1, Trace 1). The mass chromatograms (Fig. 1) suggest that 
this shoulder could stem from a very minor amount of 
C(ll)-C(ll')-linked positional isomer since the mass 
fragments characteristic for compounds branching at 
C(ll) were more abundant, as compared to the spectra B 
[C(9)-C(ll')isomer] and D [C(11)-C(13')-isomer] (Fig. 2). At 
least five positional isomers are formed during the second- 
ary reaction of LOX-1 at pH 9.0 [C(9)-C(9'); C(9)-C(11'); 
C(9)-C(13'); C(11)-C(13'); C(13)-C(13') and possibly a very 
minor amount of C(ll)-C(ll')]. This finding extends the 
results reported by Garssen et  aL (9), who detected only 
four of the positional isomers under identical reaction con- 
ditions and did not report any C(9)-C(9')-linked com- 
pounds. The authors suggested that the formation of oc- 
tadecadienoate dimers involves nonenzymic processes 
that can be conceived as a coupling of either two en- 
zymically formed linoleic acid radicals or an enzymically 
formed linoleic acid radical and linoleate in the proximity 
of the enzyme (9). Studies on the reticulocyte enzyme cor- 
roborate the proposal of nonspecific association of linoleic 
acid radicals or a linoleic acid radical and linoleate (13). 
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FIG. 1. Single-ion chromatograms from the gas chromatography/mass 
spectrometry analysis of octadecadienoate dimers from the reaction 
of lipoxygenase-1 with llno|eic acid at pH 9.0. Trace 1: m/z 594, in- 
dicative of octadecadienoate dimers in general; Trace 2: m/z 491, in- 
dicative of C(13); Trace 3: m/z 381, indicative of C(13); Trace 4: m/z 
463, indicative of C(11); Trace 5: m/z 409, indicative of C(11); Trace 
6: m/z 437, indicative of C(9); Trace 7: m/z 467, indicative of C(9). A: 
C(9FC(9'Hsomer; B: C(9FC(ll'Fisomer; C: C(9)-C(13')-isomer; D: C(ll)- 
C(13')-isomer; E: C(13)-C(13')-isomer. 

Our results show that the relative amounts of isomeric 
octadecadienoate dimers formed during the secondary 
reactions of LOX-1 and LOX-3 (Fig. 3) remain unaltered, 
regardless of the regiospecificities found under aerobic 
conditions. This observation, and the fact that all posi- 
tionai isomers that could be expected from the reaction 
of free linoleic acid radicals in solution are formed, fur- 
ther corroborates the notion of nonenzyme controlled 
dimer formation. As only a very small amount of the 
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FIG. 2. Mass spectra of the regioisomeric octadecadienoate dimers 
from the secondary reaction of soybean lipoxygenase-1 with linoleic 
acid at pH 9.0. Lettering corresponds to that of the peaks in Figure 
1 (Trace 1). 

C(11)-C(11')-linked isomer is produced, whereas the C(9)- 
C(11') and the C(13)-C(ll')-linked isomers are among the 
major products, it can be concluded that  the latter posi- 
tional isomers are formed by the reaction of a free linoleic 

TABLE 1 

Characteristic Fragment Ions in the Mass Spectra of Esterified 
and Hydrogenated Octadeeadienoate Dimers = 

m/z m/z 
m/z -CH3OH - 2  X CH3OH 

M + �9 594 562 
[M -- CH30] + 563 531 
[M C5Hll] +a 523 491 
[M C7H15] +b 495 463 
[M C9H19] +c 467 435 
[M - C7H14CO2CH3] +c 437 405 
[M C9H18CO2CH3] +b 409 377 
[M - F11H22CO2CH3] +a 381 349 
1/2 M 297 265 

459 
431 
403 

aMass fragments characteristic for. aC(13)-branching; bC(ll)-branch- 
ing; cc(9)-branching. 

C 
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A 

]0 11 ]2 
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FIG. 3. Single-ion chromatograms (m/z 594) from the gas 
chromatography/mass spectrometry analysis of octadeeadienoate 
dimers from the secondary reactions of lipoxygenases with Unoleic 
acid under different conditions. Trace A: iipoxygenase-1/pH 9.0; Trace 
B: lipoxygenase~l/pH 6.6; Trace C: lipoxygenase-3/pH 6.6 

acid radical with linoleate in solutiorL This is in agreement 
with the observation tha t  only coupling to the C(13) and 
the C{9) positions of the linoleic acid radicals occurs in 
experiments in which the water-soluble radical scavenger 
2-methyl-2-nitrosopropanol was used (14). Quanti tat ive 
analyses of the octadecadienoate dimers show that  in all 
cases dimeric compounds linked via C(13) are more abun- 
dant  than those linked via C(9)-branched isomers (Table 
2). Chan and Newby (15) have reported similar results for 
hemoprotein or metal-ion catalyzed peroxidations of lino- 
leic acid in aqueous solution. These authors found that  un- 
der a variety of reaction conditionsl 3-hydroperoxylinoleic 
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T A B L E  2 

Percentage of Positional Isomer Branching Under Different 
Reaction Conditions a 

LOX-1/pH 9.0 LOX-I/pH 6.6 LOX-3/pH 6.6 

C(9)-branching 36.3 37.3 38.8 
C(13)-branching 63.7 62.7 61.2 

aValues were obtained by integration of mass chromatograms. 
LOX, lipoxygenase. 

acid consti tutes 65,72%, and 9-hydroperoxylinoleic acid 
consti tutes 28-35% of the total amount  of hydroperoxy 
compounds formed in nonenzymic oxidations of linoleic 
acid. This result, and the observation tha t  regioselectivi- 
ty  is greatly diminished when methyl  linoleate was used 
as a substrate instead of the free acid, or when linoleic 
acid was oxidized in organic solvents, led them to suggest 
that  the relative reactivity of C(9) and C(13) of linoleic acid 
in aqueous media is determined by the carboxylate group. 
The results reported here reflect a similarly remarkable 
deviation from the occurrence of C(13)- and C(9)-derived 
products in a 1:1 ratio. 
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Divinyl Ethers and Hydroxy Fatty Acids from Three Species 
of Laminaria (Brown Algae) 1 
Philip J. Proteau and William H. Gerwick* 
College of Pharmacy, Oregon State University, Corvallis, Oregon 97331 

Three species of brown algae. Lam/nar/a sinclairii~ L sac- 
charina and L. setchellii~ have been investigated for the 
presence of oxylipins. From one, L. sinclairii, three new 
divinyl ether fatty acids have been characterized as methyl 
ester derivatives {methyl 12-[l'(Z),3'tZ~hexadienyloxy]~c~Z), 
9(Z),11(E~dodecatrienoate, methyl 12-[1'tD,3'tZ~hexadienyl- 
oxy]-9(Z),ll{E}-dodecadienoate" and methyl 14-[l'(Z),3'tZ~ 
hexadienyloxy]-5(Z),8(Z),11(Z),13tE~tetradecatetraenoate) by 
a variety of spectroscopic methods. In addition, one new 
[13(S)-hydroxy-6{Z),9(Z), 11(E),15(Z)-octadecatetraenoic acid] 
and four known monohydroxy poly~m~aturated fatty acids 
have been isolated from all three species as their methyl 
ester derivatives. The occurrence of these compounds in 
brown algae strongly suggests that these organisms pos- 
sess an active lipoxygenase(s) with o26 specificity. 
Lipids 28, 783-787 (1993). 

Investigations of marine red algae have yielded a wide 
variety of oxylipins (1,2). Oxylipin has been introduced as 
an encompassing term for oxygenated compounds which are 
formed from fatty acids by reactions involving at least one 
step of mona or dioxygenase-dependent oxidation (3,4). 
Representatives of these compounds in the brown algae have 
been scarce The ecklonialactones (5,6), the epoxy and 
tetrahydrofuran lipids from Notheia anomala {7,8) and the 
cymathere ethers (9) are the only reported examples. As an 
extension of our work in this area of natural products 
chemistry, we examined several species of Laminaria and 
have discovered that these brown algae show evidence for 
active lipoxygenase metabolism (10). 

MATERIALS AND METHODS 

General Nuclear magnetic resonance (NMR) spectra were 
recorded on a Bruker (Karlsruhe, Germany) AC300 instru- 
ment operating at 300.13 MHz for 1H NMR and at 75.46 
MHz for 13C NMR. Proton spectra were referenced to in- 
ternal tetramethylsilane at 0.00 pprrL Carbon spectra were 
referenced to CDC13 at 77.00 ppm. Infrared (IR) spectra 
were obtained using a Nicolet (Madison, WI) 510 Fourier 
transform IR (FTIR) spectrometer. Ultraviolet (UV) spec- 
tra were run on a Hewlett-Packard (Palo Alt(~ CA) 8452a 
spectrophotometer. High-resolution electron-impact mass 
spectra (HR EIMS) were recorded on a Kratos (Man- 

1A preliminary summary of this work was presented at the XIVth 
International Seaweed Symposium, Brest, France, August 1992 (10). 
*To whom correspondence should be addressed. 
Abbreviations: COSY, chemical shift correlation spectroscopy; FTIR, 
Fourier transform infrared; GC/MS, gas chromatography/mass spec- 
trometry; 15-HEPE, 15-hydroxyeicosapentaenoic acid; 15-HETE, 15- 
hydroxyeicosatetraenoic acid; 13-HODE, 13-hydroxyoctadecadienoic 
acid; 13-HODTA, 13-hydroxyoctadecatetraenoic acid; 13-HOTE, 13- 
hydroxyoctadecatrienoic acid; HPLC, high-performance liquid chro- 
matography; HR E IMS, high-resolution electron-impact mass spec- 
trometry; IR, infrared; LR EIMS, low-resolution electron-impact mass 
spectrometry; NMR, nuclear magnetic resonance; TLC, thin-layer 
chromatography; TMS, trirnethylsilyl; UV, ultraviolet; XHCORR, 
heteronuclear chemical shift correlation spectroscopy. 

chester, England) MS 50 TC. High-performance liquid 
chromatography (HPLC) utilized a Waters (Milford, MA) 
M6000 pump, Rheodyne (Cotati, CA) 7125 injector and 
a Waters Lambda-Max 480 LC spectrophotometer. Opti- 
cal rotations were obtained on a Perkin-Elmer (Norwalk, 
CT) 141 polarimeter. Merck (Darmstadt, Germany) alumi- 
num-backed thin-layer chromatography (TLC) sheets 
(silica gel 60 F254) were used for TLC. Compounds were 
detected by UV illumination or by heating plates sprayed 
with a 50% H2SO4 solution. Gas chromatography/mass 
spectrometry (GC/MS) was done utilizing a Hewlett-Pack- 
ard 5890 Series II GC connected to a Hewlett-Packard 
5971 mass spectrometer. 3]~imethylsilyl (TMS) ethers were 
prepared using TriSil | reagent (Pierce Chemicals, Rock- 
ford, IL). Hydrogenation reactions were carried out with 
0.1-0.2 mg samples in ethanol using hydrogen gas and 5% 
palladium on activated carbon catalyst (Aldrich, Mil- 
waukee, WI). 

Collection, extraction and isolation. Laminaria sinclairii 
(Harvey ex Hooker f. et Harvey) Farlow, Anderson et 
Eaton was collected from the low intertidal at Strawberry 
Hill on the Oregon coast in May 1990. The algal material 
was immediately frozen with dry ice and stored at -20~ 
until extraction. Extraction of the defrosted alga (640 g 
dry wt) with warm CHC13/MeOH (2:1, vol/vol) provided 
7 g of a viscous, dark brown oil which was fractionated 
by vacuum chromatography (7.5 cm X 5 cm, Merck Silica 
Gel G for TLC) using increasingly polar mixtures of hex- 
anes and ethyl acetate. Fractions eluting with 40-50% 
EtOAc showed UV-active, brown charring reactions on 
TLC. These were combined (497 mg) and methylated with 
diazomethane The methylated material was fractionated 
by flash chromatography (Merck Kieselgel 60, 230-400 
mesh) using a stepped gradient from 5 to 20% EtOAc in 
hexanes. Fractions eluting with 5-10% EtOAc in hexanes 
were enriched with divinyl ether compounds, while those 
eluting with 20% EtOAc contained monohydroxy fatty 
acid methyl esters (236.6 mg). The divinyl ethers were fur- 
ther purified by HPLC (Maxsfl Silica 10/~, 500 mm X 10 
mm; Phenomenex, Torrance, CA; 2.5% EtOAc]hexanes) to 
give =40 mg of methyl 12-[1'(Z),3'(Z)-hexadienyloxy]-6(Z), 
9(Z),tl(E)-dodecatrienoate (2) plus methyl 14-[l'(Z),3"(Z)- 
hexadienyloxy]-5(Z),8(Z),l I(Z),I 3(E)-tetradecatetraenoate 
(4) and 3.4 mg of methyl 12-[l'(Z),3'(Z)-hexadienyloxy]- 
9(Z),ll(E)-dodecadienoate (6). Compounds 2 and 4 were 
unstable, and attempts to separate these compounds led 
to their degradation. The monohydroxy compounds 
(50.7 mg portion) were fractionated initially by normal- 
phase HPLC (Maxsil Silica 10 g, 500 mm • 10 mm, 15% 
EtOAc/hexanes) and then by reverse-phase HPLC 
(Merck Lichrosorb RP-18 7 ~, 250 mm X 10 mm, 85% 
MeOH/H20) to yield: (i) a mixture of methyl 13(S)-hy- 
droxy-6(Z),9(Z),ll(E),15(Z)-octadecatetraenoate (8) and 
minor related species (ii) methyl 15(S)-hydroxy-5(Z),8(Z), 
ll(Z),13(E),17(Z)-eicosapentaenoate (10), methyl 13(S)-hy- 
droxy-9(Z),ll(E),15(Z)-octadecatrienoate (12), and methyl 
12-hydroxy-9,13,15-octadecatrienoate (17) and (iii) methyl 
15 (S)-hydroxy- 5(Z),8(Z), 11 (Z), 13(E)-eicosatetraenoate (14) 
plus methyl 13(S)-hydroxy-9(Z),ll(E)-octadecadienoate 
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(16). Final  pur i f ica t ion of  c o m p o u n d s  8 (5.9 mg), 14 (4.7 
rag), and  16 (2.4 rag) was  accompl i shed  by H P L C  (Ver- 
s apack  Silica 10/a, 2 • 4.1 m m  X 30 cm; Alltech, Deer- 
field, IL;  10% EtOAc/hexanes) .  Separa t ion  of c o m p o u n d  
10 (6.4 mg) and  a 4:1 mix tu re  of 12 and  17 (4.8 rag; ra t io  
determined by  in tegra t ion of  GC p e a k s )  was also achieved 
by  H P L C  (Versapack Silica 10/~, 2 • 4.1 m m  X 30 cm, 
0.75% isopropanol]hexanes). All pure compounds  were col- 
orless oils. 

Larninaria setcheUii Silva was  collected at  Boiler  B a y  
on the  Oregon coas t  in April,  1991, and L. saccharina (L.) 
L a m o u r o u x  was obta ined f rom Puge t  Sound, Washing ton  
in J u l y  1990. B o t h  of these algae were processed in a man- 
ner  similar  to  the  above procedure  to  obta in  c o m p o u n d s  
8, 10, 12, 14 and  16. Nei the r  of these  algae showed any  
evidence for the  divinyl  e ther  f a t t y  acids. 

M ethy l  12-[l' (Z),3' (Z)-hexadienyloxy ]-6(Z),9(Z),l l (E)- 
dodecatrienoate (2). A colorless oil. UV (MeOH) Am~ = 
268 n m  (e = 30000); F T I R  (neat} 3013, 2963, 2934, 1739, 
1646, 1595, 1434, 1261, 1228, 1163 cm -1. For  1H and 13C 
N M R  data ,  see Table 1. Low-resolut ion e l ec t ron - impac t  
m a s s  s p e c t r u m  (LR E I M S )  m/z (rel. in tensi ty)  304 (M +, 
12), 275 (4), 175 (10), 105 (38), 91 (82), 79 (100). H R  E I M S :  
Found,  304.204; calcd, for C19H2803 (M+), 304.204. L R  
E I M S  m/z (rel. in tensi ty)  of hyd rogena ted  2 : 2 8 3  (M + -  
O C H  3, 3), 229 (47), 214 (36), 197 (100), 181 (20), 171 (27), 
163 (24), 143 (60), 129 (22), 97 (46), 87 (87), 74 (85), 69 (51), 
55 (63). 

Methyl  14-[1' lZ),3' (Z)-hexadienyloxyl]-5(Z),8(Z),11(Z),13 
(E)-tetradecatetraenoate (4). L R  E I M S  rn/z (rel. in tensi ty)  
of 4 or a geometrical  isomer: 330 (M +, 1), 250 (10), 233(8), 
201 (20), 183 (33), 159 (16), 150 (23), 131 (27), 121 (100), 
117 (46), 105 (40), 91 (85), 79 (77), 67 (51). L R  E I M S  rn/z 
(rel. intensi ty)  of hydrogena ted  4 : 3 4 2  (M +, 0.5), 311 
( M + - O C H 3 ,  2), 257 (29), 242 (31), 225 (42}, 199 (23), 143 
(44), 111 (25), 97 (44), 87 (83), 74 (100), 69 (59}, 55 (62). 

Meth y l  12-[1'(Z),3"(Z)~hexadienyloxy]-9(Z),11(E)-dode - 
cadienoate (6). A colorless oil. UV (EtOH) ~m,= = 268 n m  
(e = 30000}; F T I R  (neat) 2929, 2855, 1740, 1647, 1595, 
1434, 1250, 1228, 1164 c m  -1. L R  E I M S  m/z (rel. inten- 
sity} 306 (M +, 49), 275 (5), 245 (6), 149 (35), 131 (40}, 107 
(34), 96 (48), 81 (100), 67 (86), 55 (96). For  1H N M R  data ,  
see Table 1. H R  E I M S :  Found,  306.220; calcd, for 
C19Ha003 (M+), 306.219. 

Methyl  13(S)-hydroxy~gZl,9(Z),11(E),15(Z)~ctadecatetra- 
enoate (8). A colorless oil. [a]~ 7 = + 1 2  ~ (c = 0.66, ace- 
tone}, UV (MeOH) ~ = 238 n m  (e = 27000); F T I R  
(neat} 3438 (broad), 3011, 2960, 2934, 1740, 1437, 1212, 
1202, 1175, 985 c m  -1. L R  E I M S  m/z (tel. in tensi ty)  306 
(M +, 0.5), 288 ( M + - H 2 0 ,  7}, 275 (2), 237 (35}, 219 (22), 
205 (41), 187 (40), 159 (50), 107 (78), 81 (100), 69 (57}. For  
1H and  13C N M R  data,  see Table 1. H R  E I M S :  Found,  
306.219; calcd, for C19H3003 (M+), 306.219. L R  E I M S  m/z 
(rel. in tensi ty)  of T M S  derivat ive:  363 (M+--CH3, 0.7), 
347 ( M + - O C H 3 ,  0.7), 309 (100), 243 (10), 219 (6), 187 
(10), 145 (19), 129 (16), 103 (21), 91 (24), 73 (89). 

Methyl  15(S)-hydrox~SlZ),8lZ), 11 (Z), 13(E), 17(Z~eicosa" 
pentaenoate (10). A colorless oil. [alp ~'s = +9.9 ~ (C = 0.71, 
acetone). Based  on the known posit ive optical  ro ta t ion  for 
e thyl  15 -S-HETE (11), this  posi t ive ro ta t ion  also indi- 
cates S s tereochemistry  at  position-15. The predominant ly  
S s t e reochemis t ry  was conf i rmed by  oxidat ive  ozonoly- 
sis of the  ( - ) - m e n t h o x y c a r b o n y l  der ivat ive  (12) and sub- 
sequen t  compar i son  by  GC/MS of the  mala te  der ivat ive 
wi th  s t anda rds  prepared  f rom D- and  L-mala te  (13). 
The  exper imenta l ly  ob ta ined  mala te  f r a g m e n t  signifi- 
c an t l y  enr iched the  peak  cor respond ing  to  the  L- 
ma la t e  der ivat ive  when  co-injected in to  the  GC/MS wi th  
a mix tu re  of D- and  L-s tandards  (due to  incomplete  re- 
solut ion of the  D- and  L-malate~derived s t anda rds  un- 
der  our  GC/MS condit ions,  quan t i t a t ive  de te rmina t ion  
of the  R and S enan t iomers  was no t  possible). ' H  

TABLE 1 

NMR Data for the Methyl Ester Derivatives of Oxylipins from Lamu'narla MnclMrH a 

Methyl divinyl ether 2 Methyl divinyl ether 6 Methyl 13-HODTA {8) 
1 H 13cb t H IH 13cb 

C No. ppm m J(Hz) ppm ppm m J(Hz) ppm m J(Hz) ppm 

1 -- -- -- 174.12 . . . . . .  174.22 
2 2.32 t 7.5 33.93 2.30 t 7.5 2.32 t 7.6 33.93 
3 1.65 tt 7.8, 7.5 24.53 1.62 bt 7.3 1.65 tt 7.6, 7.6 24.52 
4 1.40 tt 7.8, 7.4 29.03 1.4-1.2 m -- 1.39 tt 7.6, 7.6 28.99 
5 2.09 bdt 7.5, 7.4 26.83 1.4-1.2 m -- 2.08 m -- 26.87 
6 5.38 m -- 129.83 1.4-1.2 m --  5.38 m -- 129.99 
7 5.38 m - -  127.83 1.4-1.2 rn - -  5.38 m - -  127.61 
8 2.86 bdd 7.5, 7.2 26.00 2.10 m -- 2.93 bddd 6.2, 6.8, 1.5 26.12 
9 5.26 dt 10.5, 7.5 127.30 5.30 dr 10.8, 7.6 5.38 m -- 130.41 

10 5.86 dbb 11.1, 10.5 123.32 5.85 bdd 11.3, 10.8 5.99 bdd 11.1, 10.9 127.81 
11 6.07 dd 11.9, 11.1 106.48 6.05 bdd 11.9, 11.3 6.56 ddt 15.2, 11.1, 1.2 125.39 
12 6.61 d 11.9 147.91 6.59 d 11.9 5.73 dd 15.2, 6.3 135.73 
13 6.21 d 6.2 141.79 6.20 d 6.2 4.23 rn -- 72.02 
14 5.51 ddd 11.5, 6.2, 0.9 105.70 5.50 ddd 11.5, 6.2, 1.2 2.33 rn -- 35.23 
15 6.32 bdd 11.5, 11.3 119.54 6.32 bdd 11.5, 11.1 5.38 m -- 123.76 
16 5.43 rn -- 133.09 5.42 bdt 11.1, 7.5 5.57 dtt 10.2, 7.2, 1.4 135.18 
17 2.16 dqd 7.5, 7.5, 1.4 20.98 2.16 dqd 7.5, 7.5, 1.5 2.08 rn -- 20.73 
18 1.00 t 7.5 14.11 1.00 t 7.5 0.97 t 7.5 14.19 
OMe 3.67 s -- 51.46 3.67 s -- 3.67 s -- 51.51 
O H  . . . . . . .  1.91 d 3.9 

alH chemical shifts are reported relative to internal tetramethylsflane at 0.00 pm. i3C shifts are referenced to CDCI 3 at 77.00 ppm. All 
spectra were recorded in CDC13. NMR, nuclear magnetic resonance; 13-HODTA, 13-hydroxyoctadecatetraenoic acid. 
bAssignments based on a 1H-i3H-13C heteronuclear chemical shift correlation spectroscopy experiment and by comparison to model com- 
pounds {15). 
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785 

NMR (CDC13; 6) 6.56 (1H, dddd, J = 15.2, 11.1, 1.1, 1.1 , R=H 
Hz, H-13), 6.00 (1H, dd, J = 11.1, 10.8 Hz, H-12), 5.73 (1H, 2 ,=c.3 
dd, J = 15.2, 6.3 Hz, H-14), 5.58 (1H, bdt, J = 10.8, 7.2 
Hz, H-18), 5.39 (6H, m, H-5, H-6, H-8, H-9, H-11, H-17), a R=H 4 R = C H  3 

4.23 (1H, m, H-15), 3.67 (3H, s, OCH3), 2.96 (2H, bdd, J 
= 6.3, 6.0 Hz, H-10), 2.81 (2H, bdd, J = 5.4, 5.3 Hz, H-7), s R=. 

6 R = C H  3 

2.34 (2H, m, H-16), 2.33 (2H, t ,J = 7.4 Hz, H-2), 2.10 (2H, 
m, H-4), 2.09 (2H, m, H-19), 1.84 (1H, d, J = 4.0 Hz, OH), 
1.71 (2H, tt, J = 7.4, 7.4 Hz, H-3), 0.97 (3H, t, J = 7.5 7 R=H 

8 R = C H  3 

Hz, H-20). 13C NMR [CDC18; assignments based on 
model compounds (compound 8 and Ref. 11); 6]: 174.14 

9 R = H  (C-1), 135.77 (C-14), 135.27 (C-18), 130.21 (C-11), 128.74 10 R=CH~ 
(C'5), 128.98 (C-6), 128.59 (C-8), 127.97 (C-9), 127.56 (C-12), 
125.34 (C-13), 123.70 (C-17), 71.98 (C-15), 51.53 (OCH3), 
35.26 (C-16), 33.40 (C-2), 26.52 (C-4), 26.10 (C-10), 25.62 u R=~ 12 R = CH 3 

(C-7), 24.72 (C-3), 20.73 (C-19), 14.20 (C-20). 
Methyl 13(S)-hydrox~9(Z),11(E),15(Z)-octadecatrienoate 

(12). A colorless oil. [a]~) 9= +5.1 ~ (c = 0.44, acetone) for 13 R=H 1 4  R = CH 3 

a 4:1 mixture  (by GC integration) of 12 and 17. 
Methyl  15(S)-hydroxy-5(Z),8(Z),l l (Z),13(E)-eicosatetra- 

1 5  R = H  enoate (14). A colorless oil. [a]~ 2= +9.0 ~ (c = 0.52, ace- 16 R=CH~ 
tone), [a]aD 2 = +4.4 ~ (C = 0.52, hexanes), [a]~ 2 = +8.8 ~ (c 
= 0.52, EtOH).  1H and 13C NMR data  correlated well 
with previously reported values (11). 17 

Methyl 13(SPhydroxy-9(Z),11(E)-oetadecadienoate (16). A 
colorless oil. [a]~ 7 = +8.9 ~ (c = 0.27, acetone). 

Methyl  12-hydroxy-9,13,15-octadecatrienoate (17). [This i s  

compound was previously characterized from a green alga 
(14).] LR E I M S  rn/z (rel. intensity) 308 (M +, 0.15), 290 
(M+--H2 O, 3), 227 (2), 195 (3), 133 (3), 111 (100), 93 (12), 
81 (11), 67 (12), 55 (14). A Cla hydroxy acid methyl  ester 
with three double bonds was indicated by the ion at  rn/z 
308 (M+). The base peak at m/z 111 suggested placement 
of the hydroxy at C-12 with a diene unit  oriented toward 
the methyl terminus. Assuming an a-linolenic acid precur- 
sor to this compound, the third olefin was positioned at  
C-9. The LR EI MS  spectrum of the TMS-derivative of the 
hydrogenated species matched well with an authent ic  
spectrum of methyl  12-(TMS)oxyoctadecanoate (91% 
match with spectrum//45118 of the National Bureau of 
Standards mass spectral library #NBS54k included with 
the Hewlett-Packard 5971 MS operating software), con- 
firming the placement of the hydroxyl at  position-12. The 
stereochemistries of the olefins for compound 17 are pro- 
posed based on biogenetic arguments.  

RESULTS AND DISCUSSION 

Laminaria sinclairii was collected on the Oregon coast and 
immediately frozen with dry ice- Ext rac t ion  of the 
defrosted alga with warm CHC1JMeOH provided a 
viscous, dark brown oil which was fractionated by vacuum 
silica gel chromatography. Several nonpolar fractions 
showed UV active, brown-charring spots on TLC. These 
were combined, methylated with CH2N2, and fur ther  
fractionated to provide material rich in divinyl ethers and 
monohydroxy fa t ty  acid methyl  esters. The divinyl ethers 
were finally purified by normal-phase HPLC to yield a 4:1 
mixture of compounds 2 and 4 (determined by GC integra- 
tion of hydrogenated 2 and 4) and pure compound 6. At- 
tempts  to isolate 2 and 4 in pure form were unsuccess- 
ful as the compounds degraded with each step of purifi- 
cation. 

~ O  / ~ ~ CO2R 

~ o  / ~ ~ _ _  CO2R 

~ - -  ~ CO2R 

OH 

~ - -  - -  ~ CO2R 

OH 

_ _  ~ ~ CO2R 

OH 

- -  ~ ~ CO2R 

OH 

~ C O 2 R  

OH 

/ ~ CO~CH3 

OH 

/ o i~"~, , .~" , , , .~ '~ jc~ n 

19 ~ - -  / o ~  c ~  

7 

OH 
A B C 

Since compounds 2 and 4 were not  separable without ex- 
tensive decomposition, da ta  were collected for the mix- 
tur~ The 1H NMR spectrum showed minor shoulders on 
several of the olefinic peaks and distortions in upfield pat- 
terns indicating that  2 and 4 were closely related. The 13C 
NMR data  (Table 1) and H R E I M S  provided a molecular 
formula of C19H2803 for the major component.  An anal- 
ysis of the NMR data  revealed five olefins and one ester 
carbonyl. Despite the presence of compound 4, two iso- 
lated spin systems [H(2)-H(12) and H(13)-H(18)] were ob- 
tained from the 1H-1H chemical shift correlation spec- 
troscopy (COSY) spectrum. Since two of the oxygens in 
the formula are contained in the ester function, the re- 
maining oxygen logically would connect the two spin sys- 
tems. The resulting divinyl ether  s t ructure  explains the 
polarization of the olefinic carbons at the termini of these 
spin systems (C-12, 5147.91, C-11, 5106.48; C-13, 6141.79, 
C-14, d105.70). The magnitudes of the coupling constants  
for the olefins adjacent to the ether  oxygen are also con- 
sistent  with a divinyl ether  structure- Enol ethers show 
distinctive coupling constants  with J ~ s  = 12.0-12.6 Hz 
and Jcis -- 6.2-6.7 Hz (15). Thus, the C(ll)- C(12) double 
bond was trans (11.9 Hz) while the C(13)-C(14) olefin 
was cis (6.2 Hz). The C(9)-C(10) (10.5 Hz) and C(15)-C(16) 
(11.3 Hz) protons showed coupling constants  of more 
typical  cis olefins. The C(5)-C(6) olefin was also cis 
based on the 1~C shifts of the adjacent  methylene 
carbons (16) (H-6 and H-7 were a degenerate multiplet). 
Hence ,  s t r u c t u r e  2 was de f ined  as m e t h y  12- 
[l'(Z},3'(Z}-hexadienyloxy]-6(Z},9(Z),l l(E)-dodecatrienoate. 
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The 1H-~H COSY spectrum of the mixture of 2 and 4 
suggested that compound 4 was a C20 analog based on 
an extra correlation from d2.10 (H-4) to dl.71 (H-3). The 
H-3 protons of A5 C20 polyunsaturated fatty acids and 
derivatives typically occur at dl.71. Also, the bisallylic 
methylene at d2.86 in 2 appeared to have small, broad, 
doublets of doublets obscured to both the downfield and 
upfield sides of the main pattern, indicating the presence 
of two bisallylic methylenes in compound 4. Analysis by 
GC/MS supports this conclusion. Although divinyl ethers 
2 and 4 thermally isomerize to olefin isomers under 
GC/MS conditions, a peak that eluted after the major enol 
ether 2 showed a peak at rn/z 330 which corresponds to 
the M + for a C20 species with six olefins. A fragment 
peak at m/z 233 indicated an ether oxygen between C-14 
and C-15. The mixture of divinyl ethers 2 and 4 was 
hydrogenated, and the derivatized minor component had 
a M + 342 peak which implied six olefins in 4 and a ma- 
jor fragment peak at m/z 257, consistent with the loss of 
a C6H~3 unit to the distal side of the oxygen. Since the 
~H NMR patterns of 2 and 4 essentially overlap and the 
above GC/MS evidence supports a C20 analog with six 
double bonds, we propose structure 4, methyl 14-[l'(Z), 
3' (Z)-hexadienyloxy]-5(Z),8(Z),l l (Z),13(E)-tetradecatetra- 
enoat~ for the minor component. The olefin geometries 
shown are consistent with the functionality of 2 and the 
likely C20 fatty acid precursor, 5(Z),8(Z),l 1 (Z), 14(Z),l 7(Z)- 
eicosapentaenoic acid. 

Compound 6, the least polar divinyl ether from L. sin- 
clairii, contained the same chromophore as in 2 (~t~ 268 
nm). The 'H NMR spectrum of 6 was highly comparable 
to that of 2, except for two less olefinic protons and four 
more protons in the high field region of the spectrum (see 
Table 1). This suggested that 6 was the C(6)-C(7) dihydro 
analog of 2 which was further supported by 1H-~H COSY 
analysis. Confirmation of this structure was obtained from 
mass spectral analysis. A significant M + 306 peak was 
present (49%), and the base peak at m/z 81 is consistent 
with cleavage to the distal side of the ether oxygen. 
Hydrogenation of compounds 2 and 6 and subsequent 
GC/MS analysis showed that these two hydrogenated pr~ 
ducts were identical. 

The only known examples of divinyl ether fatty acids 
in nature are colneleic (18) and colnelenic (19) acids from 
potato tubers (17) and polyneuric acid from the marine 
red alga Polyneura latissima (18). Compounds 1 and 5 dif- 
fer from colneleic and colnelenic acids in the position of 
oxygenation and in the double-bond stereochemistry 
about the oxygen linkage. Colneleic and colnelenic acids 
have a trans olefin on either side of the ether oxygen, while 
compounds 1 and 5 have a cis double bond to one side of 
the oxygen and a trans olefin on the other side The potato 
tuber fatty acids arise from a pathway initiated by a 
9-1ipoxygenase acting on linoleic or a-linolenic acid (19). 
Assuming an analogous pathway to the new compounds, 
a 13-lipoxygenase is indicated in the formation of 1 and 
5 from C~8 precursors and a 15-1ipoxygenase in the for- 
mation of 3 from a C20 precursor (co6 in each case). Div- 
inyl ether 1 would derive from stearidonic acid, and com- 
pound 5 would arise from a-linolenic acid. 

The complex mixture of monohydroxy polyunsaturated 
fatty acid methyl esters from L. sinclairii was purified by 
a combination of normal- and reverse-phase HPLC to yield 
five major components: 8, 10, 12, 14 and 16. Four of these 

were known compounds: methyl 15(S)-hydroxy-5(Z),8(Z), 
ll(Z},13(E),17(Z}-eicosapentaenoate [methyl 15(S)-HEPE, 
10], methyl 13(S)-hydroxy-9(Z},ll(E),15(Z)-octadecatrieno- 
ate [methyl 13(S)-HOTE, 12], methyl 15(S)-hydroxy-5(Z), 
8(Z),ll(Z),13(E)-eicosatetraenoate [methyl 15(S)-HETE, 
14] and methyl 13(S)-hydroxy-9(Z),l l(E)-octadecadienoate 
[methyl 13(S)-HODE, 16]. Methyl 15(S)-HETE, methyl 
15(S)-HEPE and methyl 13(S)-HOTE were identified by 
1H NMR, 13C NMR, 1H-~H COSY, optical rotations and 
GC/MS analysis of TMS derivatives and comparison to 
literature data (11,20-24). Methyl 13(S)-HODE was char- 
acterized by ~H NMR, optical rotation (25) and GC/MS 
analysis of the TMS derivative (26). The fifth compound, 
8, was closely related to the above hydroxy acid methyl 
esters by NMR and analyzed for C~8H3003 by HR EIMS. 
The H(2)-H(6) (A), H(7)-H(15) (B) and H(16)-H(18)(C) 
spin systems could be assembled based on ' H - ' H  COSY 
data, but due to overlap in the olefinic and allylic meth- 
ylene regions, connection of these fragments was not pos- 
sible The two possibilities for combining these fragments 
gave rise to either a 9-hydroxy or a 13-hydroxy compound. 
Biogenetic arguments would favor the 13-hydroxy com- 
pound based on the co-occurrence of methyl 13-HOTE and 
methyl 13-HODE. LR EIMS supported this by showing 
a significant fragment at m/z 237, corresponding to cleav- 
age distal to C-13. Further proof for oxidation at C-13 in 
8 was obtained by separately hydrogenating small 
amounts of methyl 13-HODE, methyl 13-HOTE and com- 
pound 8 and analyzing the products as TMS ethers by 
GC/MS. All three samples were analyzed for the TMS 
ether of methyl 13-hydroxystearate (27). Carbon NMR 
shifts in 8 (Table 1) were assigned based on a 1H-~3C 
XHCORR experiment and model compounds (11). The 
positive optical rotation obtained for this sample indicated 
S stereochemistry at position-13, based on the known posi- 
tive rotations of methyl 13(S)-HOTE (24) and methyl 
13(S)-HODE (25). This stereochemical assignment was 
verified by analyzing the ozonolysis product of the (-)- 
menthoxycarbonyl derivative (12) by GC/MS and com- 
parison to known standards (13). The malate-derived pro- 
duct significantly enriched the peak corresponding to the 
L-malate derivative when co-injected into the GCEMS with 
a mixtue of D- and L-standards. These data allowed the 
assignment of the new structure as methyl 13(S)-hy- 
droxy-6(Z),9(Z),l l (E),15(Z)-octadecatetraenoate (methyl 
13(S)-HODTA, 8). All five of these hydroxy acid deriva- 
tives were also obtained in 0.15-0.4% yield from extracts 
of L. setchellii and L. saccharina (10). 

The occurrence of these hydroxy acids 7, 9, 11, 13, and 
15 in several species of Laminaria suggests that algae of 
this genus possess a lipoxygenase with positional specifi- 
city for C-13 in C~s substrates and C-15 in C2o substrates 
(co6 in both structure classes). The presence of oxylipins 
in Ecklonia stolonifera (5,6), Cymathere triplicata (9) and 
now in several species of Larninaria suggests that other 
brown algae of the Laminariaceae offer a potential source 
of these novel fatty acid derivatives. The physiological 
relevance of these compounds in the algae is unknown, 
but related compounds appear to act as endogenous elici- 
tors of phytoalexin production in rice plants which have 
been challenged with a fungal infection (28). The role that 
the divinyl ethers play is also unknown, although colneleic 
acid has shown in vitro activity as a 5-1ipoxygenase in- 
hibitor (29}. 
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Age-Dependent Accumulation of Phosphatidylcholine 
Hydroperoxide in the Brain and Liver of the Rat 
Teruo Miyazawa*, Toshihide Suzuki and Kenshiro Fujimoto 
Department of Applied Biological Chemistry, Tohoku University, Tsutsumidori, Sendai 981, Japan 

Age-related changes in phosphatidylcholine hydroperox- 
ide (PCOOH) content as an index for oxidative membrane 
lipid damage were determined by high-performance liquid 
chromatography using chemiluminescence detection. Brain 
and liver PCOOH content increased significantly in male 
and female rats with age. The brain PCOOH content of 
male 18-month-old rats was 4.4 times that of 1-month~fld 
rats, and that  of female 18-month-old rats was 3.5 times 
that  of 1-month-old females. The fiver PCOOH content of 
the male 1&month-old rats was 9.3 times that  of the 1- 
month-old; and of the female l&month~)ld rats was 4.7 
times that  of the 1-month-old. PCOOH levels in heart and 
lung did not show age dependency. In both brain and fiver 
(but not in heart and lung), the phosphatidylcholine con- 
tent significantly decreased upon aging. The results in- 
dicate that oxidative deterioration, such as phosphofipid 
hydroperoxidation, is prevalent in the membrane lipids of 
brain and fiver of the rat due to aging. 
Lipids 28, 789-793 (1993). 

Peroxidation of membrane lipids has been implicated as one 
of the basic mechanisms of ag~related pathological changes 
(1-3). The thiobarbituric acid (TBA) assay has previously 
been employed to estimate lipid peroxides in human plasma 
(4) and in tissues of rodents as a function of age (5-11). 
Several investigators have reported an increase in TBA reac- 
tants in rat brain (5,8,9,11) and liver (8,9,11) with aging 
whereas others could not show such changes (6,7,10). These 
inconsistencies may well be attributable to methodological 
problems, because the TBA assay also responds to alde~ 
hydes, amino acids and carbohydrates unrelated to lipid 
peroxides (12,13). 

Alternatively, expiration of hydrocarbon gas by aged rats 
(14), conjugated diene absorption of tissue lipids upon ag- 
ing (15) and ag~related fluorescence pigment formation (16) 
have been measured to follow membrane lipid hydroperox- 
ide formation. However, to accurately assess the degree of 
lipid hydroperoxidation in biological membranes, the direct 
measurement of primary peroxidation products, such as 
phospholipid hydroperoxides, is most desirable 

A new, sensitive and selective assay of phospholipid hy- 
droperoxides by high-performance liquid chromatography 
(HPLC) combined with chemiluminescence (CL) detection 
was first described by Miyazawa and colleagues (17-20). 
This CL-HPLC method was successfully applied to measure 
phospholipid hydroperoxides present in human plasma (19, 
21), serum lipoproteins (22) and in liver and brain of rodents 
(20,23,24). More recently, this method was used to establish 
that the phosphatidylcholine hydroperoxide (PCOOH) con- 

*To whom correspondence should be addressed. 
Abbreviations: CL, chemiluminescence; DHA, docosahexaenoic acid; 
HPLC, high-performance liquid chromatography; PC, phosphatidyl- 
choline; PCOOH, phosphatidylcholine hydroperoxide; PEOOH, phos- 
phatidylethanolamine hydroperoxide; TBA, thiobarbituric acid; TL, 
total lipids; TLC, thin-layer chromatography. 

tent of Drosophila melanogaster flies is reciprocally propor ~ 
tional to the flies' life span (25,26). PCOOH accumulation 
in cultured human diploid cell~ upon reaching cellular popu- 
lation doubling levels, was also measured by this method 
(27). A similar HPLC method with CL detection was in- 
dependently described by Frei et aL (28), although these 
authors could not detect phospholipid hydroperoxides in 
human blood plasma due to methodological limitations. 

In the present paper, we primarily determined the age- 
related changes that occur in PCOOH levels in the internal 
organs of the rat using the CL-HPLC method to follow the 
oxidative damage of membrane lipids in this in vivo rodent 
system. 

MATERIALS AND METHODS 

Animals. Male and female Sprague-Dawley rats (n = 42) 
were fed a standard laboratory diet (F-2 pellet rations; 
Funabashi Farm Co., Chiba, Japan; containing 5 mg of 
vitamin E per 100 g of diet) ad libitum for 1, 7, 12 and 
18 mon for male rats (body weight, 140, 557, 678 and 722 
g, respectively; n = 6 for each group); and for 1, 7 and 
12 mon for female rats (body weight, 112, 334 and 443 
g, respectively; n = 6 for each group). Groups of three rats 
each were housed in stainless steel cages and maintained 
at 25~ on a 12 h (8 a.m. to 8 p.m.) light-dark cycle The 
rats were fasted for 20 h prior to dissection and were 
sacrificed by exsanguination under light diethyl ether 
anesthesia. The livers were perfused in situ with ice-cold 
0.15 M saline, and then the brain, liver, heart and lung 
were removed. 

Total lipid (TL) extraction. TL were extracted with a 
mixture of chloroform and methanol (2:1, vol]vol) (29) from 
brain, liver, heart and lung as described previously (23,24). 

CL-HPLC The CL-HPLC system and conditions for 
measuring PCOOH in total lipids from rat tissues were 
essentially the same as those previously described by 
Miyazawa et aL (23,24). 

Determination of phosphatidylcholine (PC) and a-toco- 
pheroL The PC content in tissue TL was measured by an 
Iatroscan thin-layer chromatography (TLC)/flame-ioniza- 
tion detection method using an Iatroscan TH-10 ap- 
paratus (Iatron Laboratories Inc., Tokyo, Japan) as de- 
scribed by Hazel (30). o~Tocopherol content was measured 
by the fluorescence-HPLC method (31). 

Fatty acid analysis. PC was separated from tissue TL 
lipids by TLC (silica gel 60; Merck, Darmstadt, Germany) 
using chloroform/methanol]acetic acid/water (25:15:4:2, by 
vol) as developing solvent (32). Fatty acid methyl esters 
derived from TL and from PC were prepared by acid- 
catalyzed transmethylation (33). Methyl esters were ex- 
tracted with hexane and were analyzed using a Shimad- 
zu GC-8A gas chromatograph equipped with a glass col- 
umn (300 • 0.2 cm) containing 10% Silar 10C on Chro- 
mosorb W (60/80 mesh; Supelc~ Bellefonte, PAL Column 
temperature was programmed from 170 to 220~ at 
l~ Fatty acid methyl esters were identified by com- 
parison of their retention times with those of standards. 
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Statistical analysis. The data are expressed as mean 
values with standard deviations. All data were analyzed 
using the Student's t-test. 

RESULTS 

Figure 1 shows the CL chromatograms of PCOOH from 
brain TL of young male rats (1-month-old, Fig. 1A) and 
of aged male rats (18-month-old, Fig. 1B). PCOOH (reten- 
tion time at 11.0 min) was clearly separated and detected 
as a single sharp peak by CL detection. This peak had 
the same retention time as did authentic PCOOH; its 
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FIG. 1. Chemi luminescence  (CL)-high-performance l iquid 
chromatography chromatograms of phosphatidylcholine hydroperox- 
ides (PCOOH} from brain total llpids prepared from male rats. Panel 
A, 1-month-old rats. Panel B, 18-month-old rats. The PCOOH con- 
centration detected on the chemiluminescent chromatogram cor- 
responded to 140 pmol/g brain (A) and 767 pmol/g brain (B). The up- 
per chart shows CL detection, the lower chart shows conjugated diene 
(234 nm) detection. UV, ultraviolet. 

identity was further confirmed by cochromatography with 
authentic PCOOH. The chemiluminescent peak due to the 
hydroperoxide group in PCOOH completely disappeared 
upon reduction of the tissue TL with sodium borohydride 
to give the corresponding hydroxyl derivative as has been 
previously reported (18-20). As shown in Figure 1, the 
PCOOH peak intensity observed for the brain sample 
from 18-month-old rats (767 pmol PCOOH/g brain) was 
more intense than that for 1-month-old rats (140 pmol 
PCOOH/g brain). By measuring conjugated diene absorp- 
tion (lower chart of Fig. 1), a slight, but insignificant, in- 
crease was observed for 18-month-old rats compared to 
1-month-old rats. The lack of significance was probably 
due to the comparatively low sensitivity of the conjugated 
diene method. 

Brain. For both sexes, brain weights, TL and a-toco- 
pherol content at 7, 12 and 18 mon were significantly 
higher than those at one month (Table 1). The brain PC 
content expressed per brain weight was constant during 
the 18-mon feeding period, but the PC content in the TL 
showed an age-dependent decrease for both sexes. The 
brain PCOOH was increased with aging in both male and 
female rats. The brain PCOOH content of the 18-month- 
old male rats was 4.4 times that of the 1-month-old, and 
of the 18-month-old female rats was 3.5 times higher than 
that of the 1-month-old. 

Liver. Liver weights increased with aging (Table 2). 
However, TL contents were not age-dependent, except for 
the 18-month-old female rats that  had the highest con- 
tent. The PC content of TL in males was lower at 12 and 
18 mon than at 1 and 7 mon, and in females PC content 
was lower at 18 mon than at 1 and 7 mon. mTocopherol 
contents both in male and female rats were not age- 
dependent. Female liver a-tocopherol contents were 
significantly higher than those of male livers for all age 
groups examined. Liver PCOOH increased proportionally 
with age in both sexes. The PCOOH content of the 18- 
month-old male rats was 9.3 times higher than that of the 
1-month-old, and that of the 18-month-old female rats was 
4.7 times that of the 1-month-old. Female rats had a higher 
liver PCOOH content at the early ages (1- and 7-month- 
old) compared with male rats, and the 18-month-old 
females had a lower liver PCOOH content than the 
18-month-old males. 

Heart and lung. The heart weights of the 7-, 12- and 18- 
month old rats were higher than those of the 1-month-old 
rats (Table 3). Lung weights increased with aging. TL 

TABLE 1 

Changes in Lipid Composition and in a-Tocopherol and Phosphatidylcholine Hydroperoxide  (PCOOH) 
Contents of Rat Brain with Aging a 

Rats  Brain  weight  Total  lipids (TL) PC a-Tocopherol PCOOH 
(mon) (g) (mglg brain) (mg/g brain) (mg/g TL) (t~g/g brain) (pmol/g brain) 

Male 
1 1.6 • 0.1 b 54.2 4- 5,2 b 14.6 4- 1.6 283 __- 28 b 6.3 4- 0.95 131 -- 46 b 
7 2.1 4- 0.1 c 68.2 4- 6.1 c 14.5 4- 2.3 219 + 24 c 12.4 4- 0.5 c 168 4- 495 

12 1.9 4- 0.1 c 71.2 4- 4.2 c 14.6 4- 1.2 208 + 21 c 11.4 4- 1.7 c 474 4- 77 c 
18 1.9 • 0.1 c 66.7 4-_ 6.8 c 12.3 4- 2.2 177 + 22 d 12.5 4- 1.9 c 573 +- 144 c 

Female 
1 1.6 4- 0.1 b 55.3 4- 2.9 b 15.1 4- 1.9 267 ___ 22 b 8.7 4- 2.45 163 4- 415 
7 1.8 • 0.1 c 64.4 4- 4.1 c 13.2 • 1.0 206 4- 12 c 14.3 • 0.4 c 319 • 56 c 

18 1.8 4- 0.1 c 71.8 4- 8.5 c 14.7 4- 2.2 196 4- 8 c 15.3 4- 2.1 c 575 4- 73 d 

aValue8 are means  __ SD of six ra t s  per  each age group.  Means  not  followed by the same letter, b,c or d, 
are significantly different (P < 0.001) wi th in  each sex. 
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T A B L E  2 

Changes in Lipid Composition and in a-Tocopherol and PCOOH Contents of Rat Liver upon Aging a 
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Rats  Liver weight Total lipids (TL) PC a-Tocopherol PCOOH 
(mon) (g) (mg/g brain) (mg/g liver) (mg/g TL) (~g/g liver) (pmol/g liver) 

Male 
1 7.2 • 0.8 c 34.4 • 2.1 15.1 • 1.7 c 468 • 10 c 11.2 • 3.1 274 • 74 c 
7 21.9 +_ 3.9 d 30.0 --- 3.8 r 13.3 +- 2.5 433 -+ 52 c 15.2 • 2.5 c 674 + 19 d 

12 24.1 • 2.8 d'e 38.0 • 4.7 d 12.3 • 1.4 338 • 19 d 9.3 • 2.3 d 1983 • 388 e 
18 28.7 • 3.1 e 33.0 • 7.8 9.9 • 1.1 d 309 • 64 d 13.2 • 0.9 c 2558 • 348 e 

Female 
1 5.6 • 0.5 b'c 31.2 • 4.0 c 13.4 • 2.8 425 • 32 c 18.8 • 3.95'c 409 • 26 b'c 
7 14.0 _+ 1.9 b,d 28.7 • 5.2 c 13.6 • 1.2 449 • 49 c 33.3 • 4.3 b'd 1266 • 172 b'd 

18 14.1 • 2.2 b'd 49.6 • 7.0 b'd 13.6 • 1.65 274 • 41 d 25.1 • 3.6 b'c 1917 • 432 b'e 

aValues are means • SD of six ra t s  per each age group. Means not  followed by the same letter, c,d o r  e, are 
significantly different (P < 0.001) within each sex. Abbrevia t ions  as in Table 1. 
bSignificantly different from corresponding male ra t  a t  P < 0.001. 

TABLE 3 

Changes in Lipid Composition and in a-Tocopherol and PCOOH Contents of the Heart 
and Lung of Male Rats with Aging a 

Rats  Tissue weight Total lipids (TL) PC a-Tocopherol PCOOH 
(mon) (g) (mg/g tissue) (mg/g tissue) (mg/g TL) (~g/g tissue) (pmol]g tissue) 

Hear t  
1 0.6 • 0.15 23.0 • 1.9 b 9.6 • 1.8 435 • 70 b 13.7 + 1.9 b 506 _ 152 b'c 
7 1.5 + 0.1 c 22.1 • 1.85 10.8 • 0.6 491 • 51 20.4 • 0.5 c 434 +_ 395 

12 1.5 • 0.1 c 18.8 +_ 0.9 c 10.0 • 0.8 527 • 68 21.6 • 1.9 c 635 • 129 c'd 
18 1.6 • 0.1 c 23.5 • 6.8 10.0 + 1.4 539 + 28 c 21.4 • 2.1 c 799 +_ 175 d 

Lung 
1 0.9 • 0.15 25.6 +_ 3.6 6.9 • 0.9 292 +- 23 b 18.3 • 3.1 145 +_ 43 
7 1.8 _ 0.2 c 24.6 • 5.0 5.8 • 0.8 230 • 44 c 22.0 • 0.85 125 + 39 

12 2.0 • 0.2 c 24.0 + 4.9 5.6 • 0.4 236 • 46 18.8 • 2.5 88 • 40 
18 2.3 • 0.1 d 20.5 • 2.6 5.9 • 0.5 268 • 14 17.9 • 1.3 c 92 • 37 

aValues are means • SD of six ra t s  per each age group. Means not  followed by the  same letter, b,c o r  d, 
are significantly different (P < 0.0011 within each organ. See Table 1 for abbreviations.  

c o n t e n t s  of  t h e  h e a r t  a n d  l u n g  w e r e  n o t  a g e - d e p e n d e n t .  
P C  c o n t e n t s  i n  t h e  h e a r t  a n d  l u n g  w e r e  c o n s t a n t  d u r i n g  
t h e  e n t i r e  f e e d i n g  p e r i o d ,  e x c e p t  t h a t  a h i g h e r  P C  c o n t e n t  
i n  h e a r t  T L  w a s  o b s e r v e d  fo r  t h e  1 8 - m o n t h - o l d  r a t s .  or 
T o c o p h e r o l  c o n t e n t  i n  t h e  h e a r t  a n d  l u n g  d i d  n o t  c h a n g e  
w i t h  age.  P C O O H  l e v e l s  i n  t h e  h e a r t  i n c r e a s e d  s l i g h t l y  
i n  t h e  1 8 - m o n t h - o l d  r a t s ,  b u t  P C O O H  l e v e l s  i n  t h e  l u n g  
d i d  n o t  i n c r e a s e .  

Molar ratio of PC and PCOOH. T a b l e  4 s h o w s  t h e  
c h a n g e s  i n  m o l a r  r a t i o  of  P C  a n d  P C O O H  i n  r a t  t i s s u e s  
w i t h  a g i n g .  F o r  b o t h  t h e  b r a i n  a n d  l iver ,  a g e - d e p e n d e n t  
p r o p o r t i o n a l  i n c r e a s e s  i n  P C O O H / P C  r a t i o s  w e r e  c l e a r l y  
e v i d e n t  i n  m a l e  a n d  i n  f e m a l e  r a t s .  T h e  b r a i n  P C O O H / P C  
r a t i o  fo r  t h e  1 - m o n t h - o l d  m a l e  r a t s  w a s  0 .6  X 10 -5 a n d  
t h a t  fo r  t h e  1 8 - m o n t h - o l d  m a l e  r a t s  w a s  3.5 X 10 -5. T h e  
r a t e  of  i n c r e a s e  in  b r a i n  P C O O H / P C  r a t i o  w a s  e s s e n t i a l l y  
t h e  s a m e  m a l e s  a n d  f e m a l e s .  T h e  l i v e r  P C O O H / P C  r a t i o  
o f  1 - m o n t h - o l d  m a l e  r a t s  w a s  1.9 • 10 -5 a n d  t h a t  of  18- 
m o n t h - o l d  m a l e  r a t s  w a s  19.7 X 10 -5. A s i m i l a r  i n c r e a s e  
w a s  o b s e r v e d  fo r  f e m a l e  l iver ,  a l t h o u g h  t h e  i n c r e a s e  in  
P C O O H / P C  r a t i o  w i t h  t i m e  fo r  t h e  f e m a l e s  w a s  l ower  t h a n  
t h a t  of  t h e  m a l e s .  T h e  c h a n g e  i n  P C O O H / P C  r a t i o  i n  t h e  
h e a r t  d i d  n o t  c o r r e l a t e  w i t h  a g i n g ,  a n d  t h e  l u n g  
P C O O H / P C  r a t i o  s h o w e d  n o  c h a n g e  w i t h  a g i n g .  

Fatty acids composition. T a b l e  5 s h o w s  t h e  c h a n g e s  i n  
f a t t y  a c i d  c o m p o s i t i o n  of  b r a i n  T L  a n d  P C  f o l l o w i n g  

TABLE 4 

Age-Dependent Changes in the Molar Ratio of Phosphatidyleholine 
{PC) to Phosphatidylcholine Hydroperoxide (PCOOH} 
in Rat Tissues a 

Rats  PCOOH/PC (105 • ratio) b 

{man) Brain Liver Hear t  Lung 

Male 
1 0.6 • 0.1 d 1.9 • 0.2 d 4.0 - 0.5 d 1.6 • 0.2 
7 1.0 • 0.1 e 4.5 • 0.7 e 3.0 • 0.1 e 1.7 • 0.2 

12 2.5 • 0.2 f 11.8 • 0.7 f 4.8 • 0.4 d 1.3 +_ 0.2 
18 3.5 • 0.4 g 19.7 • 2.8 g 6.1 • 0.5 f 1.2 • 0.2 

Female 
1 0.8 • 0.1 d 3.0 • 0.2 d n.d. c n.d. 
7 1.8 • 0.1 e 7.1 • 0.8 e n.d. n.d. 

18 3.0 -- 0.2 f 11.3 • 0.5 f n.d. n.d. 

aValues are means • SD of six ra t s  per each age group. Means not  
followed by the  same letter, d,e,f o r  g, are significantly different 
(P < 0.001) within each sex. 
bMolor rat io was calculated for 1-palmitoyl-2-arachidonoyl PC and 
its monohydroperoxide. 
CNot determined. 

a g i n g  i n  m a l e  r a t s .  I n  t h e  T L ,  o le ic  a c i d  (18:1n-9) ,  e ico-  
s e n o i c  a c i d  (20:1n-9)  a n d  d o c o s a t e t r a e n o i c  a c i d  (22:4n-6)  
l eve l s  in  t h e  7 - 1 8 - m o n t h - o l d  r a t s  we re  s i g n i f i c a n t l y  h i g h e r  
t h a n  t h o s e  i n  t h e  1 - m o n t h - o l d  r a t s .  D o c o s a h e x a e n o i c  
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T A B L E  5 

Changes  in F a t t y  Ac id  C o m p o s i t i o n  of  Bra in  Tota l  Lipids  (TL) and P h o s p h a t i d y l c h o l i n e s  (PC) of  Male  R a t s  
with Aging a 

Rats Fatty acid (wt%) b 
(mon) 16:0 18:0 18:1n-9 2 0 : 1 n - 9  20:4n-6 22:4n-6 22:6n-3 

TL 
1 23.9 + 0.8 21.8 + 1.1 c 19.0 + 0.8 c 0.6 +- 0.1 r 10.0 + 1.3 2.2 +__ 0.2 c 11.3 + 0.5 c 
7 22.6 +_ 1.3 18.9 __. 0 . 9  d 23.9 --I- 0 . 8  d 1.6 ___ 0 . 2  d 9.5 + 0.5 2.8 +__ 0 . 2  d 10.0 _ 0 . 2  d 

12 23.5 + 1.4 19.3 + 1.1 24.4 _+ 1.1 d 2.0 + 0 . 2  d 9.2 -- 0.9 3.1 4"- 0 . 2  d'e 7.1 + 0.8 e 
18 21.7 +_ 1.3 19.6 _+ 1.2 25.1 ----. 1 . 2  d 2.4 +_ 0.5 d 9.6 + 0.7 3.2 +- 0 . 1  e 7.0 + 0 . 7  e 

PC 
1 56.7 _ 2.1 c 18.6 _+ 1.3 c 11.2 + 0.9 c 0.6 + 0.1 c 2.1 -+ 0.3 c trace 0.5 __+ 0.1 c 
7 51.1 -!-_ 1.2 d 16.7 -- 0.9 c 15.3 �9 1.0 d 1.4 +-- 0.2 d 1.6 ----- 0.2 c trace 0.5 ___ 0.1 c 

12 46.0 +_- 2.4 e 13.3 + 0.8 d 25.1 • 1.1 e 1.4 + 0.2 d 3.0 +--- 0.2 d trace 1.1 +_ 0.3 d 
18 42.1 -!-_ 1.8 e 13.7 ___ 0.7 d 26.8 "4" 1.2 e 1.6 ----. 0.1 d 3.1 +__ 0.2 d trace 1.0 ___ 0.3 d 

aValues are means + SD of six rats per each age group. Means not followed by the same letter, c,d or e, are 
significantly different (P < 0.001). 
bIndividual fatty acids are designated by the number of carbon atoms and the number of double bonds, n 
represents the position of the first double bond from the methyl end. 

acid (DHA, 22:6n-3) content  was lower in 12- and 18- 
month-old ra ts  than  in 1- and 7-month-old rats. Satura ted  
f a t ty  acid (16:0, 18:0) content  remained cons tant  during 
the 18-mon exper imental  period. In  brain, PC decreased 
in sa tura ted  f a t t y  acids (16:0, 18:0) and increased in un- 
sa tu ra ted  f a t ty  acids (18:1, 20:1, 20:4, 22:6) with aging. 

DISCUSSION 

In  the present study, we have demonstrated the accumula- 
t ion of PCOOH in the brain and in the liver of ra ts  with 
aging by use of a C L - H P L C  method for hydroperoxide 
determinat ion.  Such an age-dependent  increase in 
PCOOH was not  observed in lung and heart.  We also 
showed tha t  PCOOH was present in all the internal organs 
we examined a t  levels of 100 to 2500 pmol per g ram of 
t issue (Tables 1-4). These values are much lower than  
previous da ta  reported for lipid peroxide levels (hundreds 
of n a n o m o l e s  pe r  g r a m  t i ssue)  b a s e d  on T B A  
measurements  (5-11). 

In  previous studies, age-related accumulat ion of lipid 
peroxides as measured by TBA assay was reported to be 
2 or 3 t imes higher in ra t  brain (5,8,9,11,15) and liver 
(8,9,11,15), and 1.2 t imes higher in ra t  liver lipids based 
on conjugated diene measurements  (15). In  the present  
study, it was shown tha t  the age-related format ion of 
PCOOH in brain (3.5-4.4 times) and liver (4.7-9.3 times) 
was more pronounced than  previously observed (5,8,9,15). 
F rom the evidence provided here based on da ta  obtained 
on aging rodents,  membrane  phospholipids in brain and 
liver appear  more susceptible to hydroperoxidation than  
the lipids in hear t  and lung. 

We recently reported the presence of phosphat idyleth-  
anolamine hydroperoxide (PEOOH) in addit ion to 
PCOOH in ra t  brain and liver (20). In  ra t  brain, P E O O H  
content  was generally higher than  PCOOH levels. Phos- 
phat idyle thanolamine  in brain and liver is also richer in 
unsa tu ra ted  f a t ty  acids than  is PC; hence, the present  
findings are not  surprising. Liver phospholipid hydro- 
peroxide content  is affected by dietary supplementat ion,  
e.g., with fish oil, which increases liver PCOOH and 
P E O O H  levels (20). 

An age-dependent decrease in phospholipid levels has 
been reported for ra t  liver (34), human brain (35), rat  brain 
and liver microsomes (36,37) and for e ry throcyte  mem- 
branes (38). In the present study, a slight decrease in brain 
PC content (Table 1), as well as a decrease in brain PC con- 
ten t  relative to brain TL, was evident (Table 1). The liver 
PC content  was decreased whether  expressed relative to 
liver weight or to liver TL (Table 2). This PC decrease 
relative to TL and the changes in phospholipid composi- 
t ion may  have a significant effect on membrane  fluidity 
(38,39) in these organs and thus might  change membrane  
function as well (40). As shown in this study, the organs 
showing a decrease in PC content  were the brain and the 
liver, and only in these two organs was an age-dependent 
accumulat ion of PCOOH observed. The PC decrease may  
have resulted from peroxidative breakdown of PC as well 
as from changes in phospholipid metabol ism tha t  may  oc- 
cur during aging. The changes in phospholipid composi- 
t ion also seem to directly correlate with the suscepti- 
bili ty to hydroperoxidation of the membrane  phospho- 
lipids themselves  (40,41). 

The content of a-tocopherol as one of the antioxidants in 
biomembranes did not decrease in the brain and liver upon 
aging (Tables 1 and 2), al though PCOOH had significantly 
accumulated in these two organs. I t  thus  appears  tha t  a- 
tocopherol cannot  effectively function as an ant ioxidant  
and inhibit PC hydroperoxidation due to aging in brain or 
liver. I t  could al ternat ively sugges t  tha t  higher a-toco- 
pherol levels may  be required to prevent  phospholipid hy- 
droperoxidation in the membranes  of brain and liver dur- 
ing aging, as was suggested by Meydani  et  al. (42). Upon  
aging, an increase in superoxide radical formation (8) and 
a decrease in superoxide d ismutase  activity, catalase ac- 
t ivi ty  (11) and glutathione content  (9) have been reported 
to occur in ra t  brain and in ra t  liver. The increase in 
PCOOH in ra t  brain and liver with age, as shown h e m  
should also affect membrane  association and act ivat ion 
of protein kinase C. I t  has been reported t ha t  oxidative 
modification of membrane  lipids can result  in pers is tent  
act ivat ion of protein kinase C (43,44). 

The livers of 18-month-old male ra ts  showed 10.4-fold 
higher P C O O H / P C  ratios than 1-month-old ra ts  (Table 4). 
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Th i s  e n h a n c e d  P C O O H / P C  m o l a r  r a t i o  in l iver  l i p ids  of 
t h e  aged  r a t s  was  however,  s i g n i f i c a n t l y  lower t h a n  t h a t  
r e p o r t e d  for t h e  l iver  of mice  (32.3 X 10 -5) fed a hepa to -  
ca rc inogen ic  chol ine-def ic ien t  d ie t  c o n t a i n i n g  e th ion ine  
(24). 

D H A  c o n t e n t  dec rea sed  in T L  of t h e  b r a i n  w i t h  ag ing .  
On  the  o t h e r  hand ,  a r ach idon ic  ac id  and  D H A  c o n t e n t  
s ign i f i can t ly  inc reased  in PC in aged  brain.  B r a i n  PC con- 
t a i n i n g  a rach idon ic  ac id  or  D H A  would  be  e x p e c t e d  to  be  
s ens i t i ve  to  h y d r o p e r o x i d a t i o n  in t h e  course  of ag ing .  

I n  t he  p r e s e n t  s tudy ,  we have  d e m o n s t r a t e d  t h a t  
P C O O H  a c c u m u l a t e s  as  a p r i m a r y  p e r o x i d a t i o n  p r o d u c t  
of m e m b r a n e  p h o s p h o l i p i d s  in b r a i n  a n d  l iver  of t h e  r a t  
u p o n  ag ing .  These  f i n d i n g s  p rov ide  i m p o r t a n t  ev idence  
t h a t  ox ida t ive  d a m a g e  occurs  to  m e m b r a n e  phospho l ip id s  
in t h e  course  of senescence  and  a g i n g  as  shown in t h i s  in 
vivo sys t em.  
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Modulation of Phosphatidylcholine Biosynthesis by Peroxisome 
Proliferating Fatty Acid Analogues 
Jon Skorve a,*, AsbjOrn M. Svardal b, Mohammed A. Mansoor  b and Rolf K. Berge a 
aLaboratory of Clinical Biochemistry and bDepartment of Pharmacology and Toxicology, University of Bergen, Haukeland Sykehus, 
5021 Bergen, Norway 

The modulation of phosphatidylcholine (PC) and phospha- 
tidylethanolamine {PE) biosynthesis by sulfur~substituted 
fatty acid analogues has been investigated in rats. We have 
compared the effects of two non-~mxidizable fat ty acid 
analogues, 3-thiadicarboxylic acid and tetradecylthioacetic 
acid, which induce proliferation of peroxisomes, with those 
of the analogue tetradecylthiopropionic acid, which is a 
weak peroxisome proliferator. Repeated administration of 
3-thiadicarboxylic acid for seven days resulted in increased 
hepatic concentrations of both PC and PE, but the PC/PE 
ratio was decreased. PC synthesis was increased, as evi- 
denced by increased incorporation of [3H]choline into PC 
and an increased activity of cytidinetriphosphate {CTP): 
phosphocholine cytidylyltransferase. This was accom- 
panied by a reduction in the pool sizes of choline and phos- 
phocholine. The S-adenosylmethione/S-adenosylhomocy- 
steine ratio (AdoMet/AdoHcy) was marginally affected, in- 
dicating no increase in the rate of methylation of PE to 
PC. Administration of tetradecylthioacetic acid also re  
suited in increased hepatic phospholipid levels, increased 
AdoMet/AdoHcy ratios and in slightly elevated activity 
of CTP:phosphocholine cytidylyltransferase. The most 
striking effect observed after tetradecylthiopropionic acid 
treatment was the development of fatty liver. The activity 
of CTP:phosphocholine cytidylyltransferase and the inco~ 
poration of [3H]choline into PC was reduced compared to 
3-thiadicarboxylic acid treatment. Although the rate of 
methylation of PE seemed to be increased at an elevated 
AdoMet/AdoHcy rati~ this resulted in only minor changes 
in the hepatic PC and PE levels, and the PC/PE ratio re- 
mained unchanged. Furthermore, the hepatic levels of 
choline and phosphocholine were reduced in these rats. The 
activities of the two enzymes competing for choline in the 
liver, choline kinase and choline dehydrogenase were 
changed in opposite directions, with the activity of choline 
kinase increasing approximately 1.5-fold. In addition, it 
was found that the level of homocysteine was elevated in 
the liver of tetradecylthiopropionic acid-treated rats. The 
possibility is discussed that this reflects a reduced flux of 
choline through the oxidative pathway in the liver. In tetra- 
decylthiopropionicacid-treated rats, there seemed to be a 
coordinated regulation of the two pathways for PC biosyn- 
thesis, with an increase in the methylation of PE to PC 
and a reduced synthesis v/a the CDPcholine pathway. The 
increase in PC observed in rats treated with 3-thiadicar~ 
boxylic acid and tetradecylthioacetic acid suggests that 

*To whom correspondence should be addressed. 
Abbreviations: AdoHcy, S-adenosylhomocysteine; AdoMet, S-adeno- 
sylmethionine; CPCT, cytidinetriphosphate (CTP):phosphocholine cy- 
tidylyltransferase; DTr, dithiothreitol; EDTA, ethylenediaminetetra- 
acetic acid; EGTA, ethyleneglycol-bis(~-aminoethyl ether)N,N'-tetra- 
acetic acid; FID, flame-ionization detector; Hcy, homocysteine; 
HEPES, N-(2-hydroxyethyl}piperazine-N'-(2-ethanesulfonic acid); 
HPLC, high-performance liquid chromatography; PC, phosphatidyl- 
choline; PE, phosphatidylethanolamine; TLC, thin-layer chromatog- 
raphy. 

increased PC synthesis is linked to peroxisome prolifera- 
tion. 
Lipids 28, 795-801 {19931. 

3-Thiadicarboxylic acid [HOOC-CH2-S-(CH2)Io-S-CH2- 
COOH] and tetradecylthioacetic acid [CH3-{CH2)I3-S-CH2- 
COOH] have been shown to be lipid-lowering agents and 
to decrease triacylglycerol, cholesterol and phospholipid 
levels in plasma {1-3). In addition, these agents are strong 
peroxisome proliferators, the dicarboxylic acid being the 
most potent {1). Both peroxisomal and mitochondrial/3- 
oxidation are stimulated by these analogues (3-5). Tetra- 
decylthiopropionic acid [CHa-(CH2)I3-S-CH2-CH2-COOH] is 
a weak peroxisome proliferator which inhibits mitochondrial 
/~-oxidation, leading to the development of fatty liver. The 
agent is hypolipidemic when fed to rats in relatively high 
doses {2-4). 

Phosphatidylcholine (PC) is the major phospholipid pres- 
ent in plasma lipoproteins and in liver (6). PC is synthesized 
mainly through the cytidinediphosphate(CDP)choline path- 
way (de novo pathway}, but in the liver PC may also be syn- 
thesized by methylation of phosphatidylethanolamine (PE) 
(7). It is widely accepted that in the former pathway the 
rate-limiting step is the formation of CDPcholine from cy- 
tidinetriphosphate (CTP) and phosphocholine catalyzed by 
CTP:phosphocholine cytidylyltransferase (CPCT). It has 
been postulated that the activity of this enzyme is regulated 
by translocation of the inactive cytosolic form to the active 
microsomal form (8). The biosynthesis of PC may, however, 
be increased by an increase in the total activity of CPCT 
without any changes in the relative distn'bution of the en- 
zyme {9,10}. We have previously reported that sulhmsub- 
stituted fatty acid analogues modulate the activities of 
microsomal and cytosolic CPCT to the same extent (5). The 
enzyme was not translocated from the cytosolic to the 
microsomal fraction in viv~ although translocation of CPCT 
has been observed in vitro (11). 

The methylation of PE to PC is catalyzed by PE N- 
methyltransferase, an enzyme associated with the micro- 
somal fraction from rat liver. This enzyme is mainly 
regulated by the availability of the substrat~s PE and S- 
adenosylmethionine (AdoMet) (7) and, more importantly, the 
methylation of PE is modulated by the ratio between 
AdoMet and S-adenosylhomocysteine (AdoHcy) (12). Several 
studies have pointed to a coordinated control of the methyla- 
tion pathway and the CDPcholine pathway, La, one pathway 
is upregulated if the other is downregulated (7), although 
this is not always the case (13). 

We wanted to extend our earlier studies on the effect of 
sulhmsubstituted fatty acid analogues on the metabolism 
of phospholipids in rat liver and, in particular, further ex- 
plore the differences between analogues which are strong 
and weak peroxisome proliferators. During the process of 
peroxisome preliferatior~ there must be an increase in mem- 
brane biosynthesis and, therefore, an increased demand for 
phospholipids. The more potent peroxisome proliferators in- 
crease the oxidation of fatty acids in contrast to the fatty 
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liver~promoting analogue, which inhibits the oxidation of 
fatW acids. The supply of fatty acids for glycerolipid syn- 
thesis may thus be quite different with these two groups 
of agents, which might in turn influence the biosynthesis 
of PC. In addition, it was of interest to examine the relative 
contribution of the two pathways in the synthesis of PC and 
to determine to what extent these pathways are coordinated- 
ly regulated. 

MATERIALS AND METHODS 

Chemicals and drugs. 3-Thiadicarboxylic acid, tetradecyl- 
thioacetic acid and tetradecylthiopropionic acid were pre- 
pared as described earlier (3,14). S-Adenosyl-L-[methyl- 
3H]methionine (62 Ci/mmol), [methyl-3H]choline chloride 
(76 Ci/mmol), [methyb14C]choline chloride (55 mCi]mmol), 
CDP[methyl-14C]choline (50 mCi]mmol) and phosphoryl- 
[methyl-14C]choline (50 mCi/mmol) were purchased from 
the Radiochemical Centre (Amersham, England), and 
CDP[ethanolamine-l,2-14C] (52 mCi/mmol) from ICN 
(Costa Mesa, CA). Choline chloride, CDPcholine, CDPeth- 
anolamine, phosphorylcholine, 1,2-dioleoyl-sn-glycerol and 
choline kinase were obtained from Sigma Chemical Ca (St. 
Louis, MO). Alkaline phosphatase was from Boehringer 
(Mannheim, Germany). All other chemicals were obtained 
from common commercial sources and were of reagent 
grade. 

Animals and treatments. Male Wistar rats from 
M#llegaard Breeding Laboratory (Ejby, Denmark) weigh- 
ing 150-200 g were housed individually in metal wire 
cages in a room maintained at a 12-h light-dark cycle and 
at a constant temperature of 20 • 3~ The animals were 
acclimatized for at least 5 d under these conditions before 
the start of the experiments. The fat ty acid analogues 
were suspended in 0.5% sodium carboxymethyl cellulose 
and administered by gastric intubation in a volume of 
0.7-1.0 mL once a day. The control animals received only 
sodium carboxymethyl cellulose. All animals had free ac- 
cess to water and food. At the end of the experiments, the 
fasted rats (12 h) were lightly anesthetized and cardiac 
puncture was performed. The livers were removed and im- 
mediately chilled on ice and weighed. 

In experiments with [methyl-SH]choline chloride, rats 
were lightly anesthetized and the radioactive isotope (40 
~Ci in 0.4 mL saline) was injected through the tail vein. 
Rats were killed 15 rain later and 1 g of fresh liver was 
immediately extracted with 20 mL of chloroform]meth- 
anol (2:1, vol]vol) (15). The incorporation of labeled choline 
into PC was determined by subjecting an aliquot of the 
washed chloroform phase to silicic acid thin-layer chro- 
matography (TLC) in chloroformJmetanol]acetic acid]water 
(50:30:7:3, by vol.) The bands were visualized with 12 
vapor, and the bands corresponding to PC were scraped 
into liquid scintillation vials and counted. 

Preparation of total homogenate and cellular fractions. 
The livers from individual rats were homogenized in ice ~ 
cold sucrose medium [0.25 M sucrose in 10 mM N-(2-hy- 
droxyethyl)piperacine~N'-(2-ethanesulfonic acid)(HEPES) 
buffer, pH 7.4] and 2 mM ethylenediaminetetraacetic acid 
(EDTA). The postnuclear fraction was used for further 
analysis by differential centrifugatiorL Samples from three 
animals were pooled and mitochondria-enriched, peroxi- 
some~enriched, and microsomal and cytosolic fractions 
were isolated (1). 

Other analytical methods. The activity of cholinephos- 
photransferase was measured in the microsomal fraction 
as described by Weinhold et al. {16}, with some modifica- 
tions. The assay mixture contained 50 mM Tris/HC1 (pH 
8.0), 20 mM MgC12, 1 mM dithiothreitol (DTT), 1 mM 
ethyleneglycol-bis(~-aminoethyl ether(N,N'-tetraacetic 
acid {EGTA), 1 mM 1,2-dioleoyl-snoglycerel and 0.2 mg/mL 
Tween 20. The mixture was sonicated, microsomes (0.2 
mg/mL) and CDP[methyl-14C]choline (1 mM) were added, 
and the reaction mixture was incubated for 15 min at 
37 ~ Ethanolaminephosphotransferase activity was as- 
sayed by an identical assay except for the use of CDP- 
[ethanolamine-l,2-14C]ethanolamine as substrate instead 
of CDP[methyb14C]choline. Choline dehydrogenase was 
assayed oxygraphically in the mitochondrial fraction as 
described previously (17). Choline kinase was assayed in 
the cytosolic fraction with [methyl-14C]choline chloride as 
substrate (18}. CPCT was assayed in the cytosolic and in 
the microsomal fraction with phosphoryl[methyl-14C]cho- 
line as substrate {19}. PE N-methyltransferase activity 
was measured in the microsomal fraction as incorporation 
of [methyl-SH] from S-adenosyl-L-[methyl-~H]methionine 
into PE (20), and the products were isolated and quanti- 
tated by TLC as described by Schanche et al. {21}. 

The amounts of choline and phosphochoIine were deter- 
mined in the water-soluble fraction after lipid extraction 
of the liver. Aliquots were analyzed as described by Post 
et al. (22}, except that  the column (Dowex AG1-X8} was 
eluted as described in the assay for choline kinas~ The 
level of homocysteine (Hcy) in the liver was determined 
with a radio-enzymic assay (23), whereas AdoHcy and 
AdoMet were determined in an acid extract by high-per- 
formance liquid chromatography (HPLC) (24). 

Total phospholipid content was determined using the 
Monotest phospholipids enzymatic kit (Boehringer). Hep- 
atic levels of PE and PC were quantitated using an 
Iatroscan TH-10 TLC + FID (latron) instrument. One- 
~L samples were spotted on Chromarods consisting of 
sintered layers precoated with silica gel. The rods were 
developed first in ethyl acetate~isooctane/glacial acetic 
acid]water (9:5:2:10, by vol; upper phase) and then in 
chloroforrrgmethanol/40% methylamine (120:35:5, by vol), 
and the resulting chromatograms were analyzed using 
software from Boreal (Flotec, France). Standard curves for 
PE and PC were used in calculating the amounts of phos- 
pholipids present in the samples. 

Statistical analysis. The results are presented as means 
• SD from three animals unless otherwise stated. En- 
zymatic activities were determined in pooled fractions 
from three treated animals, and in this case the results 
are given only as means. Control activities were deter- 
mined in nine to twelve animals and are given as means 
• SD. Differences were tested by a two-way analysis of 
variance at 95% confidence interval using a statistical 
software package (StatView SE; Abacus Concepts Ina, 
Brain Power Inc., Calabasas, CA). 

RESULTS 

Plasma and liver phospholipid levels. Administration of 
the hypolipidemic fatty acid analogues, 3-thiadicarboxylic 
acid and tetradecylthioacetic acid significantly lowered 
plasma phospholipid levels consistent with what has been 
observed previously (1) (Table 1). These two analogues at 
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TABLE 1 

Hepatic and Plasma Phospholipid Levels in Rats Fed Sulfur-Substituted Fatty Acid 
Analogues for Seven Days a 

Dose Hepatic Plasma 
(mg/d/kg phospholipids phospholipids 

Treatment body weight) (~molJg liver) (~mml]mL) 

Control O 19.0 +. 1.4 1.50 + 0.18 
3-Thiadicarboxylic acid 75 21.1 +. 0.2 b 1.10 ----- 0.15 b 

250 22.6 --4- 0.4 b 0.82 +. 0.30 b 
Tetradecylthioacetic acid 75 21.6 +. 1.8 1.05 +. 0.25 

250 23.2 + 2.2 b 0.90 +- 0.155 
Tetradecylthiopropionic acid 75 19.5 +. 1.1 1.60 +- 0.15 

250 20.1 +. 0.9 1.90 +. 0.10 b 

aThe tabulated values are the means +. SD of twelve control animals and three rats in 
each experimental group. 
5p < 0.05 for difference between control and treated rats. 
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the highest dose used also increased hepatic phospholipid 
levels by approximate ly  15-20%. The agents  have also 
been shown to cause modera te  hepa tomegaly  increasing 
relative liver weights by  30-40% after 7 d of feeding {1,4}. 
2bluing this  into account, the increase in fiver phospho- 
lipids is actual ly greater  than  seen from Table 1. Tetra- 
decylthiopropionic acid, on the other  hand, only margin- 
ally affected hepatic phospholipid levels, bu t  increased 
p lasma  phospholipid levels. 

To fur ther  elucidate the effect of the f a t ty  acid ana- 
logues on phospholipid metabolism, an exper iment  was 
carried out in which ra ts  were fed 3-thiadicarboxylic acid 
and tetradecylthiopropionic acid for seven days. The ra ts  
were then injected intravenously with [3H]choline and 
killed 15 min later. Hepa t i c  PC levels and PE levels were 
measured, and as can be seen from Table 2 the levels of 
bo th  changed in the same direction. 3-Thiadicarboxylic 
acid increased bo th  the PC and PE  content,  and in these 
ra ts  the rate  of synthesis  of PC increased as shown by a 
higher incorporation of [3H]choline into PC as compared 
to controls and to tetradecylthiopropionic acid-treated 
rats. In  contrast,  no significant changes were observed in 
the hepatic concentrat ions of PC and PE and in the in- 
corporat ion of [3H]choline into PC after  tetradecylthio- 
propionic acid administrat ion {Table 2). I t  is worth noting, 
however, t ha t  the changes observed in the PC and PE 

levels were not  of the same order, result ing in a decreased 
ratio of PC to PE in the 3-thiadicarboxylic acid-fed ani- 
mals. Tetradecylthiopropionic acid treatment,  on the other 
hand, tended to increase the ratio between PC and PE 
compared to 3-thiadicarboxylic acid-treated ra ts  (Table 2). 

Regulation of the CDPcholine pathway. The enzyme 
choline kinase catalyzes the phosphoryla t ion  of choline, 
the first step in the CDPcholine pa thway of PC biosyn- 
thesis. This enzyme competes  for choline wi th  choline 
dehydrogenase, which catalyzes the oxidation of choline 
to betaine (25). Betaine acts as a methyl  donor in the con- 
version of Hcy  to methionine in the fiver {Fig. 1). 

The activities of these two enzymes have been measured 
in fiver of ra ts  t reated with  the different f a t t y  acid ana- 
logues. Tetradecylthiopropionic acid increased the activity 
of choline kinase {Table 3), whereas all three analogues 
decreased the act ivi ty  of choline dehydrogenase More in- 
formative,  however, is to compare the rat io of choline de- 
hydrogenase and choline kinase activit ies {Fig. 2}. This  
rat io was decreased after  adminis t ra t ion of tetradecyl- 
thiopropionic acid. After  seven days of feeding this ana- 
logue, the ratio was decreased nearly threefold, indicating 
a change in the choline flux away from the oxidative 
pathway. In contrast ,  3-thiadicarboxylic acid and tetra- 
decylthioacetic acid marginally elevated the ratio between 
choline dehydrogenase and choline kinase activities. 

TABLE 2 

Changes in Hepatic Levels of Phospholipids, Phosphocholine and Choline and in the Incorporation 
of [3H]Choline into Phosphatidylcholine in Liver of Rats Treated with Fatty Acid Analogues 
for Seven Days at a Dose of 150 mg/dlkg Body Weight ~ 

Control 3-Thiadicarboxylic acid Tetradecylthiopropionic acid 

PC (mg/g liver) 11.33 +_ 0.81 13.42 _ 1.015 10.51 +- 1.07 c 
PE Img/g liver) 5.90 __- 0.48 7.72 +_ 1.10 b 5.23 +_ 0.72 c 
Ratio (PC/PE} 1.94 1.76 2.02 
Choline 

(~mol/g liver) 0.114 +_ 0.025 0.053 - 0.016 b 0.072 +. 0.0255 
Phosphocholine 

0~mol/g liver) 1.54 +. 0.21 1.12 +_ 0.165 1.19 +-- 0.285 
Incorporation of 

[3H]choline into PC 
(cpm/15 mirdg liver) 4783 +. 670 8415 +. 15705 4560 +. 990 c 

aThe tabulated values are the means +__ SD of four to five rats in each experimental group. Phosphatidyl- 
choline, PC; phosphatidylethanolamine, PE. 
5p < 0.05 for difference between control and treated rats. 
cp < 0.05 for difference between the two treatment groups. 
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5-methyI-THF Met I~ AdoMet 

Betaine Hey ~ AdoHcy 

(1) T CT~I I 

Choline ~ Ph h h " osp oc ohne 
(2) (3) 

PE 

CH 3 ' ~  

(s) 

CDP-choline ~ PC 
(4) 

Diacylglycerol 

FIG. 1. Interrelationship between choline, methionine and phospha- 
tidylcholine metabolism; THF, tetrahydrofolate; Met, methionine; 
AdoMet, S-adenosylmethionine; AdoHcy, S-adenosylhomocysteine; 
Hcy, homocysteine; CTP, cytidinetriphosphate; PE, phosphatidyl- 
ethanolamine; PC, phosphatidylcholine; (1), choline dehydrogenase; 
(2), choline kinase; (3), CTP:phosphocholine cytidylyltransferase; (4), 
cholinephosphotransferase; (5), PE N-methyltransferase. 

We have previously reported that CPCT activity is ele- 
vated in rats treated with 3-thiadicarboxylic acid and 
tetradecylthioacetic acid, in which hepatic phospholipid 
levels are also increased. The activity changed in parallel 
fashion in the microsomal and the cytosolic fractions (5). 
This also can be seen from Tables 2 and 3, where the 

hepatic PC levels and the changes in the total enzyme ac- 
tivities are tabulated. In contrast, the total CPCT activity 
was reduced by approximately 25% in tetradecylthiopro- 
pionic acid-trated rats {Table 2). 

The activity of the last enzyme in the CDPcholine path- 
way, cholinephosphotransferase, was only marginally af- 
fected by tetradecylthiopropionic acid for up to 7 d of 
feeding, but  was stimulated by 25% after 14 d. 3-Thiadi- 
carboxylic acid increased cholinephosphotransferase ac- 
tivity after administration for a few days, whereas tetra- 
decylthioacetic acid decreased it by more than 25% after 
only one day of feeding (Fig. 3). 

Hepatic choline and phosphocholine levels were also 
changed in rats fed the fatty acid analogues. 3-Thiadi- 
carboxylic acid reduced the levels of both significantly, 
and tetradecylthiopropionic acid feeding tended to de- 
crease the pool sizes of both metabolites, although to a 
lesser extent than did the dicarboxylic acid (Table 2). 

PE synthesis and the methylation pathway to PC. PE 
is synthesized via the CDPethanolamine pathway, which 
parallels the CDPcholine pathway. The final enzyme in 
this pathway, ethanolaminephosphotransferase, catalyzes 
the transfer of CDPethanolamine to 1,2-diacyl-sn-glycerol. 
The enzyme PE N-methyltransferase can then N-methy- 
late phosphatidylethanolamine by successive transfer of 
methyl groups from AdoMet, giving the final product PC 
(Fig. 1). Repeated administration of 3-thiadicarboxylic 

TABLE 3 

Changes in Relative Specific Activities of Enzymes Involved in Choline Metabolism in Rats Treated with Fatty Acid Analogues 
for Seven Days at a Dose of 150 mg/d/kg Body Weight a 

Enzyme 3-Thiadicarboxylic acid Tetradecylthioacetic acid Tetradecylthiopropionic acid 

Choline dehydrogenase 83.1 86.2 69.1 
Choline kinase 78.3 67.7 152.0 
CPCT (total) 122.0 109.3 75.2 
Cholinephosphotransferase 116.7 75.6 105.0 

~ enzyme activities represent the means of pooled fractions from three treated animals and are presented relative to those of nine 
control animals (see Materials and Methods}. Control values (100%): Choline kinase, 42.7 +- 5.8; cytidinetriphosphate:phosphocholine 
cytidylyltransferase (CPCT), 53.8 • 5.3; cholinephosphotransferase, 249.45 • 21.6; choline dehydrogenase, 396.2 • 35.0 nmol/mirgg liver. 
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FIG. 2. Effect of ~thiadicarboxylic acid (O), tetradecylthioacetic acid (�9 and tetrade- 
cylthiopropionic acid (A) on the ratio of choline dehydrogenase and choline kinase activities. 
Rats were fed fatty acid analogues at a dose of 150 mg/day/kg body weight. Enzyme ac- 
tivities were determined in pooled fractions from three animals as described in Materials 
and Methods. 
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FIG. 3. Effect of 3-thiadicarboxylic acid (A), tetradecylthioacetic acid 
(B), and tetradecylthiopropionic acid (C) on the  activit ies of 
phosphat idyle thanolamine (PE) N-methyltransferase (e) ,  choline- 
phosphotransferase (A), and ethanolaminephosphotransferase ([7). 
Rats  were fed fa t ty  acid analogues at  a dose of 150 mg/d/kg body 
weight. The enzyme activities represent the  means of pooled frac- 
t ions from three t reated animals and are presented relative to those 
of nine control animals (see Materials and Methods). Control  values 
(100%); PE  N-methyltransferase,  4.23 ___ 0.53; choliuephosphotrans- 
ferase, 249.45 • 21.6; ethanolaminephosphotransferase,  71.95 • 7.2 
nmol/min/g liver. 

acid significantly enhanced the level of PE (Table 2). The 
activities of ethanolaminephosphotransferase and PE N- 
methyltransferase were both increased, an effect that was 
apparent after two days of feeding (Fig. 3). Tetradecyl- 
thioacetic acid had the same effect on the former enzyme, 
whereas the activity of PE N-methyltransferase was es- 
sentially unchanged. In contrast, the fatty liver produc- 
ing analogue, tetradecylthiopropionic acid, decreased the 
activity of the latter enzyme; PE N-methyltransferase ac- 
tivity was decreased by more than 50% after prolonged 
feeding. 

AdoMet functions as a methyl donor in cells, which pr~ 
vides methyl groups for a variety of acceptors, including 
PE. AdoHcy, the by-product in these reactions, is hydro- 
lyzed to Hcy. Hcy can then be remethylated to methionine• 
obtaining methyl groups either from 5-methyltetrahydro- 
folate or from betaine (Fig. 1). 

Repeated administration of 3-thiadicarboxylic acid 
slightly decreased the hepatic level of both AdoMet and 
AdoHcy (Fig. 4). Calculation of the AdoMet/AdoHcy ratio 
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FIG. 4. Effect of ~thiadicarboxylic acid (A), tetradecylthioacetic acid 
(B), and tetradecylthiopropionic acid (C) on hepatic  AdoMet (O) and 
AdoHcy ( �9 ) levels. Rats were fed fat ty  acid analogues for seven days. 
The tabula ted values are the means ___ SD of twelve control animals 
and three ra ts  in each experimental  group. *P < 0.05 for difference 
between control and t reated rats. Control values (100%); AdoMet,  
151.1 ___ 10.1; AdoHcy, 20.7 ----- 2.6 nmol/g fiver. Abbreviat ions as in 
Figure 1. 

showed that this parameter was unchanged (Table 4). 
Tetradecylthioacetic acid increased the hepatic level of 
AdoMet, amounting to a 40% increase at the highest 
doses used, while the AdoHcy level was decreased. Overall 
this resulted in an increased AdoMet/AdoHcy ratio (Table 
4). Tetradecylthiopropionic acid also increased the Ado- 
Met/AdoHcy ratio, in this case mainly due to an increase 
in AdoMet. The ratio increased by nearly 70% at a dose 
of 150 mg/d]kg body weight (Fig. 4). 

The level of Hcy was increased in liver (Table 4) and 
plasma (data not shown) after feeding tetradecylthiopro- 
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TABLE 4 

Effect of Sulfur-Substituted Fatty Acid Analogues on the Amount of Sulfur-Contalning 
Metabolites in Liver and Plasma of Rats Fed Fatty Acid Analogues for Seven Days a 

Dose 
(mg/d/kg Ratio Homocysteine 

Treatment body weight) AdoMet/AdoHCy (nmol/g liver) 

Control 0 7.4 _+ 1.0 6.3 + 1.1 
3-Thiadicarboxylic acid 150 8.7 _+ 1.3 b n.d. 

250 7.8 + 1.8 c 8.6 • 1.3 b 
Tetradecylthioacetic acid 150 10.4 +_ 0.7 d 9.9 • 2.5 

250 10.8 __. 1.7 d 7.5 • 2.2 
Tetradecylthiopropionic acid 150 13.4 _ 1.1 d n.d. 

250 11.4 _+ 0.7 d 13.3 • 2.4 d 

~The tabulated values are the means +_ SD of nine control animals and three rats in each 
experimental group, n.d., not determined. AdoMet, S-adenosylonethionine; AdoHCy, 
S-adenosylhomocysteine. 
bp < 0.05 for different means from tetradecylthiopropionic acid-treated rats. 
cp < 0.05 for different means from tetradecylthioacetic acid- and tetradecylthiopropionic 
acid-treated rats. 
dp < 0.05 for different means from the control rats. 

pionic acid, while 3-thiadicarboxylic acid and tetrade- 
cylthioacetic acid tended to increase the hepatic homocys- 
teine levels, although not significantly. 

DISCUSSION 

In this study we have investigated the modulation of phos- 
pholipid metabolism in the liver of rats fed different fat ty 
acid analogues. The fatty acid analogues can conveniently 
be divided into two groups. 3-Thiadicarboxylic acid and 
tetradecylthioacetic acid act as strong peroxisome p ro  
liferators and have hypolipidemic effects. Tetradecylthi~ 
propionic acid is a weak peroxisome proliferator (1,4). The 
most striking effect observed in rats treated with this 
analogue is the formation of fat ty liver. The peroxisome 
proliferating analogues increase hepatic phospholipid 
levels (Table 1), which may be rationalized by an increased 
demand for membrane biosynthesis. Tetradecylthiopro- 
pionic acid, as a very weak peroxisome proliferator, does 
not elevate hepatic phospholipid levels. 

The strongest peroxisome proliferator, 3-thiadicarboxy- 
lic acid, increases hepatic levels of both PC and PE (Table 
2). The PC/PE ratio decreased, however, as the increase 
in PE was greater than the increase in PC. The same 
phenomenon has been observed in rats treated with other 
peroxisome proliferators, such as di(2-ethylhexyl)phtha- 
late (26). The higher PC level may be due either to in- 
creased synthesis via the CDPcholine pathway or to in- 
creased methylation of PE. 3-Thiadicarboxylic acid in- 
creased the choline flux through the CDPcholine pathway, 
as evidenced by a higher incorporation of [3H]choline in- 
to PC {Table 2). It  can also be seen that  the pool sizes of 
choline and phosphocholine were decreased, suggesting 
an increased utilization of these metabolites. The amount 
of [3H]choline incorporated into PC is probably an over- 
estimation of the rate of PC synthesis, as the decreased 
pool size of choline will increase the specific activity of 
[3H]choline in the 3-thiadicarboxylic-treated rats. How- 
ever, the incorporation of choline was clearly higher than 
in rats administered tetradecylthiopropionic acid as the 
choline pool was also decreased in these rats. The activity 
of the rate-limiting enzyme in the CDPcholine pathway, 
CPCT (microsomal plus cytosolic) was increased (Table 3), 

again suggesting an increased PC synthesis v/a this path- 
way. The activity was increased both in the microsomal 
and in the cytosolic fraction (5). Studies with partially 
hepatectomized rats (10) provided results very similar to 
those obtained in the 3-thiadicarboxylic-treated rats. In 
hepatectomized rats the increase in total CPCT activity 
was found to be due to increased enzyme mass as shown 
by immunotitration. 

The increase in hepatic PC in 3-thiadicarboxylic acid 
treated rats may also result from increased methylation 
of PE. The PE N-methyltransferase activity measured in 
vitro was increased (Fig. 3), which may be related to the 
relative increase in PE in the membranes (Table 2). It  has 
been reported that  the level of PE in the membrane may 
influence the activity of this enzyme in vitro, while the 
in vivo activity was shown to be dependent on the 
availability of substrates (27). The amount of AdoMet was 
slightly decreased, and the ratio AdoMet/AdoHcy did not 
change significantly (Table 4). Altogether, this points to 
only small changes in the rate of methylation of PE in 
the 3-thiadicarboxylic-treated rats. 

The weak peroxisome proliferator, tetradecylthiopro- 
pionic acid, had only minor effects on the levels of PC and 
PE, which were slightly, although not significantly, re- 
duced. The incorporation of [3H]choline into PC was well 
below what was found in 3-thiadicarboxylic acid-treated 
rats (Table 2), while the choline pool tended to be de- 
creased. The decrease in the activity of CPCT (Table 3) 
points to a reduced synthesis of PC via the CDPcholine 
pathway. It can also be seen that the ratio of the activities 
of the choline metabolizing enzymes choline dehydrogen- 
ase and choline kinase was greatly reduced (Fig. 2), mainly 
due to a 1.5-fold increase in choline kinase activity. Choline 
kinase has an apparent K= value for choline that is much 
smaller than the corresponding value for choline dehydro- 
genase (17,28). The observed changes may thus reflect a 
change in the choline flux away from the oxidative 
pathway and into the CDPcholine pathway in tetradecyl- 
thiopropionic acid-treated rats. However, this seems not 
to be sufficient to prevent a reduced synthesis of PC by 
this pathway. The hepatic level of AdoMet and the 
AdoMet/Ado-Hcy ratio are, however, elevated in these rats 
(Fig. 4). This could result in increased methylation of PE 
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to PC (7) to compensa te  for the decrease in PC synthesis  
via the CDPcholine pathway. In  a recent repor t  (29) 
in which the diurnal var ia t ion of PE methyla t ion  was 
described, a high AdoMet/AdoHcy ratio was found to cor- 
relate wi th  a high PC/PE ratio, suggest ing a high flux of 
methyl  groups from AdoMet  to PE under  these condi- 
tions. 

I t  has been reported t ha t  ethionine~ a s t ructural  ana- 
logue of methionine, changes the choline flux in much the 
same way as does tetradecylthiopropionic acid (30). Both  
ethionine and tetradecylthiopropionic acid t r ea tmen t  re- 
sult  in a subs tant ia l  increase in the hepatic  level of Hcy 
and cause fa t  accumulat ion in the liver (31). The increase 
in the hepatic  Hcy  level observed in tetradecylthiopro- 
pionic acid-treated ra ts  (Table 4) could thus  be due to the 
reduced flux of choline through the oxidative pathway, 
thereby reducing the availabili ty of methyl  groups for 
methyla t ion  of homocysteine to methionine (Fig. 1). The 
higher AdoMet level observed in the same rats  might  con- 
t r ibute  to this effect, as AdoMet  may  act  as an allosteric 
inhibitor of 5,10-methylenetetrahydrofolate reductase (32), 
thereby reducing the level of 5-methyltetrahydrofolate,  
which is the other  possible methyl  donor for methyla t ion  
of Hcy. 

The AdoMet/AdoHcy ratio is also elevated in tetradecyl- 
thioacetic acid-treated rats  (Table 4), and the total  activity 
of CPCT is increased sl ightly (Table 3). The increase in 
hepatic PC content  observed in these ra ts  migh t  thus  be 
due bo th  to an enhanced rate  of methyla t ion  of PE and 
to a sl ight s t imulat ion of the CDPcholine pathway. 

The results  presented in this s tudy  are in accordance 
with CPCT being the rate-l imiting enzyme in the syn- 
thesis of PC via the CDP-choline pathway. Tetradecylthio- 
propionic acid is the only analogue which does not  in- 
crease the hepatic phospholipid level, and is also the only 
analogue t ha t  does not  increase the CPCT activity. The 
other two analogues increase the ac t iv i ty  of bo th  the 
microsomal and cytosolic cytidylyltransferase; transloca- 
t ion of the enzyme from the cytosolic to the microsomal  
fraction could not  be observed (10). 

In tetradecylthiopropionic acid-treated rats  there seems 
to be a coordinated regulation of the two pathways for PC 
synthesis,  the increase in the methyla t ion  of PE compen- 
sa t ing  for a reduced flux through the CDPcholine 
pathway. The possibility should be considered tha t  limited 
availability of choline could increase the flux through the 
methyla t ion  pathway, thereby s t imula t ing  de novo syn- 
thesis of choline In  3-thiadicarboxylic acid- and tetrade- 
cylthioacetic acid-treated rats, where hepatic phospholipid 
levels are elevated, the methyla t ion  of PE to PC seems 
to be increased if the CDPcholine pa thway cannot  supply 
the required amount  of PC. 
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The oxidized (UQox) and reduced (UQ,~d) forms of ubi- 
quinone (UQ) homologues in rat tissues and subcellular 
fractions were analyzed to elucidate their distribution and 
physiological role. UQ-9 and UQ-10 were detected in all 
tissues studied, and UQ-9 was the predominant homo- 
logue. The total amount of UQox-10 and UQ~ed-10 was 
20-50% that of UQox-9 and UQred-9. The levels of these 
homologues were highest in heart with lesser amounts oc- 
curring in kidney, liver and other organs. In liver and 
blood plasma, the UQ~d homologue amounted to 70-80% 
of the total UQ (UQox + UQ,ed = t-UQ). UQ,~d was less 
than 30% of t-UQ in other tissues and blood cells, toUQ 
was much higher in leukocytes and platelets in blood than 
in erythrocytes. In erythrocytes, t-UQ was exclusively 
located in the cell membranes. UQo x and UQ~d were also 
found in all subcellular fractions isolated from liver and 
kidney in about the same ratio as UQ~ed/t-UQ was pres- 
ent in the whole organ. The levels of UQox and UQ~d per 
mg protein in subcellular fractions from liver were highest 
in mitochondria, with lesser amounts present in plasma 
membranes, lysosomes, Golgi complex, nuclei, micro- 
somes and cytosol. In the mitochondria, the outer mem- 
branes were richer in t-UQ than the inner membranes. In 
the Golgi complex, the light and intermediate fractions 
were rich in t-UQ when compared to the heavy fraction. 
The possible physiological role of UQo= and U Q ~  in 
tissues and subcellular fractions is discussed. 
Lipids 28, 803-809 (1993). 

It is well-known that ubiquinone {UQ) functions as one 
of the indispensable electron carriers in the mitochondrial 
respiratory chain (1). This is the only established role of 
UQ in mammalian tissues. UQ can be synthesized de novo 
at the mitochondrial inner membrane 12} where the 
respiratory chain is located. 

However, UQ has been detected not only in mitochon- 
dria, but also in other subcellular fractions (3,4). In addi- 
tion, some of the UQ in tissues was reported not to be the 
oxidized form (UQox}, but the reduced form, ubiquinol 
(UQ~a) (5,6). UQ was also found in human and in animal 
blood plasma (7,8). A certain level of serum UQ is detected 
even in patients on long-term UQ-free total parenteral 
nutrition (9). Therefore, UQ appears to be a native com- 
ponent of plasma lipids. 

Recently, Dallner and colleagues (4,10) showed that  
subcellular organeUes of rat liver other than the mitochon- 
dria, such as the endoplasmic reticulum and Golgi 

*To whom correspondence should be addressed. 
Abbreviations: LDH, lactate dehydrogenase; LDL, low-density lipo- 

2 +  + + 2 +  protein; Mg -ATPase, Na ,K -insensitive Mg -adanosinetri- 
phosphatase; Na+-K+-ATPase, Na+,K+-sensitive Mg2+-adenosine - 
triphosphatase; NADPH-cyt.c, NADPH-cytochrome c; RNA, 
ribonucleic acid; suc-cyt.c, succinate-cytochrome c; UQ, ubiquinone; 
UQo x, oxidized form of ubiquinone; UQred, reduced form of ubi- 
quinone (ubiquinol); t-UQ, oxidized and reduced forms of ubiquinone. 

apparatus, are able to synthesize UQ de novo and that UQ 
synthesized at these sites was then secreted into the 
bloodstream by the endoplasmic reticulum/Golgi system. 

In a previous paper ill) we reported that  85% of the 
total amount of UQox and UQ~ (t-UQ) in serum exists as 
UQ~a, and that  such a high ratio of UQ~/t-UQ was 
maintained even when the level of t-UQ in serum was 
enhanced by oral supplementation with UQox. This 
means that UQox taken orally is also reduced to UQ~ at 
the expense of reducing equivalents such as NAD(P)H. 
It is not known why serum needs to maintain such a high 
level of UQ~ and where and how UQox, either taken oral- 
ly or synthesized de n o v ~  is hydrogenated and converted 
to UQ~. 

However, these observations strongly suggested that  
UQox and UQ~ in plasma and in subcellular fractions 
other than the mitochondria may play some physiologic- 
ally important roles. Therefore, a systematic analysis of 
the distribution of UQox and UQ~ in animal tissues and 
subcellular organelles was considered necessary. 

In this study we have analyzed the amounts of t-UQ 
and UQ~a homologues in subcellular fractions of liver 
and kidney, as well as other rat tissues. 

MATERIALS AND METHODS 
Mater ia l s .  The UQox-9 and UQox-10 were donated by 
Eisai Co. (Bunkyo-ku, Toky~ Japan}. UQ~ homologues 
were prepared by reducing the corresponding UQox 
homologues with 0.25% sodium borohydride in ethanol 
solution. All other chemicals used were of the highest 
grade commercially availabl~ Specific pathogen-free, male 
Wistar rats (8-weeks-old and 180-200 g body weight} were 
purchased from SLC Co. {Shizuoka, Japan} and fed MF, 
a commercial diet {Oriental Yeast Co., Toky(~ Japan}, prior 
to the experiments. 

Cell  f rac t iona t ion .  The rats were anesthetized with 
diethyl ether, injected with 0.2 mL of a heparin {1,000 
U/mL) through the femoral vein, and then dissected. First, 
blood was drawn from the abdominal aorta into a 
heparinized vacutainer. Next, the liver was perfused with 
20 mL of a chilled isotonic saline through the hepatic por- 
tal vein to the inferior vena  cave,  and then the organs in- 
tended for UQ analysis were removed. Blood was frac- 
tionated into plasma and cells, such as erythrocytes, 
leukocytes and platelets, using the Shibata and Kobayashi 
method {12}. The erythrocyte fraction was purified by 
removing leukocytes and platelets by the Beutler and 
West method {13}. Ghost cells and endosomes of erythro- 
cytes were prepared by the method of Dodge e t  al. 114). 
Upon removal, the organs were homogenized immediately 
with 4 vol of chilled 50 mM Tris-HC1 buffer {pH 7.4} con- 
taining 0.25 M sucrose and 1 mM ethylenediaminetetra- 
acetic acid using a Potter-Elvehjem glass-Teflon homoge- 
nizer. Nuclei, mitochondria, crude lysosomes, crude micro- 
somes {containing Golgi complex} and the cytosolic 
fraction were prepared from tissue homogenates by dif- 
ferential centrifugation at 600 X g for 10 min, 
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6,500 X g for 20 rain, 10,000 X g for 15 min, 105,000 • 
g for 60 re_in and 105,000 X g for 60 min, respectively, 
essentially as described by Hogeboom (15}. The nuclear 
fraction was purified further by the Blobel and Potter 
method (16} from the residues precipitated at the cen- 
trifugation step at 600 • g for 10 min. The purities of the 
subcellular fractions were ascertained by measuring 
marker enzyme activities. The distribution of marker en- 
zymes in the subceUular fractions prepared from liver and 
kidney is summarized in Table 1. 

Nucleoli, nucleolar wash and extranucleolar fractions 
were isolated from the nuclear fraction by the Muramatsu 
and Busch method (17). 

Subfractions of the mitochondrial inner and outer mem- 
branes and the matr ix were prepared from the mitochon- 
drial pellets (see above} by the method of Sottocasa et  al. 
(18). The specific activities (means + SEM of three prep- 
arations, nmol/mg protein/min) of succinate-cytochrome 
c (suc-cyt.c) reductase, a marker enzyme of the inner mem- 
branes, were 229 _+ 61 for the inner membrane fractions, 
42.7 _+ 18.2 (19% that  of the inner membranes) for the 
outer membrane fractions, and 5.2 __ 4.4 (2%) for the 
matrix fractions. On the other hand, the specific activities 
(means _+ SEM of three preparations, nmol/mg pro- 
tein/min) of monoamine oxidase (EC 1.4.3.4}, a marker en- 
zyme of the outer membranes, were 105 +_ 12 for the outer 
membrane fractions, 10.4 _+ 5.3 (10% of tha t  of the outer 
membranes} for the inner membrane fractions, and 10.6 __ 
2.5 (10%) for the matr ix fractions. 

The crude lysosomes were further fractionated to the 
following subfractions: Ly-1 (d ~< 1.109), Ly-2 (1.109 < 
d < 1.135), Ly-3 (1.135 < d < 1.145) and Ly-4 (1.145 ~<d), 
using discontinuous metrizamide gradient centrifugation 
as described by Wattiaux et  al. (19). From the marker en- 
zyme activities, 70% of lysosomes in the crude lysosomes 
was located in Ly-2, which also contained 16% of mito- 
chondria, 41% of microsomes and 3% of peroxisomes 
found in the crude lysosomes. At  the same time, 76% of 

mitochondria and 83% of peroxisomes in the crude 
lysosomes were found in Ly-4. 

Subfractions of the Golgi complex, i.e., the light frac- 
tion, the intermediate fraction and the heavy fraction, 
were prepared directly from the liver homogenates of rats 
which had been orally given 0.6 g ethanol/100 g body 
weight (as 50% ethanol solution) 90 min before the 
enucleation using the sucrose density-gradient centrifuga- 
tion method of Ehrenreich et  al. (20). Contamination of 
the Golgi fractions with other subcellular fractions were 
estimated to be less than 3% based on measurement of 
marker enzyme activities, i.e., suc-cyt.c reductase, acid 
phospha t a se  (EC 3.1.3.2),, N A D P H - c y t o c h r o m e  c 
(NADPH-cyt.c) reductase (EC 1.6.2.4) and lactate 
dehydrogenase (LDH, EC 1.1.1.27}, and ribonucleic acid 
(RNA} content. 

Smooth and rough endoplasmic reticular fractions were 
also separated by the Ikehara and Pitot method (21) from 
the residues obtained by centrifugation at 75,000 • g for 
3 h in preparing the Golgi fractions mentioned previously. 
RNA levels (means _ SEM of three preparations, 
nmol/mg protein), a marker of the rough endoplasmic 
reticulum, were 201 +_ 4 for the rough endoplasmic 
reticular fractions and 22 _ 6 (11% of the former} for the 
smooth endoplasmic reticular fractions. Contamination 
of the microsomal fractions with other subcellular frac- 
tions were est imated to be less than 5%, based on 
measurements of marker enzyme activities. 

Plasma membrane fractions, independent of previously 
described sequential fractionation of subceUular fractions, 
were also prepared from normal rat  liver by the method 
of Koizumi et  aL (22}. The specific activities of the marker 
enzymes in the plasma membranes are also shown in 
Table 1. 

E n z y m e  assays .  Microsomal NADPH-cyt .c  reductase 
activity was determined based on the rate of reduction 
of ferricytochrome c by the subcellular fractions in the 
presence of N A D P H  (23). The activity of suc-cyt.c 

TABLE 1 

Distribution of Marker Enzyme Activities in Subeellular Fractions of Rat Liver and Kidney a 

Suc-cyt.c Acid NADPH-cyt.c 
Subcellular fractions reductase phosphatase reductase LDH Mg2+-ATPase Na+-K+-ATPase 

Liver 
Nuclei 7.1 • 4.7 1.4 • 0.2 11.8 • 3.9 2.1 - 1.4 
Mitochondria 100 9.0 • 1.5 33.3 • 17.6 2.8 --- 2.4 
Crude lysosomes 6.4 • 3.4 100 29.7 • 8.0 2.1 • 1.4 
Crude microsomes 1.2 • 0.7 4.2 _ 3.6 100 1.4 • 0.7 
Cytosol 1.3 + 0.9 1.9 • 1.2 6.0 • 2.2 100 
Plasma membranes 9.2 • 1.6 4.3 • 2.0 25.4 • 1.9 0.7 • 0.0 

Kidney 
Nuclei 34.0 + 13.7 16.6 • 4.7 6.9 • 4.9 5.4 • 2.9 
Mitochondria 100 26.7 • 1.6 12.7 • 6.2 4.0 • 2.2 
Crude lysosomes 15.6 • 7.2 100 36.1 • 18.4 2.6 • 1.7 
Crude microsomes 8.5 • 2.7 9.9 • 2.3 100 6.4 • 3.3 
Cytosol 3.7 • 2.6 3.3 • 3.0 11.8 • 5.5 100 

5.9 • 2.1 4.1 • 4.3 
15.3 • 8.0 4.8 + 6.5 
11.1 • 0.4 9.7 + 4.2 
3.5 • 1.4 0.3 • 0.4 
1.0 • 0.3 5.6 • 7.9 

100 100 

i 

i 

i 

aThe values are means -- SEM of relative enzyme activities (%) measured on four rats used for liver preparations and three rats used 
for kidney preparations. The specific activities of marker enzymes in liver and kidney were as follows {respectively): 157 • 22 and 22.8 
• 3.6 nmol/mg protein/min for succinate-cytochrome c (suc-cyt.c) reductase in the mitochondria; 745 -- 26 and 12.8 • 3.3 nmol/mg pro- 
tein/min for acid phosphatase in crude lysosomes; 51 • 5 and 13.3 • 0.6 nmol/mg protein/rain for NADPH-cyt.c reductase in the crude 
microsomes; and 14.1 • 0.1 and 6.72 • 3.23 units/rag proteirdmin for lactate dehydrogenase (LDH) in cytosol. The specific activities 
of Na+,K+-insensitive Mg2+-adenosinetriphosphatase (Mg2+-ATPase) and Na+,K+-sensitive Mg2+-adenosinetriphosphatase 
(Na+-K+-ATPase) in plasma membranes from rat liver were 28.7 • 1.7 and 4.10 • 0.65 t~mol phosphate released]mg protein/h, respec- 
tively. These values were defined as 100% of relative enzyme activity for each marker enzyme. 

LIPIDS, Vol. 28, no. 9 (1993) 



805 

UBIQUINONE AND UBIQUINOL HOMOLOGUES IN RATS 

reductase was determined by the Tisdale method (24). The 
act ivi ty of acid phosphatase, a marker  enzyme for lyso- 
somes, was measured by the Walter and Schtit t  method 
{25), and LDH activity, a marker  enzyme for the cytosol, 
was measured by the Bergmeyer and Bernt  method {26). 
The activities of Na+-K+-insensitive and Na+-K+-sensi- 
tive Mg2+-adenosinetriphosphatases {Mg2+-ATPase and 
Na+-K+-ATPase, EC 3.6.1.3), which are marker  enzymes 
for plasma membranes, were measured by the Komatsu  
and Fujii method {27). Monoamine oxidase act ivi ty was 
assayed by the Nagatsu method {28). The activities of 
catalase {EC 1.11.1.6), a marker  enzyme for peroxisomes, 
was measured by the method of Bandhuin et al. (29). RNA 
content  was assayed by the Le Pecq and Paolett i  method 
(30), and the protein content  of subcellular fractions by 
the method of Lowry et al. {31). 

Determination of UQred and t-UQ. The UQo~ and UQ~d 
homologues in the tissues and subcellular fractions were 
extracted with ethanol and n-hexane in a nitrogen at- 
mosphere and determined by high-performance liquid 
chromatography with electrochemical detection, as 
previously described {32}. 

RESULTS 

Distribution of UQox and UQred homologues in rat 
tissues. The content  of t-UQ and UQ~d homologues in 
plasma and some major organs of Wistar  rats  is sum- 
marized in Table 2. Two kinds of UQ homologues of UQ-9 
and UQ-10 were detected in the tissues analyzed. UQ-9 
was the predominant  homologue and UQ-10 was a minor 
one in all of the tissues sampled. The amounts of UQ~d-9 
and UQ~d-10 were 70-80% of the corresponding t-UQ 
homologues in fiver and plasma, bu t  were less than 30% 
in heart,  kidney and spleen. Low amounts  of the UQ~d 
forms were also observed in lung, brain and skeletal mus- 
cle {data not  shown). The difference between the amounts  
of U Q ~  in the fiver and in other organs could not  be due 
to the oxidation of UQ~d to UQo~ during extract ion 
because all organs were treated equally. The samples were 
always prepared from freshly removed organs, and the 
UQ~ed forms were measured immediately to avert  oxida- 
tion to the corresponding UQo ~ forms. 

Distribution of UQox and UQ~d homologues in rat 
blood cells. The content  of t-UQ and UQ~d homologues 
in rat  blood cells is summarized in Table 3. UQ-9 and 
UQ-10 were detected in all blood cells isolated. Leukocytes 
and platelets, which have mitochondria, contained higher 
amounts  of t-UQ-9 and t-UQ-10 than did erythrocytes,  
which do not  have mitochondria. The U Q ~  forms were 
below 10% of the t-UQ in erythrocytes  and leukocytes, 
a l though they were not  detected in platelets. In erythro- 
cytes, interestingly, UQ was detected only in the cell mem- 
branes {ghost cells). This may be due to the lack of a 
biosynthet ic  sys tem for UQ in erythrocytes.  

Subcellular distribution of UQox and UQ~d homologues 
in rat liver and kidney. The levels of t-UQ and UQ~d 
homologues in subcellular fractions prepared from fresh 
rat  fiver and kidney are listed in Tables 4 and 5, respec- 
tively. All fractions tested contained significant amounts  
of UQ-9 and UQ-10. The levels of the U Q ~  forms 
reached 60-70% of those of the t-UQ homologues in most  
subcellular fractions of liver and amounted to about 25% 
of those in kidney. The content  of the t-UQ homologues 
in plasma membranes was comparable to tha t  in mito- 
chondria, but  the amounts  of the U Q ~  forms present 
were half of those in the lat ter  fractions. These extremely 
low levels of the U Q ~  forms in plasma membranes may 
be par t ly  due to their  oxidation to the corresponding 
UQo~ forms during the rather  complicated isolation 
process. On the basis of protein content,  the crude micro- 
somes, a mixture of both  the endoplasmic reticulum and 
Golgi complex, which may be involved in the de novo syn- 
thesis of UQ and in supplying UQ for blood plasma (4), 
showed the lowest level of t-UQ homologues among the 
subcellular organelles. The t-UQ content  in the crude 
lysosomes from fiver and kidney, which are known to effi- 
ciently take up extracellular UQ (33) was, respectively, 
about  one-fourth and one-half of tha t  in mitochondria. 
However, these low levels of t-UQ in crude lysosomes from 
fiver appeared to be contaminated with microsomes and 
peroxisomes, because the levels in lysosomes, which were 
purified by metrizamide-gradient centrifugation, were 
almost equal to those in mitochondria. The cytosolic frac- 
tions obtained at the final stage of the cell fractionation 
process tended to show higher levels of UQ~d forms 

TABLE 2 

Distribution of Ubiquinone (UQ) and Ubiquinol Homologues in Rat Tissues a 

Rats UQ homologues t-UQ b UQred UQred 
Tissues (n) detected content content (% of t-UQ) c 

Plasma 8 UQ-9 0.48 -!-_ 0.01 0.39 "!-_ 0.02 82.1 __ 7.3 
UQ-10 0.12 + 0.01 0.09 +- 0.01 75.9 + 8.5 

Liver 7 UQ-9 105.1 _ 2.3 78.0 +_ 3.8 74.5 + 10.5 
UQ-lO 18.8 _+ 1.1 12.7 + 1.0 67.4 _+ 5.1 

Heart 5 UQ-9 188.4 _ 5.8 17.4 ___ 0.4 9.3 -- 0.7 
UQ-10 21.6 _+ 0.6 1.88 + 0.05 8.8 + 0.8 

Kidney 4 UQ-9 122.6 _+ 3.6 19.9 -+ 1.9 16.2 + 2.8 
UQ-10 31.8 __ 0.9 4.89 + 0.09 15.3 _+ 2.8 

Spleen 4 UQ-9 75.9 -+ 3.2 22.4 + 0.8 29.8 +_ 3.9 
UQ-lO 39.6 -+ 1.0 9.77 _+ 0.23 24.7 +_ 0.7 

aThe values are means +_ SEM 
bThe sum of oxidized form of 
homologues. 
c{[UQred]/[t-UQ] } X I00. 

(~g/g wet tissues or mL plasma) of the number of rats listed. 
UQ (UQox) and reduced form of UQ (ubiquinol) (UQred) of each of the 
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TABLE 3 

Distribution of Ubiquinone and Ubiquinol Homologues  in Blood Cells a 

UQ homologues t-UQ content  b UQted content  UQre d 
Fractions detected (ng/mg protein) (ng/mg protein) (% of t-UQ) c 

Plasma UQ-9 0.99 -+ 0.57 0.68 _ 0.28 80.2 +- 5,1 
UQ-10 0.19 ... 0.10 0.15 • 0.07 76.5 +- 0.9 

Erythrocytes  UQ-9 0.13 ... 0.02 0.01 • 0.01 8.3 • 4.4 
UQ-10 0.06 +- 0.02 0.01 __ 0.00 9.2 - 4.4 

Ghost cells UQ-9 12.51 ... 3.97 0.31 • 0.10 2.5 +- 0.3 
UQ-10 4.23 +- 2.49 0.02 • 0.03 0,6 +- 0.8 

Endosomes UQ-9 0 0 - 
UQ-IO 0 0 --  

Leukocytes UQ-9 42.10 • 8.85 1.18 ___ 1.66 3.6 --- 5.0 
UQ-IO 20.37 _+ 6.80 0.89 • 0.65 5,6 • 4,0 

Platelets UQ-9 40.02 + 6.34 n.d. - -  
UQ-IO 30.59 • 17.25 n.d. --  

~ blood samples were mixed with 0.075 vol of 0.077 mM EDTA (pH 7.4), centrifuged 
at 250 X g for 10 min to separate erythrocytes and leukocytes, and then at 800 X g for 
15 min to separate platelets, The values are means __ SEM of three rats; n.d., not detected; 
other abbreviations as in Table 2. 
bThe sum of UQo x and UQred forms of each of the homologues. 
c{[UQred]/[t-UQ] } X 100. 

TABLE 4 

Distribution of Ubiquinone and Ubiquinol Homologues  in Rat Liver Subcellular Fractions a 

Subcellular Rats UQ homologues t-UQ content b UQred content UQre~ 
fractions (n) detected (ng/mg protein) (ng/mg protein} (% of t-UQ) c 

Homogenates 7 UQ-9 279 • 25 224 _+ 22 80 • 3 
UQ-10 31.0 +_ 6.9 24.1 • 7.0 80 • 7 

Nuclei 11 UQ-9 322 ... 104 219 • 66 67 • 6 
UQ-10 31.7 • 10.8 22.2 • 7.8 69 • 5 

Mitochondria 11 UQ-9 1,780 _ 370 1,280 • 270 73 • 7 
UQ-10 218 _+ 63 162 _+ 51 74 • 7 

Crude lysosomes 11 UQ-9 447 __ 80 308 • 64 67 • i0  
UQ-10 83.3 + 23.3 51.5 + 11.5 63 • 9 

Crude microsomes 11 UQ-9 121 +_ 41 83 -+ 31 69 • 7 
UQ-10 17.7 • 3.4 11.8 __ 3.0 66 • 9 

Cytosol 11 UQ-9 21.3 +_ 5.7 16.9 ... 5.3 74 • 7 
UQ-10 2.37 • 1.11 1.53 ... 0.58 72 • 5 

Plasma membranes 4 UQ-9 1,550 • 170 510 ... 100 33 • 3 
UQ-10 235 ___ 79 71 • 28 30 • 7 

aThe values are means + SEM of the number of rats listed. Abbreviations as 
bThe sum of UQox and UQred forms of each of the homologues. 
c{[UQred]/[t-UQ] } X 100. 

in Table 2. 

TABLE 5 

Distribution of Ubiquinone and Ubiquinol Homologues in Rat Kidney Subcellular Fractions a 

Subcellular UQ homologues t-UQ b content UQred content UQred 
fractions detected (ng/mg protein} (ng/mg protein) (% of t-UQ) c 

Nuclei 

Mitochondria 

Crude lysosomes 

Crude microsomes 

Cytosol 

U~ -9 
Ur !-10 
U~ -9 
Ur -10 
Cr -9 
ur -lO 
Ur -9 
Ur -10 
Ur -9 
ur 

700 • 171 124 • 48 23 • 2 
83.5 +_ 59.8 24.4 • 18.8 24 +_ 4 
901 _ 89 232 +_ 19 26 +_ 1 

98.3 + 53.5 25.3 -+ 12.8 27 +_ 2 
478 + 301 150 • 74 25 _+ 3 

69.0 __ 7.9 16.1 +_ 1.4 24 • 3 
197 _ 113 58 -- 28 24 • 1 

88.3 +_ 54.7 22.2 + 14.0 25 • 3 
52.1 +_ 38.9 15.2 +- 7.7 27 __ 3 
5.20 ___ 0.94 1.45 - 0.41 27 +_ 3 

aThe values are means + SEM of three rats. Abbreviations as in Table 2. 
bThe sum of UQox and UQred forms of each of the homologues. 
c{[UQred]/[t-UQ] } X 100. 
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t h a n  d id  o t h e r  subf rac t ions .  Th i s  m a y  be  a t t r i b u t e d  to  a 
U Q  r e d u c t a s e  a c t i v i t y  in t h e  cytosol ,  wh ich  can  reduce  
UQox to UQ~d in t he  p resence  of N A D P H  (23}. 

L ive r  nucle i  were f r a c t i o n a t e d  f u r t h e r  in to  t h ree  frac- 
t ions ,  n a m e l y  nucleoli ,  a nuc leo la r  w a s h  a n d  an  ex- 
t r a n u c l e o l a r  f rac t ion .  L ive r  m i t o c h o n d r i a  were a lso  
s e p a r a t e d  in to  th ree  f rac t ions ,  i nne r  m e m b r a n e s ,  o u t e r  
m e m b r a n e s  and  m a t r i x .  The  d i s t r i b u t i o n  of t -UQ-9 a n d  
t-UQ-10 in t h e s e  f r ac t ions  is  shown in Table 6. The  
a m o u n t s  of UQ~d in t h e  m i t o c h o n d r i a l  a n d  nuc l ea r  frac- 
t ions  were exc luded  f rom t h e  t a b l e  as  t h e y  h a d  dec reased  

T A B L E  6 

Distribution of Total  Ubiquinones in Rat Liver Nuclei 
and Mitochondria a 

Fractions t-UQ-9 t-UQ-10 

Nuclei 302 _+ 132 34.1 +_ 14.6 
Nucleoli 518 _+ 216 50.1 + 26.6 
Nucleolar wash 609 +- 204 54.0 +_ 26.6 
Extranucleolar fraction 245 _+ 63 32.2 +_ 9.1 

Mitochondria 1,670 _+ 360 225 _+ 76 
Inner membranes 559 +- 226 125 +_ 68 
Outer membranes 1,290 _-!- 380 284 _+ 75 
Matrix 339 -+ 138 86 __ 41 

aThe values are means +- SEM (ng/mg protein) of seven rats. t-UQ 
is the sum of UQo x and UQre d of each homologue. Abbreviations as 
in Table 2. 

to  a b o u t  50 -70% of  t he  o r ig ina l  levels  of UQ~d. This  was  
p r o b a b l y  due  to  a u t o x i d a t i o n  d u r i n g  f r a c t i o n a t i o n  ( d a t a  
n o t  shown}. I n  m i t o c h o n d r i a ,  su rp r i s ing ly ,  t h e  a m o u n t s  
of t-UQ-9 and  t-UQ-10 in t he  ou te r  m e m b r a n e s  were a b o u t  
twice  as  h igh  as  t h o s e  in t h e  inner  m e m b r a n e s  where  UQ 
p a r t i c i p a t e s  in  t h e  r e s p i r a t o r y  chain.  F u r t h e r m o r e ,  t h e  
m a t r i x  f r ac t ion  a l so  c o n t a i n e d  a h i g h  a m o u n t  of  t-UQ, 
which  is c o m p a r a b l e  to  t h a t  in t he  inner  m e m b r a n e s .  

T h e  c rude  l y s o s o m e s  were f u r t h e r  f r a c t i o n a t e d  to  sub-  
f r ac t ions  Ly-1 to  Ly-4 b y  d i s c o n t i n u o u s  m e t r i z a m i d e  gra- 
d i e n t  c e n t r i f u g a t i o n  as  shown in Table  7. M o s t  p r o t e i n s  
of t he  c rude  l y s o s o m e s  were l o c a t e d  in Ly-2 a n d  Ly-4. 
B a s e d  on  m a r k e r  e n z y m e  ac t iv i t ies ,  Ly-2 was  a lysosome-  
r ich  f rac t ion ,  w he re a s  Ly-4 was  r i ch  in m i t o c h o n d r i a  a n d  
pe rox i somes .  

Rough  and  s m o o t h  endop lasmic  re t icu la  and  Golgi  com- 
p lex  were a lso  i s o l a t e d  f rom t h e  c r u d e  m i c r o s o m a l  frac- 
t ions.  The  d i s t r i bu t i on  of t-UQ-9 and  t-UQ-10 in these  frac- 
t i o n s  is  s h o w n  in Table  8. T h e  a m o u n t s  of UQ~d 
homologues  were o m i t t e d  f rom the  t ab l e  because  t hey  had  
d r o p p e d  to 3 5 - 7 5 %  of t h e  levels  of t h e  o r ig ina l  c rude  
mic rosomes  d u r i n g  the  p repara t ion .  The  a m o u n t s  of t -UQ 
in Go lg i  s u b f r a c t i o n s  were 5 - 6  t i m e s  h ighe r  t h a n  t h o s e  
in s u b m i c r o s o m a l  f rac t ions .  F u r t h e r m o r e ,  t h e  c o n t e n t  of 
t -UQ homologues ,  in l i gh t  and  in i n t e r m e d i a t e  f rac t ions ,  
was  more  t h a n  th ree  t i m e s  h ighe r  t h a n  t h a t  in  t h e  h e a v y  
fract ion.  This  is in line wi th  t he  hypo thes i s  t h a t  U Q  e i ther  
s y n t h e s i z e d  d e  n o v o  or t a k e n  up  b y  t h e  e n d o p l a s m i c  
r e t i cu lum,  is  c o n c e n t r a t e d  a t  t h e  Go lg i  c o m p l e x  before  
e xoc y to s i s  (4). 

TABLE 7 

Distribution of Total  Ubiquinones in Rat Liver Lysosomes  a 

Proteins Marker enzyme activity (c~o)b 
Fractions found (%) Acid phosphatase Catalase 

UQ content {ng/mg protein) ~ 

t-UQ-9 t-UQ-10 

Crude lysosomes 100 100 100 542 +_ 62 86.9 +- 12 
Ly-1 3.79 +_- 1.96 162 +_- 24 2.0 _+ 0.6 1,430 -- 260 269 -+ 76 
Ly-2 20.4 _+ 4.9 207 + 50 5.9 +- 2.2 1,560 +- 350 292 _+ 80 
Ly-3 8.56 -+ 2.06 88.7 +- 10.1 70.6 _+ 11.7 598 +- 75 103 +_- 15 
Ly-4 18.5 +_ 3.2 18.6 +_ 6.1 188 +- 24 447 _+ 86 42.3 -+ 5.8 

aThe values are means _+ SEM of four rats. Abbreviations as in Table 2. 
bThe specific activities of acid phosphatase and catalase in crude lysosomes were 791 +_ 118 nmol]mg pro- 
tein/min and 23.3 __ 6.3 units/mg protein, respectively. 
ct-UQ is the sum of UQo x and UQre d of each homologue. 

TABLE 8 

Distribution of Total  Ubiquinones in Rat Liver Microsomes and Golgi Complex a 

Fractions t-UQ-9 t-UQ-lO 

Crude microsomes 122 __ 50 17.3 +- 3.3 
Smooth endoplasmic reticulum 144 +_ 64 23.6 _+ 10.7 
Rough endoplasmic reticulum 119 _+ 43 26.5 _+ 20.1 
Golgi complex 

Light fraction 676 + 232 252 +- 141 
Intermediate fraction 723 __ 539 260 +- 160 
Heavy fraction 212 +-- 126 94.4 + 48.7 

aThe values are means +_ SEM (ng/mg protein) of seven rats. t-UQ is the sum of UQox 
and UQred of each homologue. Abbreviations as in Table 2. 
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DISCUSSION 

The present results show that all tissues and subcellular 
fractions isolated from both liver and kidney contain 
significant amounts of U(~ as was reported by Kal6n e t  aL 
(4,34). The data also reveal that 70-80% of the total 
amounts of each UQox and UQred homologue in the liver 
and plasma, as well as 20-30% of those in other tissues, 
exist as the reduced hydroquinone form. Recently, Mat- 
sura e t  al. (35) suggested, based on studies in rabbits, that 
each UQ homologue may have a specific function with 
UQ-10 acting as an electron carrier and UQ~-9 as an an- 
tioxidant. In rats, however, the distribution patterns of 
UQ-9 and UQ-10 were not that different between 
mitochondria and other subcellular fractions. 

Recently, Dallner and colleagues (10) reported that 
nonaprenyl-4-hydroxybenzoate transferase, an enzyme 
responsible for UQ biosynthesis, was detected in all 
subcellular fractions except for peroxisomes and cytosol 
from rat liver. Kang e t  aL (36) also found 1-methoxy-5-poly- 
prenylphenol, a known intermediate of UQ synthesis, in 
a microsomal fraction from human hepatoma cells, though 
they could not detect the activity of p-hydroxybenzoate 
polyprenyl transferase in this fraction. These findings sug- 
gest that most subcellular organelles, including mitochon- 
dria, have their own pathways of UQ biosynthesis. These 
findings, as well as our results, further indicate that UQ 
may be one of the intrinsic structural components of 
subcellular membranes, just  like cholesterol or a-tocoph- 
erol, and that UQ,ed may play an important role in mem- 
brane physiology. 

It is still obscure whether the UQo= and/or the U Q ~  
present in subcellular fractions other than mitochondria 
serve some indispensable function. It has been suggested 
that U Q ~  may act as a lipid-soluble antioxidant (37). 
According to Kagan e t  al. (38,39), however, UQ~d is a 
much weaker antioxidant against lipid peroxidation than 
is a-tocopherol, and the antioxidative effect of long chain 
homologues, such as UQ~-9 and UQ~-10, is much 
weaker than that of short chain homologues, shorter than 
UQ~-5. Therefore, it is still controversial whether or not 
the long chain homologues existing widely in animal 
tissues serve as physiological antioxidant systems. 
However, some disagreements on the antioxidant effects 
of UQ~d appear to result from a disregard of the location 
of UQ homologues in bilayer lipid membranes. It has been 
assumed that the long chain UQ homologues, such as 
UQ-10, are mainly located in the hydrophobic core of the 
bilayer, while the short chain homologues are assumed to 
be located near the membrane surface (40,41) in parallel 
with aliphatic chains of the phospholipids with their polar 
heads exposed beyond the membrane surface, similar to 
a-tocopherol. Therefore, the antioxidative effects of native 
UQ homologues, such as UQ~-9 and UQ~-10, should be 
examined under experimental conditions in which the 
molecules are appropriately located, i.e., within the 
hydrophobic core of the membranes. Leibovitz e t  al. (42) 
showed that lipid peroxidation induced by t-butyl 
hydroperoxide in tissue slices from rats was depressed by 
feeding the rats diets fortified with UQox-10 before the 
experiment. Marubayashi e t a l .  (43) reported that in 
hepatic ischemia and subsequent reperfusion, the decrease 
in the levels of the reduced form of glutathione was not 
observed in rats pretreated by UQo.-10 injections. Frei 

e t  al. (44) reported that UQ~-10, but not UQox-10, acted 
as an effective antioxidant against lipid peroxidation in- 
duced by 2 ,2 ' -azobis (2 ,4-d imethy l -va leroni t r i l e )  in  lecithin 
liposomes and that UQ~-10 could work in concert with 
a-tocopherol through a coupled redox cycling system. Ac- 
cording to these findings, the U Q ~  forms appear to be 
more important antioxidants than are the UQox forms. 
The fact that about one-fourth of t-UQ exists in the hydro- 
quinone form, which seems to be formed by consuming 
reducing equivalents equimolar to NAD(P)H (23), sup- 
ports the concept under consideration. 

UQ in plasma is mostly associated with lipoprotein frac- 
tions (8); plasma itself does not seem to have UQ-reducing 
activity (data not shown). Extremely high levels of U Q ~  
in both liver and plasma, in comparison with other tissues, 
lead us to the conclusion as was proposed by Kal6n e t  al. 
(4), that UQ is synthesized and concentrated in the en- 
doplasmic reticulum-Golgi complex system of the liver 
and then secreted into plasma as lipoprotein vesicles. The 
high ratio of UQ~/t-UQ in plasma compared to the ratio 
of UQ~/t-UQ in other tissues is also very interesting. It 
can be argued that the peroxidation of plasma lipoprotein 
lipids is one of the causative events in arteriosclerosis 
(45,46}. Recently, Stocker e t a l .  (47) reported that  
UQ~-10 protects human low-density lipoprotein (LDL) 
more efficiently from lipid peroxidation than does a- 
tocopherol. The protection of plasma LDL from the perox- 
idation may thus be a major role of UQ,~-10 in plasma. 
Of course, plasma UQ may also serve as UQ pool for other 
tissues with insufficient UQ biosynthetic capacity. We 
recently also found that serum UQox is necessary for the 
regular and rhythmic beating of cultured mouse fetal 
myocardial cells (48). 

Other possible roles of UQ, as Sun e t  al. (49) reported, 
may include that UQ could serve as a transmembrane elec- 
tron carrier in plasma membrane redox systems and may 
be essential for cell growth. In addition, it has also been 
assumed that UQ may contribute to the fluidity of 
phospholipid bilayer membranes (50) and may control 
fatty acid release from membrane phospholipids by 
phospholipases (51). 

High levels of U Q ~  must be maintained by con- 
suming biological reducing equivalents, such as 
NAD(P)H, in the presence of the proper enzyme systems. 
Takada e t a L  (52) reported that in guinea pig liver, 
microsomes and cytosol, as well as mitochondria, had 
a reducing activity for UQox-10 and that DT-diaphorase 
(= quinone reductase, EC 1.6.99.2) was one of the enzymes 
responsible for the reduction of UQo.-10 in cytosol. 
DT-diaphorase is widely distributed in animal tissues, 
but its favorite substrates are not the long chain UQox 
homologues, but rather vitamin K and the short chain 
UQo, homologues (53). We recently found that in the 
liver cytosol there exists a novel NADPH-UQ reduc- 
tase activity, a favorite substrate of which is UQo= 
rather than naphthoquinone derivatives (23). Therefore the 
question still remains to be answered: Whether or not the 
high levels of U Q ~  in tissues, especially in the liver, 
can be maintained by DT-diaphorase or NADPH-UQ 
reductase, or both, possibly in cooperation with some 
other enzymes. Further studies are necessary to eluci- 
date the mechanisms of the reduction of UQo~, as well 
as its physiological role at sites other than mito- 
chondria. 
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Effect of Dietary a-Linolenic Acid and Its Ratio to Linoleic Acid 
on Platelet and Plasma Fatty Acids and Thrombogenesis 
Joanna K. Chan a,1, Bruce E. McDona ld  a,*, Jon M. Gerrard b, Vivian M. Bruce a, Bonn ie  J. Weaver c and 
Bruce J. Ho lub  c 
aDepartment of Foods and Nutrition, University of Manitoba, Winnipeg, R3T 2N2 Canada, bDepartment of Pediatrics and Child 
Health, University of Manitoba, Winnipeg, R3A 1S1 Canada and CDepartment of Nutritional Sciences, University of Guelph, Guelph, 
N1G 2W1 Canada 

The effect of dietary a-linolenic acid (18:3n-3) and its ratio 
to linoleic acid (18:2n-6) on platelet and plasma phospho- 
lipid (PL) fatty acid patterns and prostanoid production 
were studied in normolipidemic men. The study consisted 
of two 42-d phases. Each was divided into a C~d pre-experi- 
mental period, during which a mixed fat diet was fed, and 
two 18-d experimental periods, during which a mixture of 
sunflower and olive oil [low 18:3n-3 content, high 18:2/18:3 
ratio (LO-HI diet)], soybean oil (intermediate 18:3n-3 con- 
tent, intermediate 18:2/18:3 ratio), canola oil (intermediate 
18:3n-3 content, low 18:2/18:3 ratio) and a mixture of sun- 
flower, olive and flax oil [high 18:3n~ content, low 18:2118:3 
ratio (HI-LO diet)] provided 77% of the fat (26% of the 
energy) in the diet. The 18:3n-3 content and the 18:2/18:3 
ratio of the experimental diets were: 0.8%, 27.4; 6.5%, 6.9; 
6.6%, 3.0; and 13.4%, 2.7, respectively. There were appre- 
ciable differences in the fatty acid composition of platelet 
and plasma PLs. Nevertheless, 18:1n-9, 18:2n4} and 18:3n-3 
levels in PL reflected the fatty acid composition of the 
diets, although very little 18:3n~3 was incorporated into PL. 
Both the level of 18:3n-3 in the diet and the 18:2/18:3 ratio 
were important in influencing the levels of longer chain 
n-3 fatty acid, especially 20:5n-3, in platelet and plasma 
PL. Production of 6-keto-PGFl~ was significantly 
(P < 0.05) higher following the HI-LO diet than the LO- 
HI diet although dietary fat source had no effect on 
bleeding time or thromboxane B2 production. The present 
study showed that both the level of 18:3n-3 in the diet and 
its ratio to 18:2n4~ were important in influencing long~chain 
n-3 fatty acid levels in platelet and plasma PL and that 
prostanoid production coincided with the diet-induced dif- 
ferences in PL fatty acid patterns. 
Lipids 28, 811-817 (1993). 

Coronary heart disease is a degenerative process involving 
atherosclerosis and thrombogenesis (1,2). Dietary fat affects 
both of these phenomena (3). Polyunsaturated fatty acids 
(PUFA) of the n-3 and n-6 families may influence thrombus 
formation through their effects on the production of pr~ 
stanoids in the endothelial wall and in the circulating plat~ 
lets (4-6). 

1Present address: Department of Medical Physiology, Faculty of 
Medicine, University of Calgary, Calgary, Canada. 
*To whom correspondence should be addressed at Department of 
Foods & Nutrition, University of Manitoba, Winnipeg, Manitoba, R3T 
2N2 Canada. 
Abbreviations: EDTA, ethylenediaminetetraacetic acid; GLC, gas- 
liquid chromatography; HI-LO, high 18:3n-3 content, low 18:2/18:3 
ratio; IN-IN, intermediate 18:3n-3 content, intermediate 18:2/18:3 
ratio; IN-LO, intermediate 18:3n-3 content, low 18:2/18:3 ratio; LO- 
HI, low 18:3n-3 content, high 18:2/18:3 ratio; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; PGI, prostacyclin; PL, phospholipid(s); 
PPE, alkenylacyl glycerophosphoethanolamines; PPP, platelet-poor 
plasma; PUFA, polyunsaturated fatty acids; TXA, thromboxane. 

Dietary linoleic acid (18:2n-6) can be desaturated and 
elongated to arachidonic acid (20:4n-6), which is the precur- 
sor of thromboxane A2 (TXA2) and prostacyclin (PGI 2) 
{6,7}. Similarly, dietary a-linolenic acid (18:3n-3) can be de- 
saturated and elongated to eicosapentaenoic acid (20:5n-3), 
the precursor of TXA3 and PGI a (6,7}, but the efficiency of 
conversion has been reported to be relatively low in humans 
{8,9). TXA2 is a potent prothrombogenic agent whereas 
TXA 3 is a weak platelet aggregating agent. By contrast, 
both PGI2 and PGI3 are antithrombogenic (2). 

Most of the research on the antithrombogenic effect of 
dietary fatty acids has focused on dietary 20:5n-3, mainly 
because it is the direct precursor of antithrombogenic pr~ 
stanoids and a powerful inhibitor of n-6 PUFA metabolism 
(9). However, 20:5n-3 and docosahexaenoic acid (22:6n-3) are 
not effective in lowering blood cholesterol levels (10). Thus, 
interest has turned to the possible antiatherogenic and an- 
tithrombogenic role of dietary 18:3n-3. Both 18:2n-6 and 
18:3n-3 share the same enzyme system for desaturation and 
elongation {2,6,7); henc~ there is the possibility for competi- 
tion between them Thus, the relative and absolute amounts 
of these fatty acids in the diet could have an effect on the 
metabolism of n-6 and n-3 fatty acids which, in turn, could 
alter prostanoid metabolism and thrombogenesis. The im- 
portance of the 18:2/18:3 ratio in the diet has been studied 
by several investigators {8,11,12}. However, a comparison of 
the effect of the absolute amounts of 18:2n-6 and 18:3n-3 
and their ratio in the diet on plasma fatty acid patterns and 
thrombogenic tendency in the human has not been reportee[ 

The present study was designed to investigate the effect 
of dietary 18:2n-6 and 18:3n-3 and their ratio on n-3 and n-6 
PUFA patterns in platelet and plasma phospholipids (PL) 
and on bleeding time and on bleeding-time prostanoid for- 
matiorL Fatty acid patterns of phosphatidylcholine (PC), 
phosphatidylethanolamine (PE) and alkenylacyl glycer~ 
phosphoethanolamines (PPE) are reported. PPE has been 
shown to be the major storage site for 20:5n-3, although an 
appreciable amount also is found in the diacyl PC and PE 
fractions of platelet PL (13,14}. 

MATERIALS AND METHODS 

Experimental design. The study consisted of two 42-d 
phases with a 2-mon break between phases. Each phase 
was divided into three periods: a 6-d pre-experimental 
period and two 18-d experimental periods. Eight male sub- 
jects participated in the study. All subjects were fed a 
mixed fat diet during the pre-experimental period of each 
phase In the first experimental period of phase I, two sub- 
jects were randomly assigned to one of four experi- 
mental diets: sunflower and olive oil [low 18:3n-3 content, 
high 18:2/18:3 ratio (LO-HI)]; soybean oil [intermediate 
18:3n-3 content, intermediate 18:2/18:3 ratio (IN-IN)I; 
canola oil [intermediate 18:3n-3 content, low 18:2/18:3 
ratio (IN-LO)]; and sunflower, olive and flax oil [high 
18:3n-3 content, low 18:2/18:3 ratio (HI-LO)]. In the 
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subsequent experimental periods of phases I and II, each 
pair of subjects was switched to a different diet according 
to the following order: LO-HI  to IN-IN; IN-IN to IN- 
LO; IN-LO to HI-LO; and HI-LO to LO-HI.  

Subjects. The subjects, who ranged in age from 20 to 
34 yr, were students at the University of Manitoba. They 
were normolipidemic with plasma total cholesterol levels 
between 3.80 and 5.86 mmol/L at the beginning of the 
study. The subjects engaged in their normal activities and 
resided in their own residences throughout the study. They 
were instructed not to use aspirin during the study and 
to consult the directors before taking any medication. One 
subject left after the completion of phase I, and a replace- 
ment was recruited for phase II. All meals were served 
in the metabolic unit located in the Faculty of Human 
Ecology. The study protocol was approved by the Faculty 
of Human Ecology Ethics Committee, and written con- 
sent was obtained from each subject. 

Diets. A two-day cyclic menu of conventional foods was 
used during the study. Diets used in the study were iden- 
tical in all respects except sources of added fat which ac- 
counted for approximately 26% of total energy (77% of 
the 120 g/d of total dietary fat). The fatty acid composi- 
tion of the diets is presented in Table 1. The LO-HI  and 
the IN-LO diets had similar amounts of oleic acid 
(18:1n-9) and 18:2n-6, but the latter contained about eight 
times more 18:3n-3. The IN-IN diet was similar in 18:3n-3 
content to the IN-LO diet but contained twice the level 
of 18:2n-6. The levels of 18:2n-6 and 18:3n-3 in the HI -  
LO diet were approximately twice those in the IN-LO 
diet, but the 18:2/18:3 ratio was similar to that of the IN- 
LO diet (3.0 vs. 2.7). A one-day composite of each diet was 
collected during each phase of the study. The composites 
were homogenized and aliquots lyophilized for chemical 
analysis. Fat content of the diets was determined by the 
method of Bligh and Dyer (15). Fat ty acid methyl esters 
were prepared using sodium methoxide in methanol (16), 
and the fatty acid composition was determined by gas- 
liquid chromatography (GLC). 

Fatty acid analysis of platelet and plasma PL. Blood 
samples were collected from the subjects into ethylene- 
diaminetetraacetic acid (EDTA)-containing tubes follow- 
ing a 12-h overnight fast at the end of each experimental 
period. The samples were centrifuged at 250 • g, 18~ 
for 15 min to remove the red blood cells. Platelets were 
separated from the resulting plasma by centrifuging at 
1400 • g, 4~ for 15 min. Platelet-poor plasma (PPP) was 
removed from the samples and stored under nitrogen at 
-10  ~ Washed suspensions of the platelets were prepared 
by the method of McKean et al. (17). The final suspen- 
sion was in 1 mL of cold buffer (2 mmol Na2EDTA/L, 
0.15 mol NaC1/L, 0.02 mol Tris hydroxyaminomethane/L; 
pH 7.4). The tubes containing the final suspensions were 
flushed with nitrogen, stored at -22~  and then shipped 
on dry ice to the University of Guelph. The platelet sus- 
pensions were thawed on ice and the lipids extracted by 
the method of Bligh and Dyer (15). The PPP samples were 
thawed in the refrigerator and the lipids extracted im- 
mediately by the method of Folch et aL (18). The PL in 
the platelets and plasma were separated using tw~direc- 
tional thin-layer chromatography on pre-coated plates 
(Merck silica gel 60 HR, Terochem Laboratories Ltd., 
Toront~ Canada). The spotted plates were first developed 
in chloroform/methanol/ammonium hydroxide (65:35:5.5, 

TABLE 1 

Fatty  Acid Composition of the Diets  a 

Diets b 

Fatty acid Mixed fat LO-HI IN-IN IN-LO HI-LO 
Percent of total fatty acids 

14:0 4.5 1.5 1.5 1.5 1.6 
16:0 23.8 13.0 14.5 9.8 11.7 
16:1n-7 1.8 0.8 0.6 0.7 0.6 
18:0 12.4 4.7 5.2 3.8 5.6 
18:1n-9 38.5 56.0 24.8 54.2 29.6 
18:2n-6 12.0 21.9 44.9 19.5 36.0 
18:3n-3 1.0 0.8 6.5 6.6 13.4 
20:0 0.3 0.4 0.3 0.6 0.3 
20:1n-9 0.5 0.4 0.2 1.3 0.1 
22:0 trace c 0.3 0.3 0.4 0.4 
18:2/18:3 Ratio 12.0 27.4 6.9 3.0 2.7 
aMeans of four duplicates (two of each menu). 
bSource of added fat: Mixed fat, 11% corn oil, 22% lard, 22% tallow, 
and 22% shortening; low 18:3n-3 content, high 18:2/18:3 ratio (LO- 
HI), 20% sunflower off and 80% olive off; intermediate 18:3n-3 con- 
tent, intermediate 18:2/18:3 ratio (IN-IN), 100% soybean oil; in- 
termediate 18:3n-3 content, low 18:2/18:3 ratio (IN-LO), 100% canola 
oil; and high 18:3n-3 content, low 18:2/18:3 ratio (HI-LO), 47% 
sunflower oil, 20% olive off and 33% flax oil. 
CLess than 0.05%. 

by vol) and then in a second direction in chloroform]meth- 
anol/formic acid (55:25:5, by vol). Following the first run, 
the plates were dried under nitrogen and placed in a 
chamber containing HC1 fumes for 10 min to hydrolyze 
the alkenyl group from the PPE fraction (19). Following 
development, the plates were sprayed with dichlorofluores- 
cein dye, exposed to ammonia fumes and the lipid factors 
were localized under ultraviolet light. The PC, PE and 
PPE fractions were scraped into test tubes and trans- 
methylated with 6% sulfuric acid in methanol in the 
presence of known amounts of monopentadecanoin as in- 
ternal standard (Nu-Chek-Prep, Elysian, MN) in the case 
of plaf~let PL and with sodium methoxide in methanol 
(16) in the presence of internal standard in the case of the 
plasma PL. Similar areas of gel were scraped from blank 
plates and processed as for the samples. The fatty acid 
methyl esters were separated by GLC as described pre- 
viously for platelets (20) and plasma (21) PL fractions. The 
amounts of fat ty acids in each sample were adjusted by 
subtracting the amounts present in the spots scraped 
from the blank plates, relative to the amount of monopen- 
tadecanoin in each. 

Bleeding time and prostanoid production. Bleeding time 
and the bleeding-time production of TXB=, the stable 
metabolite of TXA=, and of 6-keto-PGFI,, the stable 
metabolite of PGI2, were measured at the end of each ex- 
perimental period. Duplicate bleeding times were mea- 
sured by making incisions 5 mm long and 1 mm deep on 
the volar surface of the arm using a sterile, disposable, 
standardized device (Simplate" General Diagnostics, War- 
ner Lambert, Morris-Plains, N J). A constant pressure was 
maintained with a sphygmomanometer cuff on the upper 
arm inflated to 44 mm Hg. Bleeding time was measured 
with a stopwatch. Blood from the edge of the incision was 
collected into heparinized microhematocrit tubes contain- 
ing 10 ~L of 1 g indomethacin/L for the determination 
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of TXB2 and 6-keto-PGFI~. Immediately following collec- 
tion of the blood, 3000 dpm of [3H]PGE2 (sp. act., 185 
Ci/mmol) was added to each sample in order to correct for 
recovery of TXB2 and 6-keto-PGFl~. The tubes were cen- 
trifuged, the plasma volume measured and the plasma 
removed for prostanoid measurement. Plasma samples 
were loaded onto a Cls Sepak cartridge (Waters Scien- 
tific, Mississauga, Canada). Water (20 mL), 10% {by vol) 
ethanol (20 mL) and petroleum ether (10 mL) were passed 
through the cartridges, and the prostanoids were then ex- 
tracted with 7.5 mL methyl formate. This fraction was 
evaporated under a stream of nitrogen and the sample 
reconstituted in 0.5 mL bovine serum albumin in phos- 
phat~buffered saline. The amounts of 6-keto-PGFl~, and 
TXB2 were assayed by using highly specific anti-6-keto- 
PGFI~ and anti-TXB2 in an enzyme-linked immunosor- 
bent assay (22,23L Bleeding-time values for prostanoid 
production refer to blood collected in the first 4 min after 
incision. TXB 2 is expressed as a concentration (~g/L) 
whereas 6-keto-PGFl~ is expressed in terms of rate of 
production (pg/min) (23,24). 

Statistical analysis. The experimental design of the 
study was a modified Latin square (25). F tests were per- 

formed on the estimated diet effects obtained from regres- 
sion analysis of the data for plasma PL fatty acids, bleed- 
ing times and bleeding-time prostanoid production (25). 
Analyses were performed using the SAS computer pro- 
gram (1984, 1986 SAS Institute Inc., Cary, NC). Diet ef- 
fects on the platelet fatty acid composition were deter- 
mined for adjusted treatment means compared by pro- 
tected least significant differences (26). All means were 
adjusted for the withdrawal of a subject after the com- 
pletion of phase I. 

RESULTS 

Fatty acid patterns of platelet and plasma PL. Fatty acid 
patterns of platelet (Tables 2-4) and plasma (Tables 5-7) 
PL reflected the fatty acid composition of the diets even 
though there were some major differences in fatty acid 
composition between the platelet and plasma fractions, 
e.g., appreciably higher 20:4n-6 and lower 18:2n-6 and 
22:6n-3 levels in platelet than plasma PL. The 18:1n-9 
levels were significantly higher in all PL fractions follow- 
ing the LO-HI  and IN-LO diets, which were appreciably 

T A B L E  2 

M e a n  Platelet Phosphatidylcholine Fatty Acid L e v e l s  F o l l o w i n g  
Different Experimental D i e t s  a 

E x p e r i m e n t a l  d i e t s  

F a t t y  a c i d  L O - H I  I N - I N  I N - L O  H I - L O  

m o l %  of  t o t a l  f a t t y  a c i d s  

16:0 30 .4  • 3.5 a 31.1 • 3.3 a 31 .4  +_ 3.3 a 30 .0  __- 3.7 a 
18:0 12.5 +_ 1.5 a 14.2 +_ 1.7 b 12.5 + 1.4 b 14.6 + 1.9 c 
18:1 26 .0  _+ 0.7 a 20 .6  + 0 .9  b 26 .0  _+ 1.5 a 22.2 +_ 1.9 c 
18:2n-6 8.9 +_ 1.1 a 13.1 +_ 1.65 8.6 --t- 0 .9  a 12.0 ___ 1.0 c 
18:3n-3 0.2 --b 0.1 a 0 .3  +_ 0.1 b 0.3 _ 0.15 0.4 ___ 0.1 b 
20:3n-6  1.5 ___ 0.1 a 1.4 +_ 0.2 a 1.3 • 0 .2  b 1.4 +__ 0.2 a 
20 :4n-6  11.3 • 1.6 a 11.2 -t- 1.5 a 10.4 ___ 0.7 a 11.0 _+ 1.4 a 
20:5n-3  0.1 _+ 0.0 a 0.1 + 0.0 a 0 .2  ___ 0.15 0.2 +_ 0.15 
22:4n-6  0.8 + 0.2 a 0 .8  • 0 .2  a 0.7 ___ 0.15 0.7 • 0.1 b 
22:5n-3  0 .4  +_ 0.1 a 0 .5  _--. 0.1 a'b 0 .5  __. 0.1 b 0 .6  _ 0.1 c 
22:6n-3 0.6 _+ 0.1 a 0 .5  --+ 0.1 a 0 .5  __ 0.2 a 0 .5  ___ 0 .2  a 

a V a l u e s  i n  t h e  s a m e  r o w  w i t h  t h e  s a m e  s u p e r s c r i p t  l e t t e r  (a-c)  do  n o t  d i f f e r  s i g n i f i c a n t -  
l y  (P  > 0.05). A l l  v a l u e s  a r e  m e a n  _+ SD;  n --  8; see  T a b l e  1 for  a b b r e v i a t i o n s .  

T A B L E  3 

Mean Platelet Phosphatidylethanolamine Fatty Acid Levels Following Different 
Experimental Diets a 

E x p e r i m e n t a l  d i e t s  

F a t t y  a c i d  L O - H I  I N - I N  I N - L O  H I - L O  

m o l %  of t o t a l  f a t t y  a c i d s  

16:0 6.4 + 1.0 a 6 .9  -b 0 .8  b 6.6 -t- 1.1a, b 6 .2  __- 1.2 a 
18:0 27 .2  +-- 2 .4  a 29 .2  --+ 2.9 b 26 .9  ----- 1.4 a 30.4 --4"-- 1.7 b 
18:1 17.5 --  1.0 a 11.4 +-- 1.35 20.2 _+ 1.6 c 12.3 +-- 1.35 
18:2n-6  b 4.9 +_ 0.7 7.4 _+ 1.2 4.9 +__ 0.6 6.7 +_ 0.3 
18:3n-3 0.1 + 0.0 a 0 .2  + 0.0 b 0.2 + 0.0 c 0 .2  +_ 0.0 c 
20 :3n-6  1.1 _ 0.2 a'b 1.0 _+ 0.2 c 1.1 • 0 .3  b 1.0 +_ 0.4 a'c 
20:4n-6  31 .8  --  1.8 a 32 .6  +__ 2.0 a 27 .9  --  1.65 32.9  +_ 1.7 a 
20:5n-3  0.2 +_ 0.1 a 0 .2  _+ 0 .0  a 0 .3  ---b 0.1 b 0 .4  +_ 0.15 
22:4n-6  2.2 _+ 0.5 a 2.3 --+_ 0.3 a 1.9 --  0 .3  a 1.8 -{- 0 .5  a 
22:5n-3  1.4 _---{- 0 .4  a 1.5 _--_ 0.25 1.5 +_ 0.35 1.8 +_ 0 .6  c 
22:6n-3  1.6 +__ 0.6 a'b 1.5 • 0 .4  a'c 1.7 -t- 0 .4  b 1.1 +_ 0.2 c 

a V a l u e s  in  t h e  s a m e  r o w  w i t h  t h e  s a m e  s u p e r s c r i p t  l e t t e r  (a-c)  d o  n o t  d i f f e r  s i g n i f i c a n t -  
l y  (P  > 0.05). A l l  v a l u e s  a re  m e a n  +_ SD;  n ---- 8; see  T a b l e  1 for  a b b r e v i a t i o n s .  
b N o t  s u b j e c t e d  t o  s t a t i s t i c a l  a n a l y s i s  d u e  t o  t r e a t m e n t  c o v a r i a t e  i n t e r a c t i o n .  
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TABLE 4 

Mean Platelet Alkenylacyl Glyeerophosphoethanolamine Fatty Acid Levels Following 
Different Experimental Diets a 

Experimental diets 

Fatty acid LO-HI IN-IN IN-LO HI-LO 

mol% of total fatty acids 

18:1 3.6 -- 0.6 a 2.4 -!"-- 0.7 b 4.1 + 0.6 c 2.7 -- 0.5 b 
18:2n-6 b 1.9 -- 0.6 2.5 +_ 0.7 1.7 __. 0.5 2.3 _+ 0.5 
20:3n-6 0.7 -- 0.3 a 0.6 -!"- 0.2 a 0.7 _ 0.2 a 0.7 _ 0.2 a 
20:4n-6 65.7 ___ 3.7 a 65.3 +_ 2.4 a 64.8 ___ 3.2 a 64.2 +- 3.6 a 
20:5n-3 0.5 _+ 0.2 a 0.6 _+ 0.1 a 1.1 4" 0.3 b 1.2 _+ 0.3 b 
22:4n-6 11.9 _ 2.0 a 12.4 +_ 1.7 a 9.9 _ 1.8 b 10.4 -- 1.8 b 
22:5n-3 6.1 _ 1.0 a 7.4 _ 1.5 b 7.2 -b 1.55 9.6 -- 2.0 r 
22:6n-3 4.0 _+ 1.3 a 3.8 +_ 1.0 a 4.7 _+ 1.2 a 3.8 +- 1.1 a 

aValues in the same row with the same superscript letter (a-c) do not differ significant- 
ly (P > 0.05). All values are mean +_ SD; n = 8; see Table 1 for abbreviations. 
bNot subjected to statistical analysis due to treatment covariate interaction. 

h igher  in 18:1n-9 con ten t  (Table 1), t h a n  following the  I N -  
IN  and H I - L O  diets .  Similar ly,  t he  18:2n-6 levels  were 
s ignif icant ly  higher  following the I N - I N  and H I - L O  diets  
t h a n  fo l lowing the  L O - H I  and I N - L O  diets.  A l t h o u g h  
only smal l  a m o u n t s  of 18:3n-3 were incorpora ted  into  PL, 
t he  L O - H I  d ie t  led to  s ign i f i can t ly  lower levels of  18:3n-3 
t h a n  the  o the r  d ie t s  whi le  the  levels  fo l lowing the  H I -  
LO d ie t  were s ign i f i can t ly  h igher  for the  p l a s m a  PL  
(Tables 5-7). Levels  of long-chain  P U F A  in p l a t e l e t  and 
p l a s m a  P L  also were a f fec ted  by the  f a t t y  acid composi-  
t ion  of t he  d ie t s  a l t h o u g h  d i e t a ry  f a t t y  acid c o m p o s i t i o n  
h a d  no effect  on the  20:4n-6 conten t ,  the  pr inc ipa l  P U F A  
in the  P L  fract ion,  excep t  for t he  lower level in p l a s m a  
PC fol lowing the  H I - L O  die t  (Table 5) and in p l a t e l e t  P E  
fol lowing the  I N - L O  die t  (Table 3). However,  d i f ferences  
in P U F A  c o n t e n t  a m o n g  the  d ie t  g roups  were less pro- 
nounced  t h a n  for 18:1n-9, 18:2n-6 and  18:3n-3. In  general,  
the  PL  tended  to  be h igher  in long-chain n-3 P U F A  follow- 
ing  the  H I - L O  diet  and  lower fo l lowing the  L O - H I  d ie t  
a l t h o u g h  d i e t a ry  fat  source  had  l i t t l e  effect  on 22:6n-3, 
t he  m a j o r  n-3 f a t t y  acid in t he  P L  fract ions.  The  ra t io  of 

18:2/18:3 in t he  d ie t  also had  an effect  on P U F A  levels  in 
t he  PL  fract ions .  The  levels  of 20:5n-3 were s ign i f i can t ly  
h igher  fol lowing the  I N - L O  and H I - L O  die ts  t han  follow- 
ing  the  L O - H I  and  I N - I N  d ie t s  in all f rac t ions  for b o t h  
t i s sues  (Tables 2-7). By  con t ras t ,  the  level of 22:4n-6 in 
t he  p la te le t  P P E  fract ion (Table 4) was  s igni f icant ly  lower 
fo l lowing the  I N - L O  and  H I - L O  die ts  t h a n  the  L O - H I  
and I N - I N  diets.  

Thrornbogenic effect of the experimental diets. No dif- 
ferences in b leed ing  t ime  and in b leed ing- t ime  TXB2 pro- 
duc t ion  were obse rved  a m o n g  the  e x p e r i m e n t a l  diets ,  
a l t h o u g h  levels of TXB2 t ended  to be lower fol lowing the  
I N - L O  and  H I - L O  d ie t s  t h a n  fo l lowing the  L O - H I  and  
I N - I N  d ie t s  (Table 8). P r o d u c t i o n  of 6-keto-PGFlo  in 
b lood col lec ted  f rom the  b l eed ing  t ime  wounds  was 
s ign i f i can t ly  h igher  fol lowing the  H I - L O  die t  t h a n  the  
L O - H I  diet.  6-Keto-PGFlo  p roduc t ion  fol lowing the  I N -  
LO and I N - I N  d ie t s  fell m idway  be tw een  the  va lues  on 
the  H I - L O  and  L O - H I  reg imen.  A s  a resul t ,  t he  6-keto- 
PGFI~ to TXB2 ra t io  t ended  to be h igher  fo l lowing the  
H I - L O  and I N - L O  die ts  t h a n  fol lowing the  L O - H I  and  

TABLE 5 

Mean Plasma Phosphatidylcholine Fatty Acid Levels Following 
Different Experimental Diets a 

Experimental diets 

Fatty acid LO-HI IN-IN IN-LO HI-LO 

mol% of total fatty acids 

16:0 32.4 -+_ 3.0 a 33.7 +- 2.7 a 31.8 _ 2.7 a 33.7 +- 3.0 a 
18:0 14.3 +_ 0.8 a 15.3 +_ 0.85 14.7 -b 0.8 a,5 16.3 +-- 0.8 c 
18:1 14.4 +-- 1.1 a 8.8 "4" 0.85 14.9 ---- 0.8 a 9.4 -- 1.1 b 
18:2n-6 22.3 +-- 1.6 a 26.6 "4" 1.3 b 20.9 _ 1.3 a 25.7 +-- 1.65 
18:3n-3 0.2 +-- 0.1 a 0.3 --4"-- 0.1 b 0.4 _+ 0.1 b 0.7 +-- 0.1 c 
20:3n-6 2.3 +-- 0.5 a 1.4 • 0.3 b 1.9 __ 0.3 a 1.4 +_ 0.5 b 
20:4n-6 7.2 _+ 1.0 a 7.0 --+ 0.8 a 7.0 --+ 0.8 a 5.8 +__ 1.05 
20:5n-3 0.3 -!--- 0.2 a 0.3 +_ 0.2 a 0.8 --+ 0.25 0.6 -- 0.2 c 
22:4n-6 0.2 +__ 0.1 a 0.1 "!"-- 0.1 b 0.1 -- 0.15 0.1 +_ 0.1 b 
22:5n-3 0.4 --+_ 0.2 a 0.4 • 0.2 a 0.6 -b 0.2 b 0.5 -- 0.2 a'b 
22:6n-3 2.0 +_ 0.5 a 1.7 +_ 0.5 a 2.0 -- 0.5 a 1.6 -- 0.5 a 

aValues in the same row with the same superscript letter (a-c) do not differ significant- 
ly (P > 0.05). All values are mean +- SD; n -- 8; see Table 1 for abbreviations. 
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T A B L E  6 

M e a n  P l a s m a  P h o s p h a t i d y l e t h a n o l a m i n e  F a t t y  Acid  Leve l s  Fo l lowing  
Different Experimental Diets  a 

E x p e r i m e n t a l  d ie t s  

F a t t y  acid L O - H I  I N - I N  I N - L O  H I - L O  

mol% of to t a l  f a t t y  ac ids  

16:0 11.9 +__ 1.9 a 12.1 +. 1.6 a 11.1 + 1.6 a 11.1 +. 1.9 a 
18:0 28.3 +_ 2.2 a 31.1 -4"_ 1.9 b 28.2 +__ 1.9 a 33.0 +. 2.2 b 
18:1 18.0 +. 1.9 a 11.6 +-- 1.9 b 18.2 __+ 1.9 a 13.0 +. 1.9 b 
18:2n-6 11.9 +_ 2.4 a 15.8 +, 2.2 b 11.5 "4- 2.2 a 14.9 +. 2.4 b 
18:3n-3 0.3 +_ 0.2 a 0.5 +-- 0.25 0.6 ___ 0.2 b 0.9 4 0.2 c 
20:3n-6 1.2 +. 0.2 a 0.9 +. 0,2 b 1.2 +- 0.2 a 0.9 +. 0,2 b 
20:4n-6 17.3 + 2.7 a 16.7 +-- 2.4 a 16.2 +_ 2.4 a 15.1 +, 2.7 a 
20:5n-3 0.4 +_ 0.2 a 0.3 -- 0.2 a 0.9 --4"- 0.2 b 0.8 • 0.2 b 
22:4n-6 0.5 _-4- 0,2 a 0.4 +. 0.2 a'b 0.3 +. 0.2 b 0.4 +. 0.2 a'5 
22:5n-3 0.9 -4- 0.3 a 1.0 +. 0.3 a'b 1.1 _ 0.3 a'b 1.3 +. 0.3 b 
22:6n-3 4.5 +. 1.3 a 4.4 +- 1.3 a 5.0 +. 1.3 a 4.0 _ 1.3 a 

aValues  in the  s a m e  row wi t h  t he  s a m e  supe r sc r i p t  l e t t e r  (a-c) do n o t  differ s ign i f ican t -  
ly (P > 0.05). All  v a l u e s  are  m e a n  +. SD; n -- 8; see  Tab le  1 for abbrev ia t ions .  
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T A B L E  7 

M e a n  P l a s m a  A l k e n k y l a c y l  G l y c e r o p h o s p h o e t h a n o l a m i n e  F a t t y  Acid  Leve l s  Fo l lowing  
Different Experimental Diets  a 

Experimental diets 

Fatty acid LO-HI IN-IN IN-LO HI-LO 

mol% of to ta l  f a t t y  ac ids  

18:1 8.9 +- 1.6 a 5.5 + 1.3 b 8.1 +- 1.3 a 5.0 +. 1.6 b 
18:2n-6 14.8 _+ 2.9 ~-5 17.7 +. 2.65"c 12.4 _+ 2.6 a 18.9 +. 2.9 c 
18:3n-3 0.3 +. 0.2 a 0.5 +, 0.2 b 0.7 "4" 0.2 b'c 0.9 +__ 0.2 c 
20:3n-6 2.0 +_ 0.3 a 1.3 +. 0.3 c 1.8 +. 0.3 a'b 1.5 +. 0.3 b'c 
20:4n-6 45,1 +. 3.1 a 44.2 +. 2.9 a 44.3 _+ 2.9 a 42.7 +. 3.1 a 
20:5n-3 1.4 +_ 0.5 a 1.5 +. 0.5 a 3.4 +. 0.55 2.9 +. 0.55 
22:4n-6 2.5 +. 0.3 a 2.8 +, 0.35 2.2 +- 0.3 a 2.4 +. 0.3 a 
22:5n-3 4.5 + 0.8 a 5.5 +, 0.8 b 5.3 ---+ 0.8 b 6.1 + 0.8 b 
22:6n-3 12.7 +_ 1.3 a 13.9 +. 1.3 a 13.6 +_ 1.3 a 12.9 +__ 1.3 a 

aValues  in t he  s a m e  row wi t h  t he  s a m e  supe r sc r i p t  l e t t e r  (a-c) do n o t  differ s igni f icant -  
ly (P > 0.05). All  v a l u e s  are  m e a n  _ SD; n = 8; see  Table  1 for abbrev ia t ions ,  

T A B L E  8 

Bleeding Times and Bleeding-Time Prostanoid Production Following the Experimental Diets  a 

E x p e r i m e n t a l  d ie t s  

L O - H I  I N - I N  I N - L O  H I - L O  

Bleed ing  t i me  (min) 5.00 • 0.26 a 4.94 ___ 0.23 a 5.27 + 0.23 a 5.07 4" 0.26 a 
B leed ing- t ime  p roduc t ion  of: 

T X B  2 (~g/L) 5.01 +- 0.60 a 5.15 + 0.52 a 3.81 -- 0.52 a 4.11 +_ 0.60 a 
6-Ketc~PGFI~ (pg/min) 2.90 _ 0.51 a 3.64 +_ 0.44 a'b 3.84 +- 0.44 a'b 4,70 _ 0.51 b 

6 - K e t o - P G F I J T B X  2 ra t io  0,81 ___ 0.17 a'b 0.74 __ 0.12 a 1,08 +-- 0.16 a'b 1.52 +_ 0.31 b 

aValues in t he  s a m e  row wi th  the  s ame  supersc r ip t  le t ter  (a-b) do no t  differ s igni f icant ly  {P > 0.05). All va lues  
are m e a n  +_ SEM;  n -- 8; see  Tab le  1 for abbrev ia t ions .  

I N - I N  d i e t s ;  t h e  r a t i o  f o l l o w i n g  t h e  H I - L O  d i e t  w a s  
s i g n i f i c a n t l y  {P < 0 .05)  h i g h e r  t h a n  t h e  r a t i o  f o l l o w i n g  t h e  
I N - I N  d i e t .  

DISCUSSION 

L e v e l s  o f  1 8 : 1 n - 9 ,  1 8 : 2 n - 6  a n d  1 8 : 3 n - 3  i n  p l a t e l e t  a n d  

p l a s m a  P L  f o l l o w i n g  t h e  c o n s u m p t i o n  o f  t h e  e x p e r i m e n t a l  

d i e t s  r e f l e c t e d  t h e  d i f f e r e n c e  i n  t h e  l e v e l s  o f  t h e s e  f a t t y  
a c i d s  i n  t h e  d i e t s .  S i m i l a r  e f f e c t s  o f  d i e t a r y  f a t  s o u r c e s  

o n  t h e  f a t t y  a c i d  c o m p o s i t i o n  o f  p l a t e l e t  a n d  p l a s m a  P L  
h a v e  b e e n  r e p o r t e d  { 8 , 2 1 , 2 7 - 2 9 ) .  T h e  m a g n i t u d e  o f  t h e  d i f -  
f e r e n c e s  i n  t h e  f a t t y  a c i d  c o m p o s i t i o n  o f  t h e  p l a t e l e t  a n d  
p l a s m a  P L ,  h o w e v e r ,  w a s  s m a l l  c o m p a r e d  t o  t h e  d i f -  
f e r e n c e s  i n  d i e t a r y  f a t t y  a c i d  c o m p o s i t i o n ,  e s p e c i a l l y  f o r  
1 8 : 3 n - 3 .  T h e  s m a l l  a m o u n t  o f  1 8 : 3 n - 3  i n c o r p o r a t e d  i n t o  
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the PL could be due to its preferential oxidation for energy 
purposes. Leyton e t  al. (30) found that 18:1n-9 and 18:3n-3 
were oxidized more rapidly than other long-chain fatty 
acids. Restricted incorporation of 18:3n-3 into PL or com- 
petition for the elongase and desaturase enzymes present 
in the liver and other tissues also could be responsible for 
the limited changes observed in platelet and plasma fatty 
acid composition (12, 31). 

The IN-LO and HI-LO diets, which had relatively low 
18:2/18:3 ratios, were associated with significantly higher 
levels of platelet and plasma long-chain n-3 PUFA, in par- 
ticular the level of 20:5n-3, which was double that  follow- 
ing the LO-HI and IN-IN diets. These results confirm 
previous studies (9,12,21,27-29) which indicated that 
humans can desaturate and elongate 18:3n-3 to higher 
homologs and that desaturation-elongation varies with 
the level of 18:3n-3 in the diet (12,21,27-29,31,32) and its 
ratio to 18:2n-6 (12,33,34}. However, the in v i vo  conver- 
sion of dietary 18:3n-3 to 20:5n-3 is not as effective in rais- 
ing n-3 levels in platelet and plasma PL as is direct sup- 
plementation with 20:5n-3 (8,9). The fact that the IN-LO 
diet, which had a lower dietary 18:2/18:3 ratio than the 
IN-IN diet, resulted in significantly higher levels of plate- 
let and plasma 20:5n-3 suggests that  the higher 20:5n-3 
levels associated with the lower 18:2/i8:3 ratio could be 
due to the effective competition of 18:3n-3 for the A6 
desaturase enzyme (35). Results of the present study also 
suggest that  the 18:2/18:3 ratio has to be less than 6.9 
to have a significant effect on the level of long-chain n-3 
PUFA. 

Neither the lower level of 18:3n-3 in the diet nor its ratio 
to 18:2n-6 had any consistent effect on the longer chain 
n-6 homologs in platelet or plasma PL. Lasserre e t  aL (34) 
also found that dietary 18:3n-3 at a level of 1.5% of total 
energy (slightly less than the levels in the IN-IN and IN- 
LO diets in the present study) had no effect on serum 
levels of n-6 PUFA. By contrast, supplementing subjects 
with 30 mL linseed oil per day (approximately 16 g/d of 
18:3n-3, which was similar to the amount present in the 
HI-LO diet) (31) or 60 mL/d (32) led to significant 
decreases in plasma 20:4n-6 levels. 

The dietary fat source also had no effect on plasma 
22:6n-3 levels in the present study. Sanders and Younger 
(8), Renaud e t  al. (27) and Lasserre e t  al. (34) also found 
that dietary 18:3n-3 had no effect on plasma 22:6n-3 levels. 
Mest e t  al. (31}, on the other hand, reported an increase 
in 22:6n-3 level following linseed oil supplementation. 

Individual PL species were analyzed in the present 
study so as to avoid the possibility that a large amount 
of one fraction might conceal changes in the fatty acid 
composition of other fractions. The apparent rates of in- 
corporation of individual fatty acids differed among the 
three PL species reported her~ For instance, appreciably 
higher levels of 20:4n-6, 22:4n-6, 22:5n-3 and 22:6n-3 were 
incorporated into the PPE than into the PC or PE frac- 
tions. However, the pattern of change was similar for the 
three PL species. Likewise, changes in the fatty acid com- 
position of platelet and plasma PL responded in a similar 
way to differences in dietary fatty acid composition in 
spite of major differences in the fat ty acid composition 
of the platelet and plasma PL, eg., higher levels of 20:4n-6 
and lower levels of 18:2n-6 and 22:6n-3 in platelets. 

Renaud e t  al. (27) and Budowski e t  al. (32) reported 
significant decreases in platelet aggregability and platelet 

coagulant activity following an increase in 18:3n-3 intake 
Borchgrevink e t  al. (36), on the other hand, failed to find 
any effect of a linseed oil supplement on bleeding time. 
A study similar to the present (37), however, reported 
longer bleeding times and higher bleeding-time prostacy- 
clin production following a canola oil diet, which provided 
2.7% of total energy as 18:3n-3, than following a mixed 
fat diet (0.4% of energy as 18:3n-3). However, sunflower 
oil (0.3% of energy as 18:3n-3) produced a similar response 
to that of canola oil. In the present study, the experimental 
diets did not affect bleeding times even though bleeding- 
time production of 6-keto-PGFlo was significantly higher 
following the HI-LO diet, in which 18:3n-3 provided 4.6% 
of total energy, than following the LO-HI diet, in which 
18:3n-3 provided only 0.3% of total energy. There is no ob- 
vious explanation for the higher production of 6-keto- 
PGF1, on the HI-LO diet. In fact, the n-6 fatty acid level 
in plasma PC was significantly lower following the HI-  
LO diet; however, plasma PL fatty acid levels may not 
reflect vascular tissue PL composition, the assumed 
source of PGI in the bleeding-time blood analyzed in the 
present study. Although there were no differences in bleed- 
ing-time TXB2 production due to diet, TXB2 production 
tended to be lower following the HI-LO and IN-LO diets, 
both of which resulted in higher 20:5n-3 levels in platelet 
and plasma PL. Morita e t  al. (38) reported a strong in- 
hibition of in v i t ro  TXA2 synthesis by human platelets 
as a result of adding 20:5n-3 to the medium. It  has been 
suggested (6,39) that  higher tissue levels of 20:5n-3 may 
inhibit prostanoid formation from 20:4n-6 through an ef- 
fect on cyclooxygenase activity or the availability of 
20:4n-6. However, Mest et  al. (31) found no relation be- 
tween 20:5n-3 levels in serum PL and in v i t ro  TXA2 pro- 
duction by platelets. The ratio of 6-keto-PGFlJTXB2 was 
highest following the HI-LO diet and lowest following the 
IN-IN diet; the ratio following the IN-LO diet was in- 
termediate between the HI-LO and the IN-IN regimens. 
Since TXA 2 promotes and PGI2 inhibits platelet aggre- 
gation, the balance between in v i vo  production of TXA 
and PGI is important (39). It is interesting to note that  
the levels of 20:5n-3 in the PL fractions were significantly 
higher following the HI-LO and IN-LO diets than follow- 
ing the LO-HI and IN-IN diets but that  the level of 
20:4n-6 was significantly lower only for the platelet PE 
and the plasma PC fractions following the IN-LO and 
HI-LO diets, respectively. 

A significant effect of diet on prostacyclin production 
and on the ratio of prostacyclin to thromboxane produc- 
tion under conditions where there was no significant 
change in the bleeding time requires comment. It is possi- 
ble that the HI-LO diet may have an antithrombotic ef- 
fect (on the basis of altered prostanoid production) without 
producing an increased tendency to bleed, a situation that 
would be very desirable from the point-of-view of coronary 
heart disease. On the other hand, it is possible that the 
apparent beneficial effect of the HI-LO diet, in terms of 
prostanoid production, could be balanced by changes in 
other factors, not measured in this study, so that the over- 
all antithrombotic effect may not be as significant as the 
changes in prostanoid production would suggest. Which 
of these alternative interpretations of our results is more 
pertinent will still require further investigation. 

The results of the present study indicate that  dietary 
18:3n-3 intake has an appreciable effect on the fat ty acid 
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c o m p o s i t i o n  of p l a t e l e t  a n d  p l a s m a  PL.  The  r a t i o  of 
18:2/18:3 in t he  d ie t  a p p e a r s  e spec ia l ly  i m p o r t a n t  in in- 
f luenc ing  n-3 P U F A  p a t t e r n s .  The  changes  in t he  produc-  
t i on  of TXB2 a n d  6 -ke to -PGF1 ,  were found  to  co inc ide  
w i t h  t he  d i f ferences  in t h e  n-3 P U F A  p a t t e r n s  of p l a t e l e t  
a n d  p l a s m a  PL.  
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Effect of Diets Rich in Linoleic or a.Linolenic Acid on Phospholipid 
Fatty Acid Composition and Eicosanoid Production in Atlantic 
Salmon (Salmo salar) 
J. Gordon Bel l* ,  James  R. Dick and John R. Sargent 
N.E.R.C. Unit of Aquatic Biochemistry, School of Natural Sciences, University of Stirling, Stirling FK9 4LA, Scotland, 
United Kingdom 

Atlantic salmon post-smolts were fed diets rich in linoleic 
acid (sunflower oil, SO), 0~linolenic acid (linseed oil, LO) or 
long-chain polyunsaturated fatty acids (fish oil, FO) for a 
period of 12 wk. In the fiver phospholipids of fish fed SO, 
the levels of 18:2n-6, 20:2n-6, 20:3n~} and 20:4n-6 were sig- 
nificantly elevated compared to both other treatments. In 
choline phospholipids (CPL), ethanolamine phospholipids 
(EPL) and phosphatidylserine (PS) the levels of 22:4n4} and 
22:5n4} were significantly elevated in fish fed SO. In fiver 
phosphollpids from fish fed LO, 18:2n4}, 20:2n4} and 20:3n4} 
were significantly elevated but 20:4n~}, 22:4n4} and 22:5n-6 
were similar or significantly decreased compared to fish 
fed FO. Liver phosphofipids from fish fed LO had increased 
18:3n-3 and 20:4n-3 compared to both other treatments 
while EPL and phosphatidylinositol (PI) also had increased 
20:5n-3. In fish fed LO, 22:6n-3 was significantly reduced 
in CPL, PS and PI compared to fish fed FO. Broadly 
similar changes occurred in gill phosphofipids. Production 
of 12-1ipoxygenase metabofites in isolated gill cells stimu- 
lated with the CaZ+-ionophore A23187 were significantly 
reduced in fish fed either SO or LO compared to those fed 
FO. However, the ratio 12-hydroxyo5, 8, 10, 14~eicosatetra- 
enoic acid (12-HETE)/12-hydroxy-5, 8, 10, 14, 17~icosapenta- 
enoic acid (12-HEPE) was significantly elevated in 
stimulated gill cells from SO-fed fish. Although mean 
values of thromboxane B 2 (TXB2) and prostaglandin E2 
(PGE 2) were increased in fish fed SO, they were not sig- 
nificantly different from those of the other two treatments. 
Lipids 28, 819-826 (1993). 

The so-called essential fatty acids, linoleic acid (18:2n-6) and 
linolenic acid (18:3n-3), are the precursors of the long, chain 
n-6 and n-3 species which are important components of the 
phospholipid bilayer of cell membranes. It is generally ac- 
cepted that both the n-6 and n-3 fatty acids are metabolized 
by the same sequence of desaturating and elongating en- 
zymes (1). In these pathways the desaturation steps are 
generally rate-limiting while elongation is rapid (2), and thus 
competition between substrate fatty acids at desaturase 
binding sites will determine the nature of the resulting 
polyunsaturated fatty acids (PUFA) and ultimately the com- 
position of cellular membranes. In competitive terms, the 
n-3 PUFA are much more potent inhibitors of n-6 PUFA 

*To whom correspondence should be addressed. 
Abbreviations: AA, arachidonic acid; BHT, butylated hydroxytoluene; 
CPL, choline phospholipids; DHA, docosahexaenoic acid; EPA, 
eicosapentaenoic acid; EPL, ethanolamine phospholipids; FO, fish oil; 
HDHE, hydroxy-4, 7, 10, 13, 16, 19-docosahexaenoic acid; HEPE, 
hydroxy-5, 8, 10, 14, 17-eicosapentaenoic acid; HETE, hydroxy-5, 8, 
10, 14-eicosatetraenoic acid; HPLC, high-performance liquid chro- 
matography; LO, linseed oil; PGE2, prostaglandin E2; PI, 
phosphatidylinositol; PS, phosphatidylserine; PUFA, polyunsaturated 
fatty acid; SO, sunflower oil; TLC, thin-layer chromatography; TXB 2, 
thromboxane B2; UV, ultraviolet. 

metabolism than vice versa although the relative concen- 
trations of the two substrat~ will also determine the pro- 
ducts that result (3,4). Many species of freshwater fish, in- 
cluding Atlantic salmon (Salmo salar), possess the enzymes 
necessary to elongate and desaturate 18:3n-3 to docosahex- 
aenoic acid (DHA, 22:6n-3) (5) and are capable of metaboliz- 
ing 18:2n-6 similarly, resulting in increased arachidonic acid 
(AA; 20:4n-6) in membrane phospholipids (6). 

In mammals, AA is the major precursor for biologically 
active eicosanoids and in humans consuming a typical 
"Western-type" diet, overproduction of AA-derived eico- 
sanoids may explain the prevalence of the many inflam- 
matory conditions occurring in the developed world (7). Fish 
provide a useful model system for the study of eicosanoid 
metabolism sinc~ although AA may be the preferred eico- 
sanoid substrate (8,9), fish contain considerable amounts of 
eicosapentaenoic acid (EPA, 20:5n-3) and DHA, which can 
attenuate the production and efficacy of AA-derived 
eicosanoids (10). EPA can be metabolized by both cycloox- 
ygenase and lipoxygenase enzymes resulting in products of 
lower bioactivity when compared to their AA homologues 
(11,12). EPA can also competitively inhibit the prostaglan- 
din synthetase enzyme complex, thereby reducing produc- 
tion of AA-derived prostanoids (13). A number of recent 
studies have suggested that feeding oils rich in 18:3n-3 can 
reduce production of AA-derived eicosanoids by increasing 
levels of EPA in membrane phospholipids (14,15). In addi- 
tion 18:3n-3 can directly inhibit cyclooxygenase activity (16). 
In previous studies with salmon we have shown that a high 
level of dietary 18:2n-6 can result in development of a severe 
cardiomyopathy involving active necrosis of both atrium and 
ventricle (17) and altered eicosanoid metabolism in blood 
leucocytes and gill cells (18). 

The objective of the present study was to investigate the 
metabolism of 18:2n-6 and 18:3n-3 in salmon fed diets con- 
taining either sunflower oil (SO), linseed oil (LO) or fish oil 
(FO) by measuring phospholipid fatty acid compositions in 
liver and ~ The 12-1ipoxygenase products and the cycloox- 
ygenase products prostaglandin E2 (PGE2) and thrombox- 
ane B2 (TXB2) were measured in isolated gill cells stimu- 
lated with the calcium ionophore A23187. 

MATERIALS AND METHODS 

A n i m a l s  and diets. Three hundred and thirty Atlantic sal- 
mon S1 smolts (salmon undergoing transition to seawater 
in one year) were obtained from the S.O.A.ED. Fish Culti- 
vation Unit (Aultbea, Wester Ross, Scotland) and distri- 
buted randomly into three tanks of 2000 L capacity each, 
which were supplied with seawater at a rate of 26 L/min. 
The fish (mean weight ca. 86 g) were subject to natural 
photoperiod, and the water temperature during the experi- 
mental period (August-November) varied from 15-10~ 
Diets were supplied by automatic feeders which were ad- 
justed to provide 20 g/kg biomass per day. Fish were 
weighed every 28 d and the ration adjusted accordingly. 
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The diets were formulated to meet  the nutr i t ional  re- 
quirements  of salmonid fish (19) and contained 47% pro- 
tein and 16% lipid. The composi t ion of the basal  diet has 
been described in detail  previously (20) and contained 
fishmeal (650 g/kg) (LT94, Ewos Ltd., Westfield, Lothian, 
Scotland), pre-cooked s tarch (150 g/kg), v i tamin  mix (10 
g/kg), mineral  mix (24 g/kg), a-cellulose (65.5 g/kg) and 
choline chloride (4 g/kg). The dietary lipid (100 g/kg) was 
supplied either as fish oil (Fosol, Seven Seas Ltd., Hull, 
United Kingdom), sunflower oil (Tesco, Cheshunt,  United 
Kingdom) or linseed oil (ICN Biomedical Ltd., High 
Wycombe, United Kingdom). An ant ioxidant  mix (0.4 
g/kg) was mixed with  the  oil before adding to the other  
diet components  (20). The f a t ty  acid composi t ions of the 
diets are shown in Table 1. 

Lipid extraction and fatty acid analysis. Samples were 
collected after  12 wk of the dietary trial and stored at  
- 8 0 ~  until  analyzed. Lipids were extracted from liver 
and gill tissue by the method of Folch et aL (21). Total lipid 
extracts  were separated into choline phospholipids (CPL), 
e thanolamine phospholipids (EPL), phosphat idylser ine  
(PS) and phosphatidylinositol  (PI) fractions by thin-layer 
chromatography  (TLC) as described by Vitiello and 
Zanet ta  (22). The plates were sprayed with 0.1% 2',7'-dich- 
lorofluorescein in 97% methanol  containing 0.05% buty- 
lated hydroxytoluene (BHT), and the lipid bands  were 
visualized under  ultraviolet  (UV) light. Acid-catalyzed 
t ransmethy la t ion  was carried out overnight  a t  50~ as 

described by Christie (23). The f a t t y  acid methyl  esters 
were separated and quantified by gas- l iquid  chroma- 
tography  (Carlo E rba  Vega 6000, Fisons Ltd., Crawley, 
United Kingdom) on a 50 m X 0.32 m m  capil lary column 
{CP-Wax 51, Chrompak Ltd., London, United Kingdom). 
Hydrogen was used as carrier gas, and tempera ture  pro- 
g ramming  was from 50~ at  35~ to 150~ and then 
to 225~ at  2.5~ Individual methyl  esters were iden- 
tified by comparison with known s tandards  and by 
reference to published da ta  {24). 

Preparation of isolated gill cells. The procedure used for 
isolat ing gill cells has been described in detail previously 
(18). Minced gill f i laments  were incubated in a H an k s '  
medium specially formulated for use with salmonid fish 
(25) containing 0.1% collagenase (type IV, Sigma Chemical 
Co., Poole, United Kingdom} for 45 rain at  room temper- 
ature with constant  stirring. After filtering through nylon 
gauze, the cells were collected by centr i fugat ion at  400 
• g for 2 min, washed twice in Hanks '  medium and finally 
resuspended in 1 m L  of the same medium containing 1 
mM CaC1 z. 

Ionophore challenge and eicosanoid extractiorL Isolated 
gill cells prepared as described above were placed in glass 
tubes pre~coated with Sigmacote and incubated in a shak- 
ing water ba th  at  18~ for 10 rain. Calcium ionophore was 
added in 2 ~L of dimethyl  sulfoxide at  a final concentra- 
tion of 10 ~M and the incubation continued for a fur ther  
20 rain. The cells were sedimented by centr i fugat ion 

TABLE 1 

Fatty Acid Composition of Diets 

Sunflower oil diet 
Fatty acids Fish oil diet (wt%) Linseed oil diet 

14:0 6.6 1.8 1.8 
16:0 14.8 9.5 9.1 
18:0 2.4 4.3 3.5 
Total saturated ~ 24.6 15.9 14.9 

16:1n-7 5.1 2.0 2.0 
18:1n-9 9.7 17.8 17.4 
18:1n-7 2.0 1.0 1.2 
20:1n-9 10.5 3.1 3.1 
22:1n-ll 16.6 4.8 4.4 
24:1 1.0 0.6 0.5 
Total monoenoic b 45.2 29.5 28.7 
18:2n-6 1.4 40.3 12.2 
18:3n-6 0.2 0.1 t d 
20:2n-6 0.3 0.1 0.1 
20:3n-6 0.1 t t 
20:4n-6 0.6 0.5 0.5 
Total n-6 c 2.8 41.1 12.9 

18:3n-3 1.3 0.5 31.8 
18:4n-3 3.1 1.0 0.9 
20:4n-3 0.7 0.2 0.2 
20:5n-3 6.5 3.6 3.4 
22:5n-3 0.9 0.5 0.5 
22:6n-3 8.8 4.9 4.5 
Total n-3 21.3 10.7 41.3 
Total PUFA e 25.0 51.8 54.2 

n-3/n-6 ratio 7.6 0.3 3.2 

aIncludes 15:0, 17:0, 20:0 and 22:0. 
bIncludes 20:1n-11, 20:1n-7 and 22:1n-9. 
CIncludes 22:4n-6 and 22:5n-6. 
at = Trace value <0.05%. 
eFUFA, polyunsaturated fatty acids. 
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(12000 • g, 2 min) and  the  e icosanoids  e x t r a c t e d  f rom the  
s u p e r n a t a n t  u s i n g  Cls Sep -Pak  m i n i c o l u m n s  (Mil l ipore  
Ltd. ,  Wat fo rd ,  U n i t e d  K i n g d o m )  acco rd ing  to  Powell  (26) 

High-performance liquid chromatography (HPLC). The  
hydroxy  acids  12-hydroxy-5, 8, 10, 14-eicosatetraenoic  acid  
(12-HETE) ,  12-hydroxy-5,  8, 10, 14, 17-e icosapen taeno ic  
ac id  (12 -HEPE)  and  14-hydroxy-4,  7, 10, 13, 16, 19-doco- 
s ahexaeno ic  ac id  (14 -HDHE)  were s e p a r a t e d  a n d  quan-  
t i f ied  by  reverse-phase  H P L C  us ing  a Sphe r i so rb  5 ~m oc- 
t a d e c y l  s i l ane  (ODS 2) co lumn  (25 c m  • 4.6 mm,  Ana-  
chem, Luton,  Un i t ed  Kingdom).  The  ch roma tog raph i c  sys- 
t e m  was  e q u i p p e d  w i t h  W a t e r s  M o d e l  M-45 p u m p s  
(Waters Chromatography ,  Warford,  Un i t ed  Kingdom)  and  
the  eff luent  was  mon i to r ed  a t  235 m n  u s i n g  a Pye -U n ic a m 
LC-UV d e t e c t o r  (Pye-Unicam,  Cambr idge ,  U n i t e d  King-  
dom). A n  i soc ra t i c  so lven t  s y s t e m  c o n t a i n i n g  ace toni -  
t r i l e /me thano l /wa te r / ace t i c  ac id  (40:29:30:0.5, b y  vol) was  
u sed  a t  a flow r a t e  of 1 mL/min .  Q u a n t i f i c a t i o n  was  b a s e d  
on use  of e x t e r n a l  s t a n d a r d s  of 1 2 - H E T E  a n d  1 2 - H E P E .  
I d e n t i f i c a t i o n  of 1 4 - H D H E  was  done  as  d e s c r i b e d  pre- 
v i o u s l y  (18). 

Measurement of PGE 2 and TXB~ PGE2 a n d  TXB2, 
t he  s t a b l e  m e t a b o l i t e  of t h r o m b o x a n e  A2, were m e a s u r e d  
b y  e n z y m e  i m m u n o a s s a y  u s i n g  k i t s  s u p p l i e d  b y  C a s c a d e  
B iochemica l s  L td .  (Reading,  U n i t e d  Kingdom) .  

Materials. Al l  s o l v e n t s  were of H P L C  g r a d e  a n d  were 
o b t a i n e d  f rom R a t h b u r n  Chemica l s  L td .  (Walkerburn ,  
Sco t l and ,  U n i t e d  Kingdom) .  TLC p l a t e s  (20 c m  • 20 c m  
X 0.25 mm), p r e - coa t ed  w i t h  s i l ica  gel  60 were o b t a i n e d  
f rom M e r c k  ( D a r m s t a d t ,  Germany) .  12(R,S) -HETE a n d  
12 (S ) -HEPE were o b t a i n e d  f rom C a s c a d e  B ioch e mic a l s  
L td .  (Reading,  U n i t e d  Kingdom).  S i g m a c o t e  a n d  A23187 
were o b t a i n e d  f rom S i g m a  Chemica l  Co. L td .  (Poole~ Dor- 
set ,  U n i t e d  Kingdom) .  

Statistical analysis. Signif icance of difference (P < 0.05) 
b e t w e e n  d i e t a r y  t r e a t m e n t s  was  d e t e r m i n e d  b y  a n a l y s i s  
of v a r i a n c e  u s i n g  a S t a t g r a p h i c s  ( sy s t e m 3.0) c o m p u t e r  
package .  D a t a  which  were iden t i f i ed  as  n o n h o m o g e n e o u s  
were s u b j e c t e d  to  e i the r  a rcs ine  squa re  roo t  or  log  t r ans -  
f o r m a t i o n  before  ana lys i s .  Di f fe rences  b e t w e e n  m e a n s  
were d e t e r m i n e d  b y  Tukey 's  t es t .  

RESULTS 

The  f a t t y  ac id  c o m p o s i t i o n s  of l iver  C P L  are  shown in  
Table 2. Tota l  monoeno ic  f a t t y  ac ids  were s i g n i f i c a n t l y  
r e d u c e d  in SO-fed f i sh  c o m p a r e d  to  FO-fed  fish. I n  SO- 
fed f ish  18:2n-6, 18:3n-6, 20:2n-6, 20:3n-6, 20:4n-6, 22:4n-6 
a n d  22:5n-6 were al l  s i gn i f i c a n t l y  i nc r ea sed  c o m p a r e d  to  
b o t h  o t h e r  d i e t a r y  t r e a t m e n t s .  F i s h  fed LO h a d  
s i g n i f i c a n t l y  i nc r ea sed  18:2n-6, 18:3n-6, 20:2n-6, 20:3n-6 
and  to ta l  n-6 P U F A  b u t  s ign i f ican t ly  reduced  22:5n-6 com- 
p a r e d  to  f ish  fed FO. LO f ish  h a d  s i g n i f i c a n t l y  i nc reased  
18:3n-3, 18:4n-3, 20:3n-3 a n d  20:4n-3 c o m p a r e d  to  b o t h  
o t h e r  d i e t a r y  t r e a t m e n t s  b u t  h a d  s i g n i f i c a n t l y  r e d u c e d  
D H A  c o m p a r e d  to  FO-fed  fish. In  f ish  fed SO 18:3n-3, 
20:4n-3, EPA,  22:5n-3 and  to ta l  n-3 P U F A  were s ignif icant-  
ly  r e duc e d  c o m p a r e d  w i th  b o t h  o t h e r  d i e t a r y  t r e a t m e n t s  
whi le  D H A  was  s i g n i f i c a n t l y  r e duc e d  c o m p a r e d  to  FO-  
fed fish_ The  n-3/n-6 P U F A  ra t io  was  s ign i f ican t ly  different  
in t h e  t h ree  d i e t a r y  t r e a t m e n t s  w i t h  t he  h i g h e s t  va lue  in 
FO-fed  f ish  a n d  t h e  lowes t  in SO-fed fish. 

The  f a t t y  ac id  c o m p o s i t i o n s  of l iver  E P L  are  shown in 
Table 3. Total monoenoic  f a t t y  ac ids  were s ign i f ican t ly  dif- 
fe ren t  for each  d i e t a r y  t r e a t m e n t  w i t h  t h e  h i g h e s t  levels  
in FO-fed  f ish  a n d  t h e  lowest  levels  in SO-fed fish. Also,  
18:2n-6, 20:2n-6, 20:3n-6 a n d  t o t a l  n-6 P U F A  were 

TABLE2 

Fatty  Acid Compositions of Choline Phospholipids from Salmon Liver a 

Sunflower oil diet 
Fat ty  acids Fish oil diet (wt%) Linseed oil diet 

Total saturated 29.3 • 1.6 29.9 + 3.5 31.7 + 3.7 
Total monoenoic 16.0 • 1.6 b 13.2 _+ 0.8 c 14.6 _ 1.1 b'c 

18:2n-6 1.1 • 0.3 d 10.6 + 1.7 b 4.0 • 0.5 c 
18:3n-6 t d 0.5 • 0.3 b 0.2 + 0.0 c 
20:2n-6 0.3 ----- 0.1 d 1.7 + 0.5 b 0.6 + 0.1 c 
20:3n-6 0.3 • 0.1 d 6.4 + 1.0 b 2.0 • 0.5 c 
20:4n-6 0.7 +--- 0.1 c 5.5 + 2.2 b 0.6 + 0.1 c 
22:4n-6 0.1 • 0.O c 0.7 • 0.4 b 0.1 • 0.0 c 
22:5n-6 0.3 • 0.1 c 0.7 -~- 0 . 3  b 0.1 "+" 0.0 c 
Total n-6 2.8 ---- 0 .3  d 26.0 • 0.4  b 7.4 • 0.4 c 

18:3n-3 0.3 • 0.1 c 0.1 + 0.0 d 3.6 • 1.2 b 
18:4n-3 0.1 • 0.0 c 0.1 + 0.0 c 0.7 • 0.2 b 
20:3n-3 t c t c 0.4 • 0.1 b 
20:4n-3 0.8 • 0.2 c 0.2 • O.1 d 2.9 • 0.85 
20:5n-3 9.8 -- 1.05 3.8 • 0.4 c 9.5 • 1.2 b 
22:5n-3 3.0 • 0 .6  b 2.0 + 0.5 c 3.3 • 0 .4  b 
22:6n-3 35.9 • 2.6 b 23.8 + 3.2 c 25.5 • 1.7 c 
Total n-3 49.6 • 1.8 b 29.7 • 3.1 c 45.8 • 2.25 

Total PUFA 52.4 ___ 1.8 55.7 • 3.2 53.1 + 2.1 

n-3/n-6 18.0 • 1.6 b 1.2 +__ 0.1 d 6.2 • 0.5 c 

20:4/20:5 0.1 • 0.0 c 1.5 • 0.6 b 0.1 - 0.0 c 

=Results are % by weight • SD from four fish per treatment; t = trace value <0.05%. 
SD <0.05 are recorded as 0.0. PUFA, polyunsaturated fatty adds. Values in the same 
row with different superscript letters b, c, d are significantly different (P < 0.05). 
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T A B L E  3 

Fatty Acid Compositions of Ethanolamine Phospholipids from Salmon Liver a 

Sunflower oil diet 
Fatty acids Fish oil diet (wt%) Linseed oil diet 
Total  s a tu ra t ed  12.6 • 0.7 12.7 • 0.6 13.6 • 1.4 

Total  monoenoic 25.2 • 1.85 15.5 • 2.5 d 21.1 +_ 0.4 c 

18:2n-6 1.7 • 0.4 d 12.0 • 2.15 4.7 +_ 1.1 c 
18:3n-6 0.1 + 0.0 0.2 • 0.1 t 
20:2n-6 0.4 • 0.1 d 2.3 • 0.55 0.7 _ 0.1 c 
20:3n-6 0.3 • 0.1 d 5.1 • 0.6 b 1.5 • 0.2 c 
20:4n-6 1.3 • 0.4 c 9.6 • 2.7 b 1.1 • 0.1 c 
22:4n-6 t c 0.8 • 0.4 b t c 
22:5n-6 0.5 • 0.0 c 1.0 • 0.3 b 0.3 • 0.1 d 
Total  n-6 4.2 • 0.4 d 30.9 • 2.55 8.1 +_ 1.1 c 

18:3n-3 0.8 • 0.2 c 0.3 +- 0.1 d 3.0 • 0.65 
20:3n-3 t c t c 0.7 • 0.15 
20:4n-3 0.5 • 0.1 r t d 1.7 • 0.45 
20:5n-3 8.8 • 1.2 c 3.6 • 1.0 11.1 • 1.1 b 
22:5n-3 2.1 • 0.45,c 1.8 • 0.4 c 2.8 • 0.4 b 
22:6n-3 41.9 • 1.9 b 32.5 • 2.7 c 36.0 • 0.9 c 
Total  n-3 54.1 • 0.85 38.2 • 2.2 c 55.4 • 0.35 

Total  P U F A  58.3 • 1.2 d 69.2 • 2.75 63.5 • 1.4 c 

n-3/n-6 12.9 • 1.25 1.3 • 0.1 d 6.9 • 0.9 c 
20:4/20:5 0.2 • 0.1 c 2.9 • 1.45 0.1 • 0.0 c 

aResults are % by weight _ SD from four fish per treatment; t = trace value <0.05%. 
SD <0.05 are recorded as 0.0. PUFA, polyunsaturated fatty acids. Values in the same 
row with different superscript letters b, c, d are significantly different (P < 0.05). 

significantly affected by dietary t rea tment  with the 
highest levels in SO-fed fish and the lowest levels in FO- 
fed fish. Levels of 22:5n-6 were also significantly different 
in each dietary group with highest values in SO-fed fish 
and lowest in LO-fed fish. AA and 22:4n-6 were signifi- 
cant ly increased in fish fed SO compared to both  other 
dietary treatments.  Also, 18:3n-3, 20:4n-3 and EPA were 
significantly different in each dietary t rea tment  with 
highest levels in LO-fed fish and lowest in SO-fed fish. 
22:5n-3 was significantly increased in LO-fed fish com- 
pared to SO-fed fish whereas D H A  was significantly 
greater in FO-fed fish compared to both other treatments.  
Total n-3 PUFA were significantly lower in SO-fed fish 
while total  PUFA were significantly different in each 
dietary t rea tment  with the highest levels in SO-fed fish 
and the lowest in FO-fed fish. The ratio of n-3/n-6 PUFA 
was significantly different in each dietary t reatment  with 
the highest value in FO-fed fish and the lowest in SO-fed 
fish. The AA/EPA ratio of eicosanoid precursors was sig- 
nificantly increased in SO-fed fish compared to both other 
t reatments.  

The fa t ty  acid compositions of liver PS are shown in 
Table 4. Total sa turated fa t ty  acids were significantly in- 
creased whereas total  monoenoic fa t ty  acids were sig- 
nificantly decreased in fish fed SO and LO compared to 
those fed FO. The level of 20:3n-6 was significantly dif- 
ferent in each dietary t rea tment  with the highest levels 
in SO-fed fish and the lowest in FO-fed fish. AA and 
22:5n-6 were also significantly different in each t reatment  
with the highest levels in SO-fed fish and the lowest in 
LO-fed fish. 18:2n-6, 20:2n-6, 22:4n-6 and total  n-6 PUFA 
were all significantly increased in fish fed SO compared 
to the other dietary treatments.  Levels of 18:3n-3 and 
20:4n-3 were significantly greater in fish fed LO than  in 

the two other t rea tments  while EPA was significantly 
reduced in SO-fed fish compared to LO-fed fish. Total n-3 
PUFA were significantly reduced in SO-fed fish compared 
to both  other t rea tments  while D H A  was reduced in fish 
fed SO compared to those fed FO. Total PUFA were 
significantly greater in SO-fed fish compared to LO-fed 
fish. The n-3/n-6 PUFA ratio was significantly lower and 
the AA/EPA ratio significantly greater in SO-fed fish com- 
pared to both  other t reatments.  

The fa t ty  acid compositions of liver PI  are shown in 
Table 5. Total saturated fa t ty  acids were significantly 
elevated in fish fed SO and LO compared with those fed 
FO. Total monoenoic fa t ty  acids were significantly dif- 
ferent in all t rea tments  with the highest levels in fish fed 
FO and the lowest in those fed SO. Levels of 18:2n-6 and 
total n-6 PUFA were significantly increased in SO-fed fish 
compared to the other two t rea tments  whereas 20:3n-6 
was significantly greater in LO-fed fish compared to the 
other  t reatments.  AA was significantly different in all 
dietary t rea tments  with the highest level in SO-fed fish 
and the lowest level in LO-fed fish. Also, 18:3n-3, 20:4n-3 
and total  n-3 PUFA were significantly reduced in fish fed 
SO compared to the other two treatments.  EPA was 
significantly different in all t rea tments  with the highest 
level in LO-fed fish and the lowest in SO-fed fish. Levels 
of 22:5n-3 and D H A  were significantly different in all 
t rea tments  with the highest levels in FO-fed fish and the 
lowest in SO-fed fish. Total PUFA were significantly 
greater in SO-fed fish compared to LO-fed fish. The n-3/n-6 
PUFA ratio was significantly lower and the AA/EPA ratio 
significantly greater in fish fed SO compared to both other 
t reatments.  

The major PUFA in gill CPL and E P L  are shown in 
Figure 1. in CPL 18:2n-6 and 20:3n-6 were significantly 
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TABLE 4 

Fatty Acid Compositions of Phosphatidylserine from Salmon Liver a 

Sunflower oil diet 
Fat ty  acids Fish oil diet (wt%) Linseed oil diet 

Total saturated 31.7 • 1.5 c 35.5 • 1.4 b 35.8 • 1.8 b 

Total monoenes 10.3 • 0.8 b 6.2 • 0.5 c 6.7 • 1.0 c 

18:2n-6 0.5 • 0.1 c 1.5 • 0.25 0.6 _ 0.1 c 
18:3n-6 0.2 • 0.2 0.2 • 0.1 t 
20:2n-6 0.2 • 0.0 c 1.0 • 0.35 0.3 • 0.1 c 
20:3n-6 0.2 • 0.1 d 1.6 • 0.55 0.6 • 0.1 c 
20:4n-6 0.5 • 0.1 c 1.7 • 0.3 b 0.2 • 0.1 d 
22:4n-6 t c 0.8 • 0.5 b t c 
22:5n-6 0.6 • 0.1 c 1.1 • 0.4 b 0.3 • 0.0 d 
Total n-6 2.0 • 0.2 c 8.0 • 0.75 2.0 • 0.1 c 

18:3n-3 0.4 • 0.15,c 0.2 • 0.1 c 0.6 -_4-_ 0.2 b 
18:4n-3 0.4 • 0.1 b t c t c 
20:4n-3 t c t c 0.5 • 0.1 b 
20:5n-3 1.4 -b 0.5b, c 0.7 • 0.3 c 1.4 • 0.3 b 
22:5n-3 2.7 • 0.4 3.2 • 0.8 3.8 • 0.6 
22:6n-3 47.3 • 1.6 b 43.2 • 2.3 c 44.6 • 0.75'c 
Total n-3 52.3 • 0.3 b 47.2 • 1.7 c 50.9 • 0.7 5 

Total PUFA 54.3 • 1.0 b'c 55.2 • 1.35 52.9 • 0.7 c 

n-3/n-6 25.9 • 2.15 5.9 • 0.6 c 25.8 • 1.3 c 

20:4/20:5 0.4 • 0.2 c 3.1 • 1.6 b 0.2 • 0.1 c 

aResults are % by weight • SD from four fish per treatment;  t = trace value <0.05%. 
SD <0.05 are recorded as 0.0. PUFA, polyunsaturated fat ty acids. Values in the same 
row with different superscript letters b, c, d are significantly different (P < 0.05). 
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d i f f e r e n t  in  all  d i e t a r y  t r e a t m e n t s  w i t h  t h e  h i g h e s t  l eve l s  
in  S O - f e d  f i s h  a n d  t h e  l o w e s t  in  F O - f e d  f i sh .  A A  w a s  
s i g n i f i c a n t l y  i n c r e a s e d  a n d  E P A  s i g n i f i c a n t l y  d e c r e a s e d  
in  S O - f e d  f i s h  c o m p a r e d  to  t h e  o t h e r  t r e a t m e n t s .  C o n s e -  
q u e n t l y ,  t h e  A A / E P A  r a t i o  w a s  s i g n i f i c a n t l y  g r e a t e r  in  
S O  f i s h  c o m p a r e d  t o  t h e  o t h e r  t w o  t r e a t m e n t s .  D H A  a n d  
t o t a l  n-3 P U F A  were  s i g n i f i c a n t l y  d e c r e a s e d  in  SO-fed  f i sh  

c o m p a r e d  to  b o t h  o t h e r  t r e a t m e n t s .  L a r g e l y  s i m i l a r  ef- 
f e c t s  o c c u r r e d  in  gil l  E P L  e x c e p t  t h a t  20:3n-6 w a s  s ign i f i -  
c a n t l y  g r e a t e r  in  SO-fed  f i s h  c o m p a r e d  to  b o t h  o t h e r  t r e a t -  
m e n t s  a n d  D H A  w a s  s i g n i f i c a n t l y  r e d u c e d  in  S O - f e d  f i s h  

c o m p a r e d  t o  F O - f e d  f i sh .  
T h e  m a j o r  P U F A  of  gi l l  P S  a n d  P I  a re  s h o w n  in  F i g u r e  

2. I n  gi l l  P S  18:2n-6 a n d  20:3n-6 w e r e  s i g n i f i c a n t l y  

TABLE 5 

Fatty Acid Compositions of Phosphatidylinositol from Salmon Liver a 

Sunflower off diet 
Fa t ty  acids Fish oil diet (wt%) Linseed oil diet 

Total saturated 33.3 + 1.6 c 38.1 • 0.55 38.4 • 1.15 

Total monoenoic 12.5 • 1.4 b 6.7 • 0.7 d 9.2 • 0.6 c 

18:2n-6 0.5 • 0.1 c 1.4 • 0.35 0.6 • 0.15 
20:2n-6 0.3 • 0.1 0.5 • 0.1 0.3 • 0.1 
20:3n-6 2.0 • 0.3 c 1.8 • 0.7 c 5.8 • 1.2 b 
20:4n-6 28.4 • 0.3 c 41.8 • 0.4 b 21.0 • 1.2 d 
Total n-6 31.5 • 0.2 c 46.1 • 0.55 28.3 • 1.7 c 

18:3n-3 0.4 • 0.15 t c 0.5 • 0.15 
20:4n-3 0.3 • 0.15 t c 0.5 • 0.1 b 
20:5n-3 4.9 • 0.9 c 0.7 • 0.3 d 10.1 • 2.55 
22:5n-3 2.2 + 0.3 b 0.6 • 0.1 d 1.7 • 0.2 c 
22:6n-3 12.4 • 1.2 b 4.7 • 0.5 d 8.1 • 0.4 c 
Total n-3 19.7 • 0.45 6.2 • 0.6 c 21.5 • 2.95 

Total PUFA 51.4 • 0.7 b'c 52.2 • 1.1 b 49.7 • 1.1 c 

n-3/n-6 0.6 • 0.05 0.1 • 0.0 c 0.7 • 0.25 

20:4/20:5 7.0 + 2.2 c 76.1 • 28.2 b 3.2 • 2.2 c 

aResults are % by weight • SD from four fish per treatment;  t -- trace value <0.05%. 
SD <0.05 are recorded as 0.0. PUFA, polyunsaturated fat ty acids. Values in the same 
row with different superscript letters b, c, d are significantly different (P < 0.05). 
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FIG. 1. The levels of the major polyunsaturated fatty acids of gill 
choline phospholipids (CPL) (A) and ethanolamine phospholipids 
(EPL) (B) from salmon fed diets containing either fish oil (dotted 
bars), sunflower oil (filled bars) or linseed oil (hatched bars). Values 
are means +__ SD for four fish per treatment. Values for each fatty 
acid having a different column letter are significantly different 
(P < 0.05). 

FIG. 2. Levels of the major polyunsaturated fatty acids of gill 
phosphatidylserine (PS) (A) and phosphatidylinositol (PI) (I3) from 
salmon fed diets containing either fish oil (dotted bars), sunflower 
oil (filled bars) or linseed oil (hatched bars). Values are means + SD 
for four fish per treatment. Values for each fatty acid having a dif- 
ferent column letter are significantly different (P < 0.05). 

different in all dietary treatments with the highest levels 
in SO-fed fish and the lowest levels in FO-fed fish. AA was 
significantly increased and EPA significantly reduced in 
SO-fed fish, resulting in an increased AA/EPA ratio when 
compared to fish fed either FO or LO. In gill PI the results 
were largely similar to PS except that DHA was signifi- 
cantly greater in fish fed FO than in both other dietary 
treatments. 

The production of eicosanoids by isolated gill cells sti- 
mulated by A23187 is shown in Table 6. The production 
of 12-HETE, 12-HEPE and 14-HDHE were all signifi- 
cantly reduced in fish fed both LO and SO compared to 
those fed FO. However, the ratio of 12-HETE/12-HEPE 
was significantly increased in fish fed SO compared to 
both other treatments. While mean values of both TXB 2 
and PGE~ were greatest in fish fed SO, they were not 

significantly different from either of the other dietary 
treatments. 

D I S C U S S I O N  

Feeding SO results in increased levels of 18:2n-6, 20:2n-6, 
20:3n-6 and AA in all liver phospholipids while 22:4n-6 
and 22:5n-6 were increased in CPL, EPL and PS compared 
to both other treatments. 20:3n-6, the product of A6 
desaturation and elongation of 18:2n-6, was also increased 
in fish fed LO, whereas AA, the product of A5 desatura- 
tion, was generally decreased in those fish compared to 
fish fed FO. Similarly 22:5n-6, the product of A4 desatura- 
tion and elongation of AA was decreased in fish fed LO 
compared to those fed FO. Therefore it appears that  
feeding LO, which contains 18:2n-6 and 18:3n-3 in a ratio 
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TABLE 6 

Eicosanoids from Isolated Salmon Gill Cells Stimulated with the Ca2+-lonophore A23187 

Fish oil Sunflower oil Linseed oil 
Eicosanoid a diet diet diet 
12-HETE 17.7 +__ 9.6 b 5.7 +- 2.9 c 5.8 +_ 0.5 c 
12-HEPE 45.2 +_ 12.4 b 7.8 + 3.2 c 21.2 +-- 8.2 c 
12-HETE/12-HEPE 0.354 +_ 0.094 c 0.791 +-- 0 .189  b 0.327 +- 0.138 c 
14-HDHE 34.1 "4" 11.8 b 6.8 + 3.8 c 10.4 +-- 1.9 c 
TXB 2 142.8 +_ 80.4 229.0 -+ 120.9 172.0 __- 59.6 
PGE 2 192.3 +_ 54.0 807.3 +- 562.3 510.3 -k-_ 177.9 
aValues are mean +_ SD from four fish per treatment. Values for 12-HETE, 12-HEPE 
and 14-HDHE are ng/mg protein, whereas those for TXB 2 and PGE 2 are pg/mg protein. 
b'CValues in the same row with different superscript letters are significantly different 
(P < 0.05). HETE, hydroxy-5, 8, 10, 14-eicosatetraenoic acid; 1 HEPE, hydroxy-5, 8, 10, 
14, 17-eicosapentaenoic acid; HDHE, hydroxy-4, 7, 10, 13, 16, 19-docosahexaenoic acid; 
TXB2, thromboxane B2; PGE2, prostaglandin E 2. 

of 1:3, has an inhibitory effect on h5 (and possibly h4) 
desaturase which is responsible for AA production. The 
ability of 18:3n-3 to reduce the conversion of 18:2n-6 to 
AA, by inhibition of 56 desaturase, has been recorded 
previously in mammals (27,28}. The differences in 20:3n-6 
and AA production by fish fed either SO or LO can be 
explained by considering the competitive influences of the 
different dietary fa t ty  acid compositions. In SO-fed fish 
the high 18:2n-6 level makes AA production inevitable 
whereas the presence of 18:3n-3 in LO-fed fish results in 
competit ion which reduces 20:3n-6 production from 
18:2n-6. At the same time 56 desaturation and elongation 
of 18:3n-3 results in increased 20:4n-3 in LO-fed fish, and 
this, coupled with reduced 20:3n-6, results in reduced AA 
production and an apparent  inhibition of A5 desaturase. 
Similar competitive effects presumably operate to increase 
or reduce 22:5n-6 levels in SO- and LO-fed fish, respect- 
ively. 

In a previous study using the related salmonid, the rain- 
bow trout,  no increase in elongated and desaturated pro- 
ducts  of 18:3n-3 were observed in the polar lipid fraction 
of fish fed 18:3n-3 enriched diets (29). However, in the pre- 
sent s tudy with Atlantic salmon, al though dietary EPA 
levels were similar in both SO and LO diets, the fa t ty  acid 
compositions of phospholipid classes of both liver and gill 
showed decreased EPA in SO-fed fish, but  LO-fed fish had 
EPA values greater than  or equal to those of FO-fed fish. 
These results suggest that  salmon are capable of EPA pro- 
duction from 18:3n-3 utilizing the pathways of 56 and 55 
desaturation and elongation. Although some phospholipid 
classes from liver of LO-fed fish had elevated 22:5n-3, there 
was no apparent  increase in D H A  compared to fish fed 
FO. Previous studies with Atlantic salmon parr  have 
demonstrated tha t  they are capable of converting 18:3n-3 
to D H A  (5) but  in the larger post-smolts used in the pre- 
sent s tudy 54 desaturation is either very low or, more like- 
ly, the requirement for DHA is met  by dietary input. 

Both  AA and EPA can be metabolized by cycloox- 
ygenase to yield prostaglandins of the 2 and 3 series and 
by lipoxygenase to yield leukotrienes of the 4 and 5 series 
and a number  of H E T E  and H E P E  isomers (14,30). I t  is 
generally regarded tha t  EPA is a poorer substrate  for 
cyclooxygenase than AA and thus acts as a competit ive 
inhibitor (16). The biological act ivi ty of the EPA-derived 
prostanoids and leukotrienes is considerably less than 
tha t  of their AA-derived equivalents (12,31) which ex- 
plains the ability of so-called 'MaxEPN preparations to at- 

tenuate many of the pathophysiological conditions which 
occur in humans (7). In the present s tudy feeding LO de- 
creases AA and increases EPA in tissue phospholipids of 
Atlantic salmon and might  therefore be expected to alter 
the spectrum of eicosanoids produced by these fish. 

Gill cells were chosen since they are known to possess 
a highly active 12-1ipoxygenase (18,32) and also to con- 
tain cyclooxygenase activity (5). While overall production 
of 12-1ipoxygenase products  was greatest  in fish fed FO, 
the ratio of 12-HETE/12-HEPE was increased in SO-fed 
fish and was similar in both  FO- and LO-fed fish. Al- 
though no specific physiological role has been identified 
for products  of 12-1ipoxygenase, a number  of recent stud- 
ies have implicated 12-HETE as a modulator of ion chan- 
nels (33,34). Clearly this activity would be particularly im- 
por tan t  in gills which, along with posterior kidney, are 
vital in controlling osmoregulation in fish. Diet-induced 
changes in gill l ipoxygenase products  might  therefore af- 
fect the ability of salmon to adapt  to varying salinity. 

In a previous s tudy Atlantic salmon given increasing 
dietary linoleic acid produced decreasing amounts  of gill 
12-lipoxygenase products  (18). In the present s tudy sal- 
mon fed LO also produced significantly less 12-lipoxygen- 
ase products  compared to fish fed FO. A similar decrease 
was also observed in platelet 12-1ipoxygenase products  
from rats  fed 18:3n-3 compared to those fed FO (14). One 
possible explanation is tha t  changes in membrane phos- 
pholipid fa t ty  acid composition might  affect the activity 
of phosphohpase A2 which provides the precursors for 
eicosanoid production. Recent studies have established 
that  phospholipase A 2 activity can be either increased or 
decreased in different tissues as a result of decreasing the 
membrane n-3/n-6 PUFA ratio (35,36). 

The tendency for the PI  fraction to accumulate 20-car- 
bon fa t ty  acids in fish has resulted in the hypothesis tha t  
this phospholipid might  be the source of precursor fa t ty  
acids for eicosanoid production (5,37). However, the ratio 
of 12-HETE/12-HEPE produced by st imulated gill cells 
in the current  experiment was most  similar to the 
AA/EPA ratio present in gill CPL (0.20, 0.61 and 0.20 for 
FO, SO and LO diets, respectively). Comparison of the pre- 
cursor fa t ty  acid ratios of both  CPL and PI  would make 
the former class the more likely source of l ipoxygenase 
substrate fa t ty  acids. A similar result has been recorded in 
mammalian platelets (38) and cultured umbilical cells (39). 

The present s tudy demonstra ted tha t  while diets rich 
in 18:2n-6 result in increased AA in membrane lipids of 
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sa lmon ,  t he  f a t t y  ac id  c o m p o s i t i o n s  can  be  ' n o r m a l i z e d '  
to  t he  p o s i t i o n  in f ish  fed FO, b y  f eed ing  18:3n-3. I n  th i s  
c o n t e x t  l i n seed  oil  cou ld  be  useful ,  when  u s e d  in conjunc-  
t i on  w i t h  m a r i n e  oils, as  an  i nh ib i t o r  of  i n f l a m m a t o r y  
a c t i v i t y  in fish. 
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Dietary Fish Oil Inhibits Human Breast Carcinoma Growth: 
A Function of Increased Lipid Peroxidation 
Michael J. Gonzalez a, Rachel A. Schemmel a, LeRoy Dugan, Jr. a, J. lan Gray a and Clifford W. Welsch b,* 
aDepartment of Food Science and Human Nutrition and bDepartment of Pharmacology and Toxicology, Michigan State University, 
East Lansing, Michigan 48824 

Female athymic nude mice were implanted subcutaneously 
with human breast carcinoma MDA-MB231. Seven to ten 
days later, the mice were divided into groups and fed a 
purified diet containing the following types of fat I% of 
diet): (i) 20% corn oil (CO}; flit 15% CO:5% fish (menhaden} 
oil (FO); (iii) 10% CO:10% FO; (iv) 5% CO:15% FO; (v} 1% 
CO:19% FO; and Ivi} 1% CO:19% FO plus antioxidants (a- 
tocopherol acetate, 2000 IU/kg diet and tertiary butyl- 
hydroquinone, 2% of total fat). The linoleic acid levels (% 
of diet} of the groups were 12.0, 9.1, 6.2, 3.3, 0.9 and 0.9%, 
respectively. After 6-8 wk, the carcinomas were assessed 
for tumor volume (cm 3) and assayed for thiobarbituric 
acid reactive substances (TBARS). Human breast car- 
cinoma growth was suppressed in mice cousnming FO diets 
without antioxidants as compared to mice fed CO; the 
greater the amount of dietary FO fed, the greater the ca~ 
cinoma growth suppression (P < 0.05}. The addition of an- 
tioxidants to the FO diet significantly (P < 0.05} reversed 
the FO-induced carcinoma growth suppression. Concentra- 
tions of TBARS in the human breast carcinomas were in- 
creased in all the FO (without antioxidants) fed mice, com- 
pared to mice fed CO; the level of increase in TBARS was 
directly related to the increase in the level of FO fed 
(P < 0.051. The addition of antioxidants to the FO diet sig- 
nificantly (P < 0.05) reduced the concentration of TBARS 
in the breast carcinomas. Thus, these results provide evi- 
dence that  dietary FO can significantly suppress growth 
of human breast carcinoma MDA-MB231, even in the 
presence of substantial amounts of linoleic acid (3.3-9.1%). 
The inhibitory effect of FO on growth of these carcinomas 
was associated with an increased concentration of TBARS 
in the tumor tissue. In conclusion, dietary FO induced sup- 
pression of human breast carcinoma growth is a function, 
at least in part, of an accumulation of lipid peroxidation 
products in the tumor tissues. 
Lipids 28, 827-832 (1993}. 

Fish oil (FO), which contains elevated levels of long-chain 
r polyunsaturated fatty acids, particularly eicosapen- 
taenoic acid (EPA, 20:5) and docosahexaenoic acid (DHA, 
22:6), has been shown to suppress mammary gland tumori- 
genesis in rodent models (1-4). In addition, FO has been 
shown to inhibit the growth of human breast carcinomas 
maintained in immune~deficient animals (5-9). To explain 
how FO inhibits mammary tumorigenic processes, many 
investigators (2-4) have focused on EPA- and]or DHA- 
induced alterations in eicosanoid metabolism_ Other in- 
vestigators (10,11) suggested that dietary FO inhibits mam- 
mary tumorigenesis because it may not provide a sufficient 

*To whom correspondence should be addressed at Department of 
Pharmacology and Toxicology, 357 Giltner Hall, Michigan State 
University, East Lansing, MI 48824. 
Abbreviations: CO, corn off; DHA, docosahexaenoic acid; EPA, 
eicosapentaenoic acid; FO, fish oil; TBA, thiobarbituric acid; TBARS, 
thiobarbituric acid reactive substances; TBHQ, tertiary butylhydro- 
quinone. 

amount of essential fatty acids, such as linoleic acid (18:2). 
Indeed, a direct relationship between the amount of dietary 
linoleic acid and mammary tumor growth has been clearly 
shown (12). In contrast, we have explored yet another poten- 
tial mechanism, i.a, that high levels of dietary FO inhibit 
manunmT tumorigenesis by causing an increased accumula- 
tion of cytostatic and]or cytotoxic lipid peroxidation pr~ 
ducts in the tumor tissue (9). 

In this communication, we further examine the relation- 
ship between dietary FO and growth of human breast ca~ 
cinomas in athymic nude mice by pursuing the following 
objectives: (i) to determine whether or not high levels of 
dietary FO, in the presence of substantial amounts of linoleic 
acid, can inhibit growth of these tumors and (ii) whether or 
not there is a correlation between tumor growth and the 
quantity of lipid peroxidation products in the tumor tissues 
of mice fed FO. 

MATERIALS AND METHODS 

Animals and diet. One hundred and sixty-four female 
athymic nude mice (Harlan Sprague Dawley Inc, Madi- 
son, WI), 4-5-wk-old, were used in these studies. The mice 
were housed under aseptic conditions (enclosed overhead 
laminar flow hood, sterilized cages, bedding and water) 
in a temperature (24~ and light-controlled (14 tdd) room. 
All experimental procedures pertaining to the athymic 
mice were performed under aseptic conditions. Autoclav- 
ed laboratory mouse chow (Purina Mills Inc., St. Louis, 
MO) was fed ad libitum before and up to 7-10 d after 
human breast carcinoma transplantation. Thereafter, mice 
were fed purified diets (Table 1) ad libitum. The percen- 
tages of the predominant fat ty acids (1% or greater, 
manufacturer's specifications) of the dietary oils are 
shown in Table 2. The diets were prepared weekly in our 
laboratory, individually packed in small, plastic zipper- 
sealed bags of sufficient size for one day's feed, flushed 
with nitrogen, sealed and stored at -20~ Mice were fed 
daily and nonconsumed food was discarded daily. Because 
the purified diets were not sterilized, antibiotics 
(bacityracin combined with streptomycin or neomycin, 1 
g/L) were added to the distilled drinking water. 

Human breast carcinoma transplantation. Palpable 
MDA-MB231 human breast carcinomas (American 3~r 
Culture Collection, Rockville, MD) were surgically excised 
from female athymic mice, cut into slices (2 • 4 mm, 
0.1-0.3 mm thick) and implanted into recipient mice Mice 
were anesthetized with sodium pentobarbital (60 ~g/g, i.p. ) 
prior to transplantation. An incision was made in the in- 
tegument, the tumor slices were placed subcutaneously 
in the dorsum at distances from each other of at least 2 
cm, 3-4 slices/mouse. Between one and three palpable 
human breast carcinomas were pooled to provide the tis- 
sue slices. Mice were placed on the experimental diets 7-10 
d after carcinoma transplantation. This period allows the 
carcinoma grafts to become established in the host ani- 
mals before the onset of experimental dietary treatments. 
Athymic mice bearing human breast carcinoma grafts 
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TABLE 1 

D i e t  C o m p o s i t i o n  

Ingredients a Percent b 

Fat c 20.00 
Casein d 20.17 
dl-Methionine 0.35 
Dextrose 32.18 
Sucrose 16.09 
AIN mineral mix e 4.13 
AIN vitamin rnixf 1.18 
Cellulose g 5.90 

aAU ingredients (dry components} were obtained from U.S. Bio- 
chemical Co./Cleveland, OH) except sucrose (ICN Biochemicals, Inc., 
Costa Mesa, CA}. 
bHigh-fat diets (20% w/w) consisted of 20% corn oil or a fish oil 
{menhaden)/corn oil combination totaling 20%. 
cCorn oil (tocopherol stripped) was obtained from U.S. Biochemical 
Co. Fish oil (menhaden) was obtained from Zapata Haynie Corp. 
(Reedville, VA). 
dVitamin-free, high-nitrogen {14.5%). 
eThe mineral mixture supplied, per kg diet: CaHPO4, 20.65 g; NaCI, 
3.06 g; potassium citrate, 9.09 g; K2S04, 2.15 g; MgO, 991.20 rng; 
manganous carbonate, 144.55 rag; ferric citrate, 247.8 rag; zinc car- 
bonate, 66.08 rag; cupric carbonate, 12.39 rag; KIO3, 0.41 rag; 
sodium selenite, 0.41 rag; chromium potassium sulfate, 22.72 rag; 
sucrose, 4.87 g. 
fThe vitamin mixture provided, per kg diet: thiamine HCI, 7.08 rag; 
riboflavin, 708 rag; pyridoxine HCI, 8.26 mg; nicotinic acid, 35.40 
nag; D-calcium pantothenate, 18.88 rag; folic acid, 2.36 rag; DI~a- 
tocopheryl acetate, 236.00 rng; cholecalciferol, 0.03 rag; mena- 
quionine, 0.06 rag; sucrose, 11.48 g. 
gCelufil, nonnutritive bulk. 

were fed the exper imental  diets for a period of 6-8  wk. 
At  the terminat ion of the studies, all tumors  were excised 
and their  volume determined (V = 4/3 n r 3) with a ver- 
nier caliper. Four separa te  studies were carried out; each 
s tudy  was a complete individual experiment.  

S tudy  1. The experimental  design of this s tudy  is pro- 
vided in Table 3. The purpose  of this s tudy  was to deter- 
mine if va ry ing  levels of FO mixed with vary ing  levels of 
linoleic acid-rich corn oil {CO) are capable  of modifying 
the human breast  carcinoma growth suppressive effect of 
a FO diet. In  addition, we sought  to determine if a rela- 
t ionship exists  between human  breas t  carcinoma growth 
and the level of lipid peroxidation products  in the tumor  
t i s sue  The level of lipid peroxidation products  of excised 
10 g tumor  composi tes  in each group were determined by 
measur ing  2-thiobarbituric acid reactive substances  
(TBARS) using a modified macro-thiobarbi tur ic  acid 
(TBA} assay (9). 

Macro-TBA assay. Subcutaneously  growing human  
breas t  carcinomas were surgically excised, placed in- 
dividually in a 0.9% NaC1 solution, immediate ly  frozen 
( -20~ and stored for one day. Immedia te ly  before the 
TBA assay, the tumors  were thawed and tumor  samples  
pooled to obtain 10-g composites.  Once sufficient t umor  
homogenate  was obtained from pooling (10-g composite}, 
this  const i tu ted  one s am p l e  To obtain other  samples, 
other tumors  within the same group were also pooled to 
form 10-g samples. Three to five samples (10-g composites) 
were done in triplicate for each group. An antioxidant [ter- 
t iary butylhydroquinone (TBHQ); E a s t m a n  Chemical Pro- 
ducts, Kingsport ,  TN], at  0.02% of total  fat, as determin- 
ed by a dry  column extract ion method (13) was added to 

T A B L E  2 

P r e d o m i n a n t  F a t t y  A c i d s  (%) 

Fatty acids a Corn oil Fish (menhaden) oil 

Myristic (14:0) -- 6.7 
Palmitic (16:0) 10.8 15.7 
Palmitoleic (16:1) -- 8.7 
Stearic (18:0) 2.1 2.7 
Oleic (18:1) 26.5 14.3 
Linoleic (18:2) 60.0 1.8 
Linolenic (18:3) -- 1.5 
Arachidonic (20:4) - -  2.2 
Eicosapentaenoic (20:5) - -  15.5 
Docosahexaenoic (22:6) - -  12.1 
aFatty acid concentrations <1% are not included. 

the samples; the samples were homogenized (4~ in a 
Polytron homogenizer (Ultra Turrax SDT 1810; Tekmar 
Co., Cincinnati, OH). The homogenates were transferred 
into distillation flasks containing 2.5 mL 4N HCI plus 0.5 
mL silicone antifoam (Thomas Scientific Ca, Swedesbor~ 
N J) with sufficient distilled water to yield a total volume 
of 100 mL/flask and distilled to collect 50 mL. Five mL 
of this distillate plus 5 mL of freshly prepared TBA (0.2N 
aqueous solution; Sigma Chemical Co., St. Louis, MO) 
were used for the assay. Samples were prepared in tripli- 
cate, heated in a boiling water bath for 35 rain to develop 
the pigment, cooled and the absorbance read on a spec- 
trophotometer (Spectronic 2000; Bausch & Lomb, Ro- 
chester, NY) at 532 nm. The absorbance values obtained 
were multiplied by an adjustment factor of 6.2 {14). 
Results were reported as ~g of TBARS per g of sample. 

Study 2. The experimental design of this study is pro- 
vided in Table 4. The purpose and experimental design 
of this study was similar to Study 1, but two additional 
dietary groups (1% CO/19% FO and 1% CO/19% FO plus 
antioxidants) were added. A modified micro-TBA assay 
(15) was used in this study in order to individually assay 
each excised tumor for TBARS. 
Micro-TBA assay. Subcutaneously growing human 

breast carcinomas were surgically excised, frozen (-20~ 
for one day, thawed and individually homogenized (4~ 
in the presence of an antioxidant (TBHQ, 0.02% of total 
fat) in a Polytron homogenizer. One mL of homogenate 
was combined with 2.0 mL of TBA {0.375% wt/vol), 
trichloroacetic acid (15.0% wt/vol) and HCI {0.25N) and 
mixed thoroughly. The solution was heated for 15 rain in 
a boiling water bath. After cooling, the precipitate was 
removed by centrifugation (1,000 X g for 10 rain) and the 
supernatant kept for analysis. The absorbance of the sam- 
ple was determined at 535 nm against a blank that con- 
tains all reagents minus the homogenate This TBA assay 
is a slightly modified version of the Buege and Aust assay 
{15). TBARS concentration of the sample was calculated 
using an extinction coefficient of 1.56 X 10 s M -I cm -I 
(16) and reported as nmoles TBARS per nag of protein. 
The protein concentration of tumors was determined ac- 
cording to the method of Lowry et al. {17). 

Study 3. The experimental design of this study is shown 
in the legend of Figure 1. The purpose of this study was 
to determine if the concentration of TBARS in individual 
human breast carcinomas correlated with tumor size from 
a single FO dietary group (1% CO:19% FO). Excised 
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Effect  of Different Ratios of Dietary Corn Oil and Fish Oil on the Growth and Lipid Peroxidation 
Product Concentrations of MDA-MB231 Human Breast  Carcinomas in Athymic  Nude Mice 

829 

Mean tumor 
Mean mouse Number Mean lipid peroxidation 

Diet body weight of tumor volume product levels 
groups ~ (g) • SE tumors (cm 3) • SE b (~g TBARS/g sample) • SE b 

20% Corn oil 28.1 _ 0.5 60 2.55 • 0.31 c 0.26 • 0.04 c 
(12.0% linoleic 
acid) 

15% Corn oil: 27.3 • 0.4 64 1.23 --- 0.15 d 0.37 - 0.02 d 
5% fish oil 
19.1% linoleic 
acid} 

10% Corn oil: 27.1 • 0.7 79 1.16 - 0.61 d 0.40 • 0.04 d 
10% fish oil 
{6.2% linoleic 
acid} 

5% Corn oil: 27.1 • 0.3 66 0.88 • 0.11 d 0.59 • 0.03 e 
15% fish off 
{3.3% linoleic 
acid} 

aTwenty to twenty-five animals/group. 
bValues with different superscript letters in the same column are significantly different at P < 0.05. TBARS, 
thiobarbituric acid reactive substances. 

T A B L E 4  

Effect  of Different Ratios of Dietary Corn Oil and Fish Oil and the Influence of Antioxidants  
on the Growth and Lipid Peroxidation Product Concentrations of MDA-MB231 
Human Breast  Carcinomas in Athymic  Nude Mice 

Mean tumor 
Mean mouse Number Mean lipid peroxidation 

Diet body weight of tumor volume product levels 
groups a (g) • SE tumors (cm 3) _ SE b (nmol]TBARS/mg protein) + SE b 

20% Corn oil 30.1 +_ 0.7 
(12.0% linoleic 
acid) 

15% Corn oil: 30.7 • 1.0 
5% fish oil 
(9.1% linoleic 
acid) 

10% Corn oil: 29.9 • 0.7 
10% fish oil 
(6.2% linoleic 
acid) 

5% Corn oil: 28.9 + 0.6 
15% fish oil 
13.3% linoleic 
acid) 

1% Corn oil: 28.6 • 0.9 
19% fish oil 
{0.9% linoleic 
acid} 

1% Corn oil: 29.5 • 0.8 
19% fish oil + 
antioxidants {vitamin E 
2000 IU/kg and TBHQ 
2.0% total fat) 
{0.9% linoleic acid) 

20 2.36 • 0.90 c 1.49 + 0.04 c 

25 2.08 _ 0.36 c 1.66 • 0 .04  d 

26 0.95 _+ 0.14 d 1.86 + 0.03 e 

28 0.72 _ 0 .20  d 1.96 _ 0.03 f 

24 0.53 ----- 0.09 d 2.02 • 0.07 f 

19 1.65 • 0.30 c 1.48 • 0.04 r 

=Six to nine animals/group. 
b V a l u es  with different superscript letters in the same column are significantly different at P < 0.05. TBARS, 
thiobarbituric acid reactive substances; TBHQ, tertiary butylhydroquinone. 
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FIG. 1. Relationship between mean carcinoma volume (cm 3) and 
mean carcinoma thiobarbituric acid reactive substances (TBARS) 
concentrations per individual MDA-MB231 human breast carcinoma 
in athymic nude mice fed a 1% corn oi1:19% fish oil diet (n = 24). 
There were eight animals in this dietary group. Curved lines repre- 
sent a 95% confidence interval. The Pearson correlation coefficient 
= 0.725 (P < 0.05). 

tumors were individually assayed for TBARS by the modi- 
fied micro TBA assay. 

Study 4. The exper imenta l  design of this s tudy  is pro- 
vided in Table 5. The purpose  of this s tudy  was to deter- 
mine if the length of t ime the FO diet is allowed to re- 
main in the food jar, under  feeding conditions, i.e., 24, 48 
and 72 h after feeding, influences human breast  carcinoma 
growth and carcinoma concentrat ion of TBARS. The jars  
with diet were changed every 24, 48 or 72 h. Excised 

tumors  were individually assayed for TBARS by the 
modified micro-TBA assay. 

Statistical analyses. D a t a  in Studies 1, 2 and 4 were 
analyzed by one-way analysis of variance and the 
Newman-Keuls multiple comparison test  (18). Significance 
was set a t  P < 0.05. D a t a  for S tudy  3 were examined by 
Pearson's correlation coefficient (18). 

RESULTS 

Human breast carcinoma growth. In  Study 1, mean hu- 
man  breas t  carcinoma volumes (cm 3) obtained from the 
four dietary groups at  exper iment  terminat ion ranked 
(from largest  to smallest) as follows: 20% CO > 15% 
CO:5% FO > 10% CO:10% FO > 5% CO:15% FO (Table 
3). Mean carcinoma volumes in mice fed each of the three 
FO diets were significantly (P < 0.05) smaller  than  the 
mean  carcinoma volume of mice fed CO as their  sole 
source of fat  (20% CO). Body weight gains were not  
significantly different among  the mice in the different 
d ie tary  groups. 

In S tudy  2, mean human  breas t  carcinoma volumes 
(cm 3) obtained f rom the six dietary groups a t  termina- 
t ion of the exper iment  ranked (largest to smallest) as 
follows: 20% CO > 15% CO:5% FO > 1% CO:19% FO plus 
ant ioxidants  > 10% CO:10% FO > 5% CO:15% FO >1% 
CO:19% FO (Table 4). Mean carcinoma volume in mice fed 
20% CO was numerical ly higher than  those of the 15% 
CO:5% FO- and 1% CO:19% FO plus antioxidants-fed 
mice, bu t  this difference did not  reach a level of signifi- 
cance  However, each of these three groups had mean car- 
cinoma volumes which were significantly (P < 0.05) larger 
than  those produced by the 10% CO:10% FO, 5% CO:15% 
FO and 1% CO:19% FO dietary groups. Body weight gains 
were not  significantly different among  the mice in the dif- 
ferent d ie tary  groups. 

In  S tudy  4, mean human  breas t  carcinoma volume 
(cm 3) obtained from the three dietary groups at  termina- 
t ion of the exper iment  ranked (largest to smallest) as 
follows: 24 h, 1% CO:19% FO > 48 h, 1% CO:19% FO > 
72 h, 1% CO:19% FO (Table 5). Mean carcinoma volumes 
in mice in which the diet (1% CO:19% FO) was changed 

T A B L E 5  

Effect of the Length of Time the Fish Oil Diet Remained in the Food Jar Under Usual Feeding 
Conditions on the Growth and Lipid Peroxidation Product Concentrations 
of MDA-MB231 Human Breast Carcinomas in Atliymic Nude Mice 

Length of time Mean mouse Number Mean 
diet remained body weight of tumor volume 
in the food jar a (g)• SE b tumors (cm 3) • SE b 

Mean tumor 
lipid peroxidation 

product levels 
(nmol/TBARS/mg protein) _ SE b 

24 h 30.6 • 0.9 c 24 0.70 ___ 0.17 c 2.04 • 0.09 c 
(1% corn oil: 
19% fish oil) 

48 h 28.5 • 0.9 28 0.48 • 0.11 d 2.40 • 0.10 d 
(1% corn oil: 
19% fish oil) 

72 h 27.4 • 0.5 d 26 0.25 • 0.27 e 3.69 - 0.14 e 
(1% corn oil: 
19% fish oil) 

~Eight to nine animals/group. 
bValues with different superscript letters in the same column are significantly different at P < 0.05. TBARS, 
thiobarbituric acid reactive substances. 
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every 24 h was significantly larger (P < 0.05) than in the 
48-h or 72-h diet groups. The mean carcinoma volume of 
the 48-h diet group was significantly larger (P < 0.05) than 
that  of the 72-h diet group. Body weight gains were sig- 
nificantly lower (P < 0.05) for the 72-h diet group as com- 
pared to the 24-h diet group. 

Human  breast carcinoma lipid peroxidation product  
levels (TBARS). The ranking of mean human breast car- 
cinoma TBARS concentrations in the four dietary groups 
of Study 1 at termination was: 5% CO:15% FO > 10% 
CO:10% FO > 15% CO:5% FO > 20% CO (Table 3). Mean 
human breast carcinoma TBARS concentrations in mice 
fed each of the three FO diets were significantly (P < 0.05) 
greater than the mean carcinoma TBARS value in mice 
fed CO as their sole source of fat (20% CO). In Study 2, 
the ranking of the mean human breast carcinoma TBARS 
concentrations in the six dietary groups at termination 
was: 1% CO:19% FO > 5% CO:15% FO > 10% CO:10% 
FO > 15% CO:5% FO > 20% CO > 1% CO:19% FO plus 
antioxidants (Table 4). Mean tumor TBARS concentra- 
tions were virtually identical in the 1% CO:19% FO plus 
antioxidants- and 20% CO-fed animals. Mean tumor 
TBARS concentration in mice fed each of the four 
nonantioxidant-supplemented FO diets were significantly 
(P < 0.05) greater than the mean tumor TBARS concen- 
trations in mice fed the antioxidant-supplemented FO and 
in the group fed only CO as their sources of fat. In Study 
3, an inverse relationship is shown between volumes of in- 
dividual human breast carcinomas and carcinoma TBARS 
concentrations in mice fed the 1% CO:19% FO diet 
(P < 0.05) (Fig. 1), i.e., the smaller the tumor volumes, the 
greater the concentration of TBARS. In Study 4, mean 
carcinoma TBARS concentration in mice in which the diet 
(1% CO:19% FO) was changed every 24 h was significantly 
lower (P < 0.05) than in the 48- or 72-h diet groups (Table 
5). The mean carcinoma TBARS of the 48-h diet group 
was significantly less (P < 0.05) than that of the 72-h diet 
group. 

DISCUSSION 

This study provides evidence that supplementation of a 
high-fat (CO) diet with even a modest amount of FO (e.g., 
15% CO/5% FO) can result in a suppression of growth of 
a human breast carcinoma (MDA-MB231) maintained in 
athymic nude mice. Other laboratories have provided evi- 
dence that  FO-containing diets inhibit mammary gland 
tumorigenesis in rodents (1-4) and suppress growth of 
human breast carcinomas in athymic nude mice (5-9). 
Such studies often utilize diets containing FO as their 
only source of fat. FO is extremely low in the essential 
fat ty acid linoleic acid (18:2). It is conceivable, therefore, 
that  the suppression of mammary tumorigenesis exerted 
by diets high in FO may be v/a essential fatty acid (linoleic 
acid) insufficiency. Indeed, supplementation of FO diets 
with modest amounts of linoleic acid, in certain mammary 
tumor animal models, has been reported to block (4) or 
partially block (19) the tumorigenic inhibitory activities 
of a diet high in FO. In this study, we were still able to 
attain growth inhibition of MDA-MB231 human breast 
carcinomas in athymic nude mice by feeding FO diets con- 
taining substantial amounts of linoleic acid (3.3-9.1%). 
The estimated nutrient requirement for adequate growth 
and reproduction of mice for linoleic acid is 0.3% w/w 

of diet (20), but the level required for optimal tumorigenic 
processes may be substantially higher. For example, Ip 
et al. (12) have reported that  approximately 4.4% of lino- 
leic acid in the diet is required for optimal (maximal) mam- 
mary tumor development in a rodent model. In our study, 
diets containing FO and substantial amounts of linoleic 
acid (up to 9.1% of diet) still suppressed growth of this 
human breast carcinoma. Thus, it is likely that  dietary 
FO-induced suppression of growth of human breast car- 
cinoma MDA-MB231 is not due to insufficient dietary 
linoleic acid. 

Inhibition of growth of human breast carcinoma MDA- 
MB231 by dietary FO may be v/a the accumulation within 
the tumor of cytostatic and]or cytolytic lipid peroxidation 
products. Evidence presented in our study which supports 
this conclusion is as follows. (i) As the FO content of the 
diet is increased, a concurrent significant increase in car- 
cinoma TBARS concentrations is observed. (ii) Increas- 
ing the FO content of the diet decreases carcinoma 
growth. (ii) Those carcinomas that  have the highest con- 
centrations of TBARS have the least tumor growth. (iv) 
Allowing the FO diet to remain in the food jar for as long 
as 72 h, a feeding protocol that  substantially increases 
the level of TBARS and the peroxide values in the diet 
(21), results in an increased accumulation of TBARS in 
the carcinomas and a concordant suppression of car- 
cinoma growth. (v) The addition of efficacious antiox- 
idants to the FO diet substantially decreases carcinoma 
TBARS concentrations and concurrently increases car- 
cinoma growth. Collectively, these results clearly support 
the concept that  lipid peroxidation products are relevant 
to the process of dietary FO-induced inhibition of breast 
carcinoma growth. Recent evidence from our laboratory 
(21) indicates that  dietary FO-derived lipid peroxidation 
products are formed extensively in the food jar under nor- 
mal feeding conditions. After feeding FO, such products 
are not only found in tumor tissue but are found in nor- 
mal tissues as well. 

The mechanism by which lipid peroxidation products 
retard or inhibit tumor growth processes is not certain 
(22). Secondary products of lipid peroxidation (measured 
by the TBA assay) are capable of decreasing cell prolifera- 
tion through damaging cell membranes, by changing cellu- 
lar composition and]or cytoskeleton assembly. These 
modifications in the molecular architecture of the mem- 
brane can lead to the inactivation of membrane transport 
systems and]or membrane bound enzymes (23-25). This 
phenomenon may adversely affect the entering of cells in- 
to the cell cycle or it may accelerate their exit (i.e., cell 
death). Furthermore, secondary products of lipid perox- 
idation can decrease tumor cell survival by inactivating 
polymerase reactions (26), forming inter- and/or intramo- 
lecular linkages between amino acid sulfhydryl groups and 
biomolecules (DNA, RNA and proteins) (27) and inhibiting 
polyamine synthesis (28). Such processes may not only 
result in inhibition of cell proliferation but may also lead 
to an increase in cell death. Indeed, Garbor and Abraham 
(4) reported that  dietary FO inhibits mammary tumor 
growth processes by increasing mammary tumor cell 
death rather than suppressing mammary tumor cell pro- 
liferation. 

Although under certain conditions secondary prod- 
ucts of lipid peroxidation may decrease tumor growth 
via a cytostatic/cytolytic mechanism, under other 
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circumstances such products  could s t imulate  tumor  
growth. For example, a peroxidation product  of linoleic 
acid, i.e., 13-hydroxy (hydroperoxy) octadecadienoate,  is 
more mitogenic to ra t  colonic mucosa  cells (29) or to 
hamste r  embryo fibroblasts  (30) than  is the parent  com- 
pound. In addition, a peroxidation product  of arachidonic 
acid, i.e., hydroxy (hydroperoxy) eicosatetraenoic acid, 
s t imulates  ra t  colonic mucosa  cell proliferation while the 
parent  compound itself lacks s t imula tory  activit ies (29). 
Thus, peroxidat ion products  derived f rom fa t ty  acids in 
dietary FO (particularly EPA, D H A  and possibly linoleic 
acid) could be s t imula tory  to tumor  growth processes. In  
the tumor  model used in this s tudy (MDA-MB231 human 
breas t  carcinoma mainta ined in a thymic  nude mice), 
however, we find no evidence of die tary  FO-induced 
s t imulat ion of t umor  growth. 

The results  of our s tudy  clearly show tha t  the addit ion 
to the FO diet of large amounts  of ant ioxidants  (vitamin 
E and TBHQ) significantly counteracted the inhibitory 
effects of dietary FO on human breast  carcinoma growth. 
In  essence, high levels of antioxidants,  in the presence of 
dietary FO, s t imulated tumor  growth. Other  laboratories 
have provided evidence t h a t  supplementa t ion  of the  diet 
with ant ioxidants  inhibits tumorigenesis.  Clearly dietary 
ant ioxidants  can suppress carcinogen act ivat ion in ex- 
perimental  tumor  models (31). Occasionally it is reported 
t ha t  ant ioxidant  supplementa t ion  can suppress tumor  
growth (32,33), a l though there is considerable evidence to 
the contrary (34-36). Thus, it is likely tha t  various antioxo 
idants  can suppress genotoxic induced init iation and]or 
progression events in tumorigenesis; evidence tha t  antiox- 
idants  can effectively suppress tumor  growth processes, 
however, has not  been consis tent  or compelling. 

In conclusion, the results of this s tudy provide evidence 
t ha t  dietary FO can significantly suppress the growth of 
MDA-MB231 human  breas t  carcinomas mainta ined in 
a thymic  nude mice, even in the presence of subs tant ia l  
amounts  of dietary linoleic acid. The suppressive effect 
appears  to be directly related to the accumulat ion of 
TBARS in the tumor  tissues. 
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Cirrhosis and Hypercholesterolemia 
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Medicine, Tokiwakai Hospital, Tokiwa, Minamitugarugun, Aomori 038-12, Japan 

An analytical method for the determination of cholesterol 
sulfate (CS) in plasma using gas-liquid chromatography 
was developed. We measured plasma CS concentrations in 
patients with liver cirrhosis and hypercholesterolemia as 
examples of disorders that  involve aberrations in choles- 
terol metabolism. Patients with liver cirrhosis had plasma 
CS concentrations that  were significantly higher than 
those of control subjects (s.A.~.6 ___ 51.7 vs. 253.0 +__ 24.6 
pg/dL, mean ___ SE). The levels of other lipids were lower 
in cirrhotics, although the differences were not significant. 
There was no correlation between the levels of CS and 
sulfated bile acids in cirrhotic patients. CS levels in plasma 
were also higher in subjects with hypercholesterolemia 
(413.7 __. 44.5 ~g/dL); however, the ratio of CS to total 
cholesterol (TC) clearly differed between cirrhotics and 
hypercholesterolemic subjects (1.44 +_ 0.11 X 10 -~ w 3.31 
• 0.63 X 10-3; P < 0.05). Both in subjects with hyper- 
cholesterolemia and in healthy controls, the CS/TC ratio 
was similar and CS accounted for roughly 0.14% of the 
TC concentration. 
Lipids 28, 833-836 {1993). 

Cholesterol sulfate (CS) is a minor constituent of various 
mammalian tissues and fluids, including erythrocytes (1,2), 
spermatozoa (3), hair (4), epidermal fipid {5,6) and feces (7,8). 
However, little is known about the nature and quantity of 
CS in these sources. Only under certain conditions can CS 
be transformed to sulfated steroid hormones without desul- 
fation (9). However, in healthy individuals, this transforma- 
tion does not occur to any significant extent (10). The mea- 
surement of plasma CS levels is important in some clinical 
conditions, such as in placental or microsomal steroid sulfa- 
tase deficiency (11), and in recessive X-linked ichthyosis 
(12-15). 

Huang et aL (16) have reported that substantially higher 
plasma CS levels are found in hypercholesterolemia. How- 
ever, as far as we know, CS levels in patients with liver cir- 
rhosis have not been reportecL In cirrhotic patient~ the syn- 
thesis of cholesterol is reduced and sulfation of bile acids 
(BA), which are the main products of cholesterol, is increased 
(17). We report here a reliable method for measuring the 
minute amounts of CS that occur in human plasma using 
gas-liquid chromatography (GLC) with dihydrocholesterol- 
3-sulfate (DHCS) as internal standarcL We applied this 
method to determine plasma CS levels in healthy subjects 
as well as in patients with hypercholesterolemia and liver 
cirrhosis. 

*To whom correspondence should be addressed at Third Department 
of Internal Medicine, Hirosaki University School of Medicine,5 Zaifu, 
Hirosaki, Aomori 036, Japan. 
Abbreviations: BA, bile acids; CS, cholesterol sulfate; DHCS, dihydro- 
cholesterol-3-sulfate; EC, esterified cholesterol; FC, free cholesterol; 
GLC, gas-liquid chromatography; HBs, hepatitis B surface; HCV, 
hepatitis C Virus; HDL-C, high-density lipoprotein-cholesterol; LDI~ 
C, low-density lipoprotein-cholesterol; TC, total cholesterol; TG, 
triglyceride; TMS, trimethylsilyl. 

MATERIALS AND METHODS 

Subjects. The subjects studied included 11 healthy con- 
trol subjects {64.8 +_ 2.6 years old; 6 male and 5 female), 
13 patients with liver cirrhosis {63.4 +_ 1.6 years old) and 
7 age-matched subjects with primary hypercholestero- 
lemia (64.6 +_ 5.1 years old). 

The cirrhotics (10 male and 3 female) included 7 cases 
with positive hepatitis C virus (HCV) antibody, 1 with pos- 
itive hepatitis B surface (HBs) antigen, 2 with chronic al- 
coholism and 3 with unknown etiology. Cirrhosis was diag- 
nosed by clinical signs (i.a, spider teleangiectasia, spleno- 
megaly and ascites) and abnormal liver tests. Diagnosis 
was confirmed by percutaneous liver biopsy and/or au- 
topsy in five cases. Five of the 13 cirrhotics were in un- 
compensated stag~ Three patients also had hepatoceUular 
carcinoma. 

In seven patients with hypercholesterolemia (two male 
and five female), four patients were suspected to have 
heterozygous familial hypercholesterolemia due to xan- 
thelasma and Achilles tendon thickness. Other diseases 
or effects of medications that  might have caused second- 
ary hyperlipemia were ruled out. 

Chemicals. All chemicals used were of analytical grade 
Free cholesterol (FC) and DHCS were purchased from 
Sigma Chemical Co. (St. Louis, MO). [4-14C]Cholesterol 
{specific activity, 51.0 mCi/mmol) was purchased from 
New England Nuclear Corporation (Boston, MA) and puri- 
fied before use on a silica column. 

Measurement of plasma CS. Fasting venous blood 
was obtained and stored at -20~ until assayed. Two 
mL of plasma was used for the analysis and 20 ~g of 
DHCS (Sigma) was added as internal standard. The plas- 
ma was added into a mixture of 20 mL of acetone]ethanol 
{1:1, vol/vol) in an extraction flask, and the mixture was 
sonicated in an ultrasonic bath {18). The dispersion was 
then filtered through filter paper, and the paper was 
washed with 10 mL of acetone]ethanol (1:1, vol/vol). The 
filtrate was dried under N2. The residue was dissolved in 
4 mL of chloroform and was applied to a column of silica 
gel (400 mg;, Gaskuro Kogyo Co., Ltd., Toky(~ Japan). The 
column was eluted with 8 mL of chloroform and 6 mL of 
ethyl acetate to completely remove FC and cholesteryl 
esters (19). Then CS was eluted with 6 mL of 
chloroform]methanol (1:1, vol/vol). The dried residue was 
subjected to solvolysis. After adding 3 mL of tetrahy- 
drofuran]methanol]trifluoroacetate (900:300:1, by vol), the 
mixture was allowed to stand at 45~ for 2 h and was then 
evaporated to dryness (20). Then desulfated free cho- 
lesterol and dihydrocholesterol were dissolved in 
chloroform and purified by passing again through the 
silica column. The eluate was evaporated, and the residue 
was heated with trimethylsilylating (TMS) reagent 
(SIGMA-SIL-A, Sigma) at 60~ for 30 re_in. After drying 
under a flow of N 2, the sample was analyzed by GLC 
(Shimadzu GC-8A, Shimadzu, Kyot~ Japan) using flame- 
ionization detector and a capillary column Hi-Cap 
(Shimadzu) coated with cross-linked methylsilicone 
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(25 m • 0.32 i.d.). Oven tempera ture  was mainta ined at  
260~ 

The quant i ty  of CS was calculated as followings: CS (~g) 
= D H C S  (internal s tandard,  20 ~g) • Ac/Ad • response 
factor (1.009), where Ac is the peak area of cholesterol and 
Ad the peak  area of dihydrocholesterol; the response fac- 
tor, 1.009, was derived from the detector  response of a 
s tandard  mixture  of cholesterol and dihydrocholesterol 
af ter  solvolysis and TMS derivatization. 

Separat ion of FC from CS on the silica column was 
tes ted using the mixture  of 4 mg  of cold and 8 ~g of 14C- 
labeled free cholesterol in two experiments.  

Plasma lipids and BA. Plasma total  cholesterol (TC) and 
FC, as well as triglyceride (TG) levels were determined by 
enzymatic  methods using reagent kits (Cholesterol C-test, 
Free Cholesterol C-test and Triglyceride G-test,  re- 
spectively; Wako, Osaka, Japan).  The levels of esterified 
cholesterol (EC) were calculated by subt rac t ing  FC from 
TC. High-densi ty  l ipoprotein cholesterol (HDL-C)  was 
measured enzymatical ly after  precipitat ing very low den- 
si ty lipoprotein (VLDL) and low-density lipoprotein (LDL) 
with heparin and MnC12 (HDL-C test, Wako). L D L -  
cholesterol was calculated using Friedewald et al. (21) for- 
mula. Total BA levels were assayed enzymatical ly  us ing 
3a-hydroxysteroid dehydrogenase (Enzabile 2, Daiichika- 
gaku, Tokyo, Japan).  In  pa t ien ts  with liver cirrhosis, 
sulfated BA was extracted using a Sep-Pak C18 cartr idge 
(Waters Associates, Ina ,  Milford, MA) (22). BA levels of 
the ext rac ts  from the Sep-Pak were measured before and 
after  solvolysis us ing the enzymat ic  kit. The level of 
sulfated BA was calculated as the difference between the 
values obtained before and after  solvolysis (20). 

Statistics. The da ta  are expressed as a mean +_ SE. To 
compare  mean values among  the three groups, analysis 
of variance and the least  significant difference were used. 
A P value of < 0.05 was considered s ta t is t ical ly  signifi- 
cant. Correlation was examined by Spearman  rank cor- 
relation coefficient analysis. 

TABLE 1 

Fast ing Plasma Lipids in Control (C) Subjects and Patients  with 
Liver Cirrhosis (LC) and Hypercholesterolemia (HC) a 

C LC HC 
(n = 11) (n = 13) (n = 7) 

Age 64.8 • 2.6 63.4 • 1.6 64.5 • 5.1 
TC (mg/dL) 168.0 • 6.7 151.5 + 12.1 289.4 • 29.4 b 
FC (mg/dL) 37.9 • 1.3 48.7 __ 4.6 75.6 + 12.5 b 
EC (mg/dL) 136.1 + 6.7 102.8 ___ 9.2 213.9 • 18.2 b 
EC/TC (%) 77.1 • 1.1 67.7 • 1.9 c 74.5 _ 1.6 
HDL-C (mg/dL) 38.6 • 3.1 36.1 • 3.0 58.3 • 6.8 b 
LDL-C (mg/dL) 110.8 • 5.8 96.4 • 10.8 198.0 • 26.55 
TG (mg/dL) 105.6 • 9.4 95.3 • 13.9 165.4 • 22.25 
Total BA (~M) 8.5 • 3.0 30.5 • 5.3 4 2.9 • 0.8 

aEach value is the mean • SE. Abbreviations: TC, total cholesterol; 
FC, free cholesterol; EC, esterified cholesterol; HDL-C, high-density 
lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; 
TG, triglyceride; BA, bile acid(s). 
5Differs from LC and C groups, P < 0.05. 
CDiffers from HC and C groups, P < 0.05. 
4Differs from HC and C groups, P < 0.01. However, values were not 
compared as the analytical methods used were different (see text}. 

was es t imated  to be 2.55 • 10-3% (values are the 
average of two experiments).  

The retention times in GLC of TMS ethers of cholesterol 
and of dihydrocholesterol relative to 5/3-cholestane were 
2.09 and 2.14, respectively (Fig. 1). Figure 2 shows the 
peak areas against  the amounts  of s tandard  CS analyzed 
by GLC. 

The average value of recovery of 10 ~g or 20 ~g of CS, 
which was added to a pooled sample  of normal  plasma,  
were 90.4 _ 7.7% and 100.8 + 12.1%, respectively (n -- 
8). To check the reproducibili ty of the CS assay, eight  
samples from control subjects and seven samples from cir- 
rhotics were measured in triplicate. The coefficient of 
var ia t ion was 10.1 +_ 3.9% in controls and 14.9 _ 5.3% 
in cirrhotics. 

RESULTS 

Plasma lipid levels. Fas t ing  p lasma  lipid levels of control 
subjects  and pa t ien ts  with liver cirrhosis and hyper- 
cholesterolemia are summar ized  in Table 1. P lasma  lipid 
levels were higher in hypercholesterolemia and lower in 
cirrhotics as compared to controls. Lipid levels in the cir- 
rhotic group were lower than  those of the control group; 
however, no s ta t is t ical ly  significant differences were 
observed except for the EC/TC ratio. The total  BA level 
was significantly elevated in cirrhotics (P < 0.01). The 
p l a sma  TC levels were over 230 mg]dL {average 289.4 __+ 
29.4 mg/dL) and LDL-C levels were also elevated (198.0 
+_ 26.5 mg/dL) in hyperecholesterolemia. 

Evaluation of the CS assay. Radioactive tracer  experi- 
ment  showed tha t  FC was well separated from the CS frac- 
t ion in silica column chromatography.  When 2,349,380 
d p m  of 14C-labeled FC was separa ted  using a silica col- 
umn, 72.54% (1,704,244 dpm) was eluted with  4 m L  of 
chloroform, 29.37% (690,008 dpm) with the following 8 m L  
of chloroform, 0.48% (11,394 dpm) with 6 m L  of ethyl  
aceta te  and 0.002% (60 dpm) with  6 m L  of chloro- 
form/methanol  (1:1, vol/vol). Total recovery was 102.40%. 
Therefore. the contaminat ion of the CS fraction with FC 

B C 

FIG. 1. Chromatographic profiles obtained from an authentic mix- 
ture of free cholesterol and dihydrocholesterol. The retention time 
of the trimethylsi lyl  ether of cholesterol (B) and dihydrocholesterol 
(C) relative to 5~-cholestane (A) was 2.09 and 2.14, respectively. 
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FIG. 2. Relationship between the gas-liquid chromatography (GLC) 
peak area and various amounts (125-2000 ~g/dL) of cholesterol sulfate 
(CS). CS were measured as a trimethylsilyl ether of free cholesterol. 
A linear relationship was observed. 
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FIG. 3. The mean values of the CS/TC (cholesterol sulfate/total 
cholesterol) ratio in patients with liver cirrhosis (LC) and hyper- 
cholesterolemia (HC) and in control (C) subjects. The average values 
of the CS/TC ratio (X 10 -3) were 3.31 + 0.63 in the LC group, 1.44 
+ 0.11 in the HC group and 1.51 ___ 0.14 in the C group. The ratio 
in LC patients was larger than in HC or C (P < 0.05). 

Plasma CS levels in liver cirrhosis and hypercholestero- 
lemia. The mean values in cirrhotics and hypercholestero- 
lemic subjects were 444.6 _ 51.7 and 413.7 _ 44.5 
~g/dL, respectively. These values were significantly 
(P < 0.05} higher than the control values (253.4 -!-_ 24.6 
~g/dL). 

Figure 3 shows the difference in CS/TC ratio among the 
three groups. The mean value of the CS/TC ratio was 3.31 
_ 0.63 X 10 -a in cirrhotic patients,  1.44 __ 0.11 • 10 -3 
in hypercholesterolemic subjects and 1.51 _+ 0.14 • 10 -3 
in control subjects. The CS/TC ratio clearly distinguished 
cirrhotics from hypercholesterolemics, due to the de- 
creased plasma TC concentration in cirrhotics. In patients 
with uncompensated cirrhosis, CS levels (476.3 +_ 117.3) 
were higher than  those of compensated pat ients  (424.81 
_+ 56.6); however, difference was not  statist ically signifi- 
cant. 

Plasma BA levels were elevated in pat ients  with liver 
cirrhosis (30.5 +__ 5.3 ~M), and sulfated BA corresponded 
to 22.1 +_ 0.5% of total  BA. There was no significant cor- 
relation between CS and total  or sulfated BA. Sulfated 
BA levels were not  assayed in control subjects and pa- 
t ients with hypercholesterolemia. 

Plasma CS in relation to lipid levels in subjects with 
normal liver function. The CS/TC ratios were nearly iden- 
tical in hypercholesterolemic and control subjects. When 
the two groups were combined as subjects with normal 
liver function, CS corresponded to 0.14 __ 0.09% of TC 
levels (n = 18). There were significant correlations 
(P < 0.01) between CS and TC (r = 0.63), EC (r = 0.67) 
or LDL-C (r = 0.64). However, no correlation was observed 
between CS and FC, HDL-C, TG or total  BA. 

DISCUSSION 

Because our analytical procedure measures the FC 
liberated upon CS solvolysis, complete removal of free and 
acylated cholesterol from the CS fraction is an absolute 
requirement (23). Radioactive tracer experiments revealed 
tha t  all the FC was removed from CS by elution in the 
silica column with chloroform and ethyl acetate. 

Both  CS and DHCS behaved identically throughout the 
various analytical steps including extraction, column chro- 
matography and solvolysis. Thus DHCS can be used as 
an appropriate internal s tandard for the measurement  of 
CS. Previous reports  on normal human plasma CS con- 
centrat ions cover a range from 105 to 350 t~g/dL (14-16, 
24,25) or about  0.1% of TC levels. In our analysis, the CS 
levels in healthy subjects were 253.4 --4-_ 24.6/~g/dL, which 
is well within the range reported previously. 

CS is widely dis tr ibuted in the human body, including 
the central nervous system (23), erythrocytes (1,2), plasma 
(14-16,22,24,26), bile (7,8), feces (7,8), skin (5,6), nails and 
hair (4). Hochberg et al. (27) reported tha t  liver, skin, lung 
and kidney could sulfurylate cholesterol. CS in plasma has 
been reported to bind to LDL particles (13) and chylo- 
microns (28). Our present results show tha t  CS levels cor- 
relate well with LD~C,  TC and EC. This may suggest that  
LDL and chyromicron metabolism may be affected by an 
increased CS content,  as an increased content  of CS is 
known to affect the electronegativi ty of LDL particles 
(13). 

The steroid sulfatase enzyme (sterol sulfate sulfohydro- 
lase, EC 3.1.6.2) is a microsomal enzyme tha t  removes the 
sulfate group from the 3-position of sterols and steroids 

LIPIDS, Vol. 28, no. 9 (1993) 



836 

N. TAMASAWA ET AL. 

such as CS, dehydroepiandrosterone sulfate, pregnenolone 
sulfate and estrone sulfate (29). Tissues may  utilize CS 
in sterol product ion by t ransforming  CS to pregnenolone 
sulfate and to other 3/3-hydroxy-h5-steroid sulfates (9,30). 

Measurement  of p l a sma  CS is an impor tan t  diagnostic 
procedure in pa t ien ts  wi th  X-linked ichthyosis, because 
ext remely elevated p l a sma  CS levels (1500-4000 gg/dL) 
are observed due to steroid sulfatase deficiency (12-15). 
Although the increase in cirrhotics was not as pronounced 
as in pat ients  with X-finked ichthyosis, we cannot rule out 
t ha t  decreased cholesterol sulfatase act ivi ty  also occurs 
in cirrhotic patients. We mus t  also consider the possibility 
of increased sulfation because sulfated BA increased in 
these patients,  as they do in many  other  fiver diseases. 
I t  has been suggested tha t  hepatic sulfation and glu- 
curonidation, which form more polar metabofites, enhance 
fecal and ur inary  excretion and may  represent  a protec- 
tive mechanism in cirrhosis (17). To investigate the altered 
metabol i sm of CS in fiver disease, i t  would also be neces- 
sary  to analyze CS levels in urine and bile. 

In  conclusion, we have developed a method for measur- 
ing p lasma  CS using D H C S  as internal  standard.  In  pa- 
t ients  with liver cirrhosis, p lasma CS levels were signi- 
ficantly higher than those of normal subjects. The average 
CS/TC ratio was also significantly higher in cirrhosis due 
to lower TC levels. In  subjects  with hypercholesterolemia, 
p l a sma  CS was higher but  CS/TC rat ios were a lmost  the 
same as those in controls. In  control and hypercholestero- 
lemia subjects, p lasma CS reached about  0.14% of TC and 
correlated with LDL-C, TC and EC, but  not  with FC, 
HDL-C and TG. The mechanism of elevated CS levels in 
fiver cirrhosis is currently being studied in our laboratory. 
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Phospholipids from the Free-Living Nematode Caenorhabditis 
elegans 
Kiyoshi Satouchi a,*, Kaoru Hirano a, Masamitsu Sakaguchi a, Hisaaki Takehara b and Fumito Matsuura b 
aDepartment of Food Science and Technology and bDepartment of Biotechnology, Fukuyama University, Fukuyama 729-02, Japan 

The phospholipid and the fatty chain compositions of 
diacyl, alkylacyl and alkenylacyl glycerophospholipids of 
the free-living nematode, Caenorhabditis elegans, were in- 
vestigated. The phospholipids were comprised of 54.5% 
ethanolamine glycerophospholipid (EGP), 32.3% choline 
glycerophosphoh'pid (CGP), 8.1% sphingomyelin and 5.1% 
others. The most abundant fatty acid in CGP was eico- 
sapentaenoic acid {20:5n-3). The fatty acids in CGP were 
more unsaturated than those in EGP. Alkenylacyl and 
alkylacyl subclasses accounted for 1.0 and 2.6%, respec- 
tively, of CGP and 14.0 and 19.6%, respectively, of EGPo 
At least 80% of the alkenyl and alkyl groups were 18:0 
chains and the remaining were odd numbered chains. The 
potential presence of platelet-activating factor {PAF) was 
examined by bioassay, but PAF-like activity was not de~ 
tected in the extracts of this nematode. 
Lipids 28, 837-840 (1993). 

Nematodes can be divided into three major groups accord- 
ing to their feeding habits--plant-parasitic nematodes, 
animal-parasitic nematodes and free-living or microbivorous 
nematodes. Among the latter, Caenorhabditis elegans has 
been widely used as a model organism for the study of 
behavioral genetics and experimental gerontology, because 
these nematodes can be grown readily on a layer of bacteria 
and have a small nearly constant cell number (1). Recently, 
the complete sequencing of the C elegans genome has been 
initiated as a model for the human genome sequencing proj- 
ect (2). Using the long-lived age-1 mutant, an attempt to 
biochemically explain senescence with respect to the free 
radical theory was reported (3). Although C elegans has been 
intensively studied by molecular geneticists and develop- 
mental biologists, biochemical studies on the lipids of this 
nematode have been limited, except for the extensive studies 
on its metabolism of plant sterols (4) and its fatty acid com- 
position (5). It is known that several lower invertebrates con- 
tain remarkably high amounts of ether phospholipids, sug- 
gesting their importance in the invertebrate life cycle (6). 
Recently, it has also been demonstrated that the biologically 
active phospholipic~ platelet-activating factor (PAF 1-O- 
alkyl-2-acetyl-sn-glycero-3-phosphocholine) which is meta- 
bolically derived from alkylacyl choline glycerophospholipids 
~CGP), is widely distributed in lower multicellular inverte- 
brates (7). However, the available data on nematode ether 
phospholipids are fragmentary, with the exception of the 
studies of ether phospholipids from a free-living nematod~ 
Turbatrix aceti (8) and a plant-parasitic nematod~ Meloido- 
gyne javanica (9). 

*To whom correspondence should be addressed at Faculty of Engineer- 
ing, Department of Food Science and Technology, Fukuyama Univer- 
sity, Fukuyama 729-02, Japan. 
Abbreviations: CGP, choline glycerophospholipids; E GP, ethanolamine 
glycerophospholipids; GC/MS, gas chromatography/mass spectro- 
metry; GPC, glycerophosphocholine; GPE, glycerophosphoethanol- 
amine; PAF, platelet-activating factor; tBDMS, tert-butyldimethyl- 
silyl; TLC, thin-layer chromatography; 17:A, cis-9,10-methylenehexa- 
decanoic acid; 19:A, cis-11,12-methyleneoctadecanoic acid. 

In the present study, we analyzed the phospholipids from 
the fre~living nematode C elegans, cultured on Escherichia 
coli, and also examined these lipids for the presence of the 
PAF molecule 

EXPERIMENTAL PROCEDURES 

Chemicals. Iso-myristic acid, anteiso-myristic acid and 
iso-palmitic acid were from Larodane Fine Chemicals 
(Westbury, NY), 20:3n-9 was from Biomol {Plymouth 
Meeting, PA), 20:3n-6 homo-y-linolenic acid and 20:3n-3 
were from Nu-Chek-Prep {Elysian, MN), and 20:4n-6 
arachidonic acid, 20:5n-3 eicosapentaenoic acid and 
22:6n-3 docosahexaenoic acid were from Sigma Chemical 
Co. (St. Louis, MO). Glyceryl ethers (16:0 and 18:0) were 
purchased from Sigma, and 18:1 glyceryl ether was from 
Serdary Research Laboratories {London, Ontario). Phos- 
phatidylinositol (soybean), phosphatidylserine (bovine 
brain), cardiolipin (E. coli) and phospholipase C (EC 
3.1.4.3, Bacillus cereus) were from Sigm& Pre-coated thin- 
layer plates {Silica gel 60) were obtained from Merck 
{Darmstadt, Germany). Silic AR {100-200 mesh} was the 
product of Mallinckrodt (Paris, KY). Bovine serum 
albumin, 1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocho- 
line (PAF) and calcium ionophore A23187 were from 
Sigma. tert-Butyldimethylchlorosilane]imidazole reagent 
and 10% methanolic HC1 reagent were from GL Sciences 
and Tokyo Kasei (Toky~ Japan), respectively. Trypton and 
yeast extract were the products of Difco Laboratories 
{Detroit, MI). 

Growth of E. coli. E. coli (OP50 strain) was grown in 
a phosphate buffer (pH 7.4) with trypton and yeast ex- 
tract. E. coli from late-logarithmic cultures were isolated 
by centrifugation and resuspended in S medium (10). E. 
coli phospholipids were comprised of 80% phosphatidyl- 
ethanolamine, 19% phosphatidylglycerol and 1% cardio- 
lipin. No ether-linked subclasses (1-alkyl-2-acyl or 1-alk-l'- 
enyl-2-acyl) were detected in the ethanolamine glycero- 
phospholipid {EGP) fraction. The fat ty acid composition 
was 14:0, 4.8%; 15:0, 1.6%; 16:0, 41.2%; 16:1n-7, 4.0%; cis-9, 
10-methylenehexadecanoic acid 17:A, 31.2%; 18:1n-7, 
10.0%; and cis-ll,12-methyleneoctadecanoic acid 19:h, 
7.3%. 

Growth ofC. elegans. The standard wild-type strain N2 
was propagated on NGM agar seeded with E. coli. Upon 
observation under the microscope, the plates rich with 
adult worms were washed with M-9 buffer (10) and 
samples were collected by centrifugation. Nematodes in 
a small volume of M-9 buffer were layered over 35% 
sucrose and centrifuged at 1800 X g for 5 min. E. coli and 
the dead worms were sedimented, and C. elegans was 
recovered on the sucrose layer and repeatedly rinsed with 
distilled water. 

Lipid extraction and fractionation. Upon adding liquid 
nitrogen, frozen nematodes {from 2 to 15 g of each harvest) 
were thoroughly ground in a mortar with a pestle Chloro- 
form and methanol were added to obtain a one-phase 
system {11), which was sonicated for 30 min. Equal vol- 
umes of chloroform and water were added to this crude 
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extract, and the two phases were separated by centrifuge- 
tion at 1800 • g for 5 min. The lower phase extract was 
then subjected to silic AR column chromatography. For 
1 mg lipid-phosphorus of the extract, 1 g of silicic acid 
was employed. Neutral lipids were eluted with 30 mL of 
chloroform, and phospholipids were recovered with 30 mL 
of methanol. Phospholipid classes were separated by two- 
directional thin-layer chromatography (TLC) using the sol- 
vent systems chloroform/methanol/28% NH4OH (65:35:5, 
by vol) for the first development and chloroform/ace- 
tone/methanol/acetic acid/H~O (5:2:1:1.3:0.5, by vol) for 
the second development (12). For the large-scale prepara- 
tion of CGP and EGP, the methanol fraction was sub- 
jected to preparative TLC using the solvent system chloro- 
form/methanol/H20 (65:35:6, by vol). Lipid spots were 
detected under ultraviolet light after spraying the plate 
with 0.02% 6-p-toluidino-2-naphthalenesulfonlc acid solu- 
tion. The relative amounts of CGP and EGP subclasses 
were determined by the successive degradation of phos- 
pholipids with mild alkali and acid, respectively (13). The 
phosphorus contents of the total lipids and of individual 
phospholipid classes were determined by the method of 
Bartlett (14). 

Fatty chain analyses of phospholipid subclasses. Sam- 
ples (1 ~mol) of CGP or EGP were hydrolyzed with 
phospholipase C (15). Alkenylacyl, alkylacyl and diacyl 
subclasses of CGP and EGP were separated by TLC as 
1,2-diradyl-3-acetyl-glycerols first with petroleum ether/di- 
ethyl ether/acetic acid (90:10:1, by vol) and then with 
toluene as developing solvents (12). The procedures for the 
derivatization of the fat ty chains of each subclass were 
described previously (16). Fatty acid methyl esters were 
analyzed by gas chromatography (GC) (Shimadzu 14A, 
Kyot(~ Japan) using a capillary column coated with a 
0.25-~m film of polar CBP20 (0.22 mm • 30 m; Shi- 
madzu). The temperature of the injector and flame- 
ionization detector was 250~ For routine analyses, the 
initial column temperature was set at 170~ and then 
raised to 255~ at 5~ For determining relative 
retention times, the column was maintained at a constant 
200~ Fatty acid analyses were also carried out on a 
Shimadzu QP-2000 quadrupole mass spectrometer equip- 
ped with an interface for capillary GC (column coated with 
a 0.25-gm film of nonpolar CBJ1, 0.25 mm X 30 m). The 
analyses were done with the injector, ion source and in- 
terface temperatures at 250~ Samples in n-hexane were 
injected (1-2 ~L) in the split mode. The oven temperature 
was raised from 200 to 250~ at a rate of 5~ for 
methyl esters and kept at 250~ for tert-butyldimethyl- 
silyl (tBDMS) derivatives. Glyceryl ethers were analyzed 
as tBDMS derivatives with the oven programmed from 
250 to 290~ at rate of 5~ The ionization energy 
was 70eV. 

Bioassay. Nematodes (2.24 g) isolated from 60 NGM 
agar plates were suspended in 20 mL of S medium, and 
the sample was divided into two tubes. One tube was 
stimulated with 1 X 10 -6 M ionophore A23187, and 10 
/~L of vehicle, dimethylsulfoxide, was added to the other. 
The samples were incubated at 20~ for 15 min and then 
centrifuged. Lipids were extracted from the supernatant 
and the pellet (11), and the lipids (18 gmol phospholipid 
in the pellet fraction) were subjected to preparative TLC 
using chloroform]methanol/H20 (65:35:6, by vol) for de- 
velopment. Six fractions including the PAF fraction, were 

suspended in an appropriate volume of 2.5 mg bovine 
serum albumin/mL saline solution. PAF was assessed on 
the basis of its ability to cause aggregation of washed rab- 
bit platelets (17). A calibration curve was prepared for 1-O- 
hexadecyl-2-acetyl-s n-glycero-3-phosphocholine ranging 
from 5 • 10 -11 to 5 • 10 -1~ M. 

RESULTS 

Phospholipid content and composition. C. elegans was 
shown to contain phospholipids at a level of 187 • 46.7 
~g lipid phosphorus equivalents/gram fresh body weight 
based on five different samples of nematodes measured 
and expressed as mean • SD. The major phospholipid 
constituents were EGP and CGP, accounting for 54.4 • 
4.7 and 32.3 • 3.0% of the total phospholipids, respec- 
tively. Sphingomyelin accounted for 8.1 • 0.7%. Other 
constituents were cardiolipin, inositol glycerophospho- 
lipids and lysoCGP, each of which accounted for about 1%. 

Subclasses of CGP and EGR Alkenylacyl, alkylacyl and 
diacyl subclass compositions of CGP and EGP are shown 
in Table 1. A large portion of CGP was accounted for by 
the diacyl subclass, whereas the alkylacyl subclass, a 
precursor of PAF (18), accounted for only 2.6 • 0.6%. In 
contrast, EGP contained substantial amounts of alkylacyl 
and alkenylacyl subclasses, as well as the diacyl form. 

Fatty alhyl chain composition. Alkyl and alkenyl chain 
compositions of 1-alkyl-2-acyl glycerophosphocholines 
(GPC), 1-alkyl-2-acyl glycemphosphoethanolamines (GPE) 
and 1-alkenyl-2-acyl GPE were determined on the di- 
tBDMS derivatives. In GC/mass spectrometry (MS), the 
derivatives yielded ions at m/z 57, 73 and 171, common 
to all samples, and [alkenyl + 56] + and [alkyl + 130] +, 
indicative of each of the glyceryl ether structures. 

The di-tBDMS derivatives obtained from 1-alkyl-2-acyl 
GPC were monitored on the common ion rrgz 171 and on 
the individual ions [alkyl + 130] +. Major species were 
18:0, followed by the 19:1, 19:0, 17:0 and 18:1 alkyl 
moieties, whereas 16:0 alkyl was quite low (Fig. 1). Simi- 
larly, 18:0 comprised the largest percentages (89.7 and 
93.8) of the alkyl and alkenyl moieties in 1-alkyl-2-acyl 
GPE and 1-alkenyl-2-acyl GPE, respectively. The alkyl and 
alkenyl compositions of CGP and EGP are shown in Table 
2. 

Fatty acid composition. Upon injection of the fatty acid 
methyl esters prepared directly from CGP and EGP, 17 
peaks occurred (excluding the dimethylacetal peak due to 
18:0 plasmalogen in EGP) (Table 3). These peaks were 

TABLE 1 

Subclass Compositions of Choline and Ethanolamine 
Glycerophospholipid in the Free-Living Nematode, 
Caenorhabd i t i s  e legans  a 

CGP EGP 
Subclass (%) (%) 
Diacyl 96.4 4- 1.2 66.4 4- 3.7 
Alkylacyl 2.6 4- 0.6 19.6 4- 2.1 
Alkenylacyl 1.0 4- 0.7 14.0 4- 1.6 
aValues are mean 4- SD from four harvests of nematodes. CGP, 
choline glycerophospholipids; EGP, ethanolamine glycerophosphc, 
lipids. 
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m/z 171 
m/z 369 (17:0) 
m/z 381 (18:1) 
m/z 383 (18:0) 
m/z 395 (19:1) 
m/z 397 (19:0) 
rn/z 411 (20:0) 

l i T 

10 12 14 16 18 2'0 
Retention Time (min) 

FIG. 1. Selected ion monitoring of the di-tert-butyldimethylsilyl 
der ivat ives  of 1-alkyl g lycerol  from nematode  chol ine 
glycerophosphoHpid. The alkyl chains were identified by the ions at 
m/z 396 (17:0), m/z 381 (18:D, m/z 383 {18:0), m/z 395 fl9:D, and m/z 
397 (19:0). The retention time of di-tert-butyldimethylsflyl derivative 
of 1-hexadecyl glycerol was 11 min 04 s. Peaks at 13 min 93 s in the 
tracings of ions m/z 171 and m/z 381 were due to 18:0 aikenyl. 

iden t i f ied  as follows: (i) B y  c o m p a r i s o n  of the i r  r e t e n t i o n  
t i m e s  w i t h  t h o s e  of  f a t t y  ac id s  f r o m  e g g  y o l k  
phosphat idylchol ine,  peaks  3, 4, 9, 10, 12 and 15 were iden- 
t i f ied  as 16:0, 16:1n-7, 18:0, 18:1n-9, 18:2n-6 and  20:4n-6. 
(ii) Peaks  8, 11 and 13 were  iden t i f i ed  as 17:A, 18:1n-7 and  
19:A by c o m p a r i s o n  of the i r  r e t e n t i o n  t imes  w i t h  t hose  of 

TABLE 2 

Alkyl and Alkenyl Compositions of CGP and EGP from the Free- 
Living Nematode, C. elegans a 

CGP EGP 

Alkyl Alkyl Alkenyl 
Chain (%) (%) (%) 
17:0 2.3 • 0.4 2.5 • 0.7 1.6 • 0.2 
18:1 1.8 • 0.1 1.0 • 0.6 -- 
18:0 80.4 + 1.1 89.7 • 0.7 93.8 + 0.8 
19:1 12.0 +-- 0.1 3.7 +-- 0.5 - -  
19:0 3.4 __. 1 . 6  3.1 -- 0.9 3.6 • 0.7 

aIon [alkyl + 130] + or [alkenyl + 130] + was selectively monitored, 
and the intensities of seven ions ranging from 16:0 to 20:0, including 
18:1 and 19:1, species were integrated. Values are presented as mean 
• SD from three harvests; ions of less than 1% were omitted. Similar 
distributions were obtained by monitoring at m/z 171. Abbreviations 
as in Table 1. 

f a t t y  acids  f rom E.  col i  p h o s p h a t i d y l e t h a n o l a m i n e .  (iii) 
M a s s  spec t ra l  d a t a  d e m o n s t r a t e d  t h a t  t he  molecu la r  ion 
of peak  1 corresponded to 15:0; peaks  2 and  3 had  the  same 
molecu la r  we igh t  and  co r r e sponded  to 16:0; and  peaks  5, 
6 and  7 co r r e sponded  to  17:0. B a s e d  on re la t ive  r e t en t ion  
t i m e  p lo t s  ob t a ined  unde r  i s o t h e r m a l  cond i t ions  on nor- 
ma l  s a t u r a t e d  f a t t y  acids, i nc lud ing  12:0, 14:0, 16:0 and  
18:0, b r anched  f a t t y  acids, i so  14:0, i so  16:0 and  a n t e i s o  
14:0, peak  1 was  iden t i f i ed  as i so  15:0, p e a k  2 as i so  16:0, 
peak  5 as i so  17:0, peak  6 as a n t e i s o l 7 : 0 ,  and  peak  7 as 
n o r m a l  17:0. (iv) Peaks  14-17 were  shown to  be long  to a 
ser ies  of 20-carbon p o l y u n s a t u r a t e d  f a t t y  acids  because  
t h e y  e lu ted  as a s ingle  f rac t ion  u p o n  ca t a ly t i c  hydrogena-  
t i on  over  p l a t i n u m  oxide, t he  m a s s  s p e c t r u m  con f i rmed  
the  C20 cha in length .  Subsequent ly ,  t he  f a t t y  acid m e t h y l  
es ters  were saponif ied and then  conver ted  to thei r  t B D M S  
der ivat ives ,  because  the  m e t h y l  esters  of p o l y u n s a t u r a t e d  

TABLE 3 

Fatty Acid Compositions (%) of Subclasses of CGP and EGP from Free-Living 
Nematode, C. elegans a 

Peak Fatty CGP EGP 
no. acid Diacyl Alkylacyl a Diacyl Alkylacyl Alkenylacyl 

1. 15:0 iso 1.9 + 0.4 -- 7.2 • 3,0 1.3 • 0.3 1.2 + 0.2 
2. 16:0 iso 1.4 _ 0.2 1.8 • 0.3 -- 1.2 +-- 0.1 1.2 + 0.2 
3. 16:0 4.0 + 1.5 24.7 + 2.4 11.1 • 0.6 4.4 + 0.6 5.7 + 1.2 
4. 16:1 n-7 2.5 • 0.5 10.5 + 3.7 12.6 ___ 4.0 2.8 + 0.3 2.7 ___ 1.2 
5. 17:0 iso 2.4 + 0.5 -- 3.9 + 1.5 1.7 -- 0.1 1.3 • 0.1 
6. 17:0 ante -- -- 1.5 + 0.3 -- -- 
7. 17:0 1.0 • 0.1 1.9 + 0.1 1.6 • 0.3 1.5 + 0.9 - -  
8. 17:A 3.8 _ 0,7 1.1 __ 0.9 6.7 _ 0.I  2.7 -- 0.6 5.1 _ 2.6 
9. 18:0 4.4 • 0.9 8.0 • 1.0 8.8 • 1.7 2.4 • 0.6 2.5 +_ 0.5 

I0.  18:1n-9 5.0 __. 0.5 10.0 __- 2.2 2.3 __- 0.6 4.0 ---- 0.7 4.6 ___ 0.7 
11. 18:1n-7 18.8 • 2.4 5.0 • 1.4 19,4 __. 2.0 33.4 +--- 2.4 34.8 • 4.4 
12. 18:2n-6 5.8 __+ 0.5 3.6 • 1.0 3.8 + 1.0 18.2 + 1.3 8.9 • 1.4 
13. 19:A 4.8 + 1.4 -- 3.1 + 0.9 1.2 +-- 0.1 1.3 + 0.1 
14. 20:3n-6 6.2 • 0.3 1.3 • 0.9 2.8 • 0.6 2.9 • 0.5 4,3 • 0.8 
15. 20:4n-6 5.6 • 0.7 1,0 • 0.7 1.2 • 0.2 2.1 +_ 0.5 2.9 • 0.9 
16. 20:4n-3 5.5 • 0.5 -- 1.9 • 0.5 1.8 • 0.3 1.9 • 0.4 
17. 20:5n-3 22.0 • 4.2 3.9 • 1.2 5.3 • 0.7 3.9 • 1.1 4.2 • 1.2 

aValues are based on percent areas and are presented as mean • SD from three harvests; 
ions of less than 1% were omitted. Other fatty acids detected in alkylacyl GPC were 14:0, 
5.5%; 15:0, 3.5%; 16:0 ante, 1.2%; and 20:3n-9, 3.0%. Fatty acids in alkylacyl GPE were 
14:0, 1.0%; and 20:3n-9, 2.1%; and in alkenylacyl GPE were 14:0, 1.3%; 16:0 ante, 1.2%; 
and 20:3n-9, 1,8%. Abbreviations as in Table 1. 
bBecanse of the very low amount of alkenylacyl subclass, alkylacyl and alkenylacyl GPC 
were combined as ether-linked subclass. 
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fa t ty  acids did not yield information on molecular weights 
in reliable (GC/MS). The tBDMS derivat ives gave promi- 
nent  [M-57]  + ions, which were useful for molecular 
weight  determinat ions  (19). Selected ion moni tor ing fm 
cused on the ion [M-57]  + at  m/z 363 for 20:3, m/z 361 for 
20:4, and m/z 359 for 20:5. Comparison of retention t imes 
with those of s tandards (20:3n-3, 20:3n-6, 20:3n-9, 20:4n-6, 
20:5n-3) revealed t ha t  peak  14 was 20:3n-6, peak  15 was 
20:4n-6, peak  15 was 20:4n-3 and peak  17 was 20:5n-3. 

The fa t ty  acid compositions of CGP and E G P  are shown 
in Table 3. Branched, cyclopropane~ringed and polyunsatu- 
rated fa t ty  acids were detected in the phospholipids from 
C elegans. The major  f a t t y  acids in CGP were eicosapen- 
taenoic acid and cis-vaccenic acid. Interestingly,  the 
amount  of eicosapentaenoic acid was lower in EGP, as well 
as in the ether-linked subclass of CGP. 

Detection of PAF. PAF-like act ivi ty  was not  detected 
in the superna tan t  or pellet of C. elegans, al though 18 
~anol of phospholipid was purified by  TLC to isolate the 
PAF fraction for the bioassay, which can detect a few pmol 
of 1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphochoFme and 
uses  washed rabbi t  platelet .  PAF act iv i ty  was also not  
found in C elegans s t imula ted  with calcium ionophore 
A23187, suggest ing t ha t  PAF was not  present  or syn- 
thesized in this nematode. 

DISCUSSION 

Ether-l inked phospholipids are widely dis t r ibuted in the 
animal kingdom and occur in several microorganisms, but 
are scarce in the plant kingdom (20). CGP and EGP are 
the two glycerophospholipid classes that have been ana- 
lyzed extensively for the acyl composition of their ether- 
]inked subclasses {21}. General conclusions that can be 
drawn from these extensive analyses include the follow- 
ing. (i) the ether-linked subclasses of CGP and EGP 
usually contain a greater percentage of polyunsaturated 
fatty acid than do the diacyl subclasses, (ii) the subclasses 
of EGP often contain greater percentages of polyunsat- 
urated fatty acids than do the corresponding subclasses 
from CGP and {iii) the ratio of 16:0 to 18:0 alkyl and/or 
alkenyl is higher in the CGP subclasses than in the EGP 
subclasses from the same tissue {221. 
The results we obtained on the phospholipids from C 

elegans contrast from the above general rules. C elegans 
contains several types of fatty acids, including saturated, 
unsaturated (n-3, n-6, n-7 and n-9), branched and cyclo- 
propane-ringed ones. The latter are likely to have origi- 
nated from the nematodes' food, i.e~, E. coli. This appears 
not to be the case for cis-vaccenic acid because this acid 
was also the major acid of C. elegans maintained on an 
aqueous medium containing heated beef liver extract (51. 
Moreover, CGP and at least the ether-linked EGP were 
synthesized by C. elegans, because these phospholipids 
do not exist in E. coli. CGP from C elegans contained a 
greater percentage of polyunsaturated fatty acids than 
did EGR and the alkyl and alkenyl moieties were exclu- 
sively composed of 18:0 compound. A similar situation 
exis ts  in another  free-living nematode,  T aceti (8) and in 
the plant-parasi t ic  nematode,  M. javanica (9). 

PAF-like lipids are widely dis t r ibuted among  various 
lower animals, e.g., 370 nmol PAF/mol total  phospholipid 
was detected in the slug, Incilaria bilineata, and the alkyl 
chain composit ion of PAF agreed well with t ha t  of alkyl- 

acyl GPC (23). In  the present  study, however, PAF-like ac- 
t ivi ty  was not  detected in C elegans. Recently, Hogaboam 
et al. (24) also reported tha t  the animal-parasi t ic  nema- 
tode" Nippostrongylus brasiliensis, failed to show any 
secreted or worm-associated PAF-like activity. 

Al though PAF-like lipids occur in lower invertebrates,  
e.g., in Annelida~ Mollusca and Platylhelminthes,  which 
contain a large amount  of alkylacyl glycerophospholipids 
(7L nematodes  appear  to be  quite different wi th  respect  
to the molecular phospholipid species t ha t  are present,  
and by the absence of the phospholipid media tor  PAF. 
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y-Linolenic acid containing oils have been found in seed 
lipids of a number of plants, but are restricted to certain 
genera and families, e.g., the Boraginaceae. Some of these 
oils have found considerable interest for pharmaceutical 
and dietary use, e.g., borage oil and evening primrose oil 
in treatment of essential fatty acid and h6 desaturase deft- 
ciency. Our investigation of the seed lipids of certain Mon- 
golian and other Ranunculaceae has now shown the pr~ 
sence of unusual fatty acids, including considerable 
amounts (up to 20%) of y-linolenic acid in certain species 
of Anemone, whereas this acid was found to be absent in 
other species of Anemone. A number of other unusual fat- 
ty  acids are present in .4. rivularis but have not yet been 
identified. The significance of the presence of y-linolenic 
acid, a A6 acid, is discussed in relation to A5 fatty acids 
that  had been reported to occur in the same plant family. 
Lipids 28, 841-846 (1993). 

rLinolenic acid-containing oils are of considerable interest 
in the pharmaceutical industry and for use in dietary food 
specialties (1). In general, the distribution of y-linolenlc acid 
(yLn) in the plant kingdom is not well understoocL yLn oc- 
curs throughout the family Boraginaceae, where it is of 
chemotaxonomic significance However, it also occurs in 
clusters of closely related species in several other plant 
families (2). 

The family Ranunculaceae provides us with many plant 
genera and species which produce seed lipids containing 
unusual or technically interesting fatty acids. Kaufmann and 
Barve (3) investigated Aquilegia, which still is the most pr~ 
minent source (up to 70%) of columbinic acid (E,Z,Z-5,9,12- 
octadecatrienoic acid), an acid which is also found in signifi- 
cant amounts in many Thalictrum species (4,5). Other 
unusual fatty acids have been found in larger amounts in 
Delphinium (6), Consolida (7) and Caltha (8,9), as well as in 
other species of Ranunculaceae Apart from Caltha, Ranun- 
culaceae which exhibit regular flowers of radial symmetry, 
such as Anemone Adonis, Clematis and Ranunculus, have 
been thought to contain mostly the normal set of fatty acids 
in their seed lipid~/,6, essentially palmitic, oleic, linoleic and 
a-linolenic acids. Earlier research has largely confirmed this 
(3-10), but there is one report on the occurrence of ),-linolenic 
acid in Anemone cylindrica (11). Earle et aL (10) mention 
the occurrence of 2.6% conjugated diene in A. coronaria seed 
oil but do not give data on individual fatty acid composi- 
tiorL Only two reports on seed fatty acid composition of 
Anemone were found in the older literature (4,11). It was 
therefore of interest to determine whether Anemone spl~ are 

1Present address: Chemistry Institute, Academy of Science of Mon- 
golia, Laboratory for Lipid Research, Ulan Bator, Mongoli& 
*To whom correspondence should be addressed at the Institute for 
Chemistry and Physics of Lipids, BAGKF, PiusaUee 76, D-48147 
Miinster, Germany. 
Abbreviations: yLn, y-linolenic acid (18:3n-6); GLC, gas-liquid 
chromatography; HPLC, high-performance liquid chromatography; 
L, linolenic acid (18:2n-6); Ln, a-linolenic acid (18:3n-3); O, oleic acid 
(18:1); P, palmitic acid (16:0); S, stearic acid (18:0); TG, triacylgly- 
cerol(s). 

generally capable of synthesizing ),-linolenic acid and could 
be used as a source of this acicL 

Fatty acids in Ranunculaceae seed lipids have been re- 
ported to contain unusual h5 trans and h5 cis double bonds 
and ch "amlengths of 20 and 22 carbon atoms (3-11). It 
should therefore be investigated whether the early report 
on the occurrence of 7-1inolenic acid in A. cylindrica (11) 
could be confirmed using modern analytical techniques, or 
if perhaps another Cls fatty acid with another double bond 
position or double bond configuration (ag., h5 trans or A5 
cis) and a similar gas-liquid chromatography (GLC) reten- 
tion time would be present. In addition, it was hoped that 
the present investigation could contribute to a better undeP 
standing of the chemotaxonomic significance of the large 
number of different, unusual fatty acids that have been 
reported to be present in various genera of the plant family 
Ranunculaceae. 

MATERIALS AND METHODS 

Seeds and seed oils. During an investigation of the local 
flora of Mongolia, a number of seeds from wild plant spe- 
cies, including A. crinita, were collected by a Mongolian 
botanical expedition. Seeds of A. crinita were collected in 
Tuv aimak, Erdene sum region, Mongolia, in August 1991. 
Seeds of A. rivularis, A. nemorosa, A. ranunculoides, A. 
narcissiflora, A. cylindrica and A. altaica were from a com- 
mercial source (Jelitt~ Hamburg, Germany). Evening 
primrose oil was purchased in a local health shop. Cleaned 
seeds were ground for 10 min using a ball mill. Ground 
seed (0.2-5.0 g, mixed with Na2SO4 and sea sand) were 
extracted with 80 mL of hexane in a flow-through extrac- 
tor. After removal of the solvent (50~ slight vacuum), 
the extracts were dried under nitrogen and weighed. 

Saponification and methyl ester preparation. Oil sam- 
ples (200-250 mg) were saponified in 10 mL 1 N ethanolic 
KOH (30 min, water bath, reflux), and the unsaponifiables 
were removed by extraction with diethyl ether. The com- 
bined soap solutions were acidified with conc HC1 and 
extracted three times with 20 mL of diethyl ether each. 
After washing and drying, the solvent was removed under 
vacuum and the isolated fatty acids were weighed. The 
DGF BF 3 method (12) was used for the preparation of 
methyl esters from the fatty acids. Fatty acids (100-200 
mg) were boiled under reflux on a water bath in ca. 5 mL 
0.5 N methanolic KOH. Five mL of BF3/MeOH was 
added to the mixture and boiling was continued for 
another 5 re_in. After cooling the flask, 5 mL of n-hexane 
and 20 mL of saturated aqueous NaCI solution were added 
and the methyl esters were extracted with n-hexane (3 • 
20 mL). The combined hexane extracts were washed, dried 
and filtered, and evaporated under vacuum using a rotary 
evaporator and weighed. 

Capillary GLC Two gas chromatographs (Hewlett- 
Packard HP 5890, Palo Alto, CA) equipped with fused 
silica WCOT capillary columns, 50 m • 0.25 mm (Chrom- 
pack, Middleburg, The Netherlands), one with CP-SIL-88, 
and one with Silar 5 CP, were used for the separation and 
quantitation of fatty acid methyl esters. For peak area 
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in tegra t ion ,  a C h r o m a t o - I n t e g r a t o r  D 2000 (Merck- 
Hitachi ,  D a r m s t a d t ,  Germany)  was used. Peak identifica- 
t ion  was by  compar i son  of relat ive r e t en t ion  t imes  wi th  
those ob ta ined  on tes t  mix tu res  of known  compos i t ion  on 
two different  co lumns.  

GLC conditions. Silar  5 CP: The t empe ra tu r e  was held 
a t  165~ for one minu te ,  t h e n  p r o g r a m m e d  f rom 165 to 
205~ at  l~ then  held a t  205~ for c~ 60 min  before 
cool ing down the  c o l u m n  to 165~ CP-SIL-88: The tem- 
pera ture  was held a t  140~ for 15 min,  t hen  p r o g r a m m e d  
from 140 to 200~ at  0.7~ T h e n  the  co lumn  was 
allowed to cool to 140~ W i t h  b o t h  columns,  the  detec- 
tor  t empe ra tu r e  was 260~ and  the  in jec tor  t empe r a t u r e  
was 230~ Flow rates  were 1.13 mL Ne/min for the Silar  
5 CP c o l u m n  and  0.86 m L  N2/min for the  CP-SIL-88 
column.  

High-performance liquid chromatography (HPLC) of  
triacylglycerols. H P L C  was carr ied ou t  as descr ibed (13) 
u s i n g  acetoni t r i le /2-propanol /hexane (70:20:10, by  vol) as 
so lven t  and  u l t rav io le t  de tec t ion  a t  210 nm.  C o l u m n  was 
Supersphere 100 RP-18, 4 ~m, 250 X 4 m m  (Merck, Darm- 
s tadt ,  Germany}.  

RESULTS 

Table 1 l is ts  the  species inves t iga ted  here, the  fat  c on t e n t  
of the  seeds and  the  f a t t y  acid compos i t ion  of the  to ta l  
seed lipids after saponif icat ion and  methylat ion.  We found 
t h a t  some A n e m o n e  species con ta ined  only  the  u sua l  set  
of f a t t y  acids, whereas  three  species (A. cylindrico~ A.  
altaica and A. crinita) con ta ined  considerable  a m o u n t s  
(17-20%) of an  acid wi th  a gas c h r o m a t o g r a p h y  (GC) 
re tent ion t ime identical  to t ha t  of y-linolenic ac i~  A fourth 

species (.4. narcissiflora) con ta ined  6.3% of th is  acid. The 
i den t i t y  of th is  acid as ),-linolenic acid was ascer ta ined  by  
co-chromatography with au then t i c  y-linolenic acid me thy l  
ester  on two capil lary co lumns  of different selectivity. The 
a s s i g n m e n t  was also conf i rmed  by  GLC/mass  spectre-  
me t r y  and  by double bond  posi t ional  analysis  of y-linolenic 
acid f rom A. crinita and  by  a more  de ta i led  s t u d y  of the  
GLC behavior  of var ious h5 and  h6 18:3 acids (14}. Several 
short-chain sa tura ted  fa t ty  acids (9:0, 10:0, 11:0) t ha t  were 
previous ly  c la imed to be p resen t  in  A. protracta (4), were 
n o t  found,  a nd  15:0 was shown to be p resen t  in  t race 
a m o u n t s  only. 

F igure  1 shows capi l lary  gas  c h r o m a t o g r a m s  for three  
of the  A n e m o n e  species t h a t  we have inves t iga ted  for the  
f i rs t  t ime, a nd  two of which  (A. narcissiflora and A.  
altaica) c on t a i n  ),-linolenic acid. 

I n  F igure  2, the  gas c h r o m a t o g r a m  of the  f a t t y  acid 
m e t h y l  es ters  and  the  H P L C  t r ac ings  of the  t r iacylgly-  
cerols (TG) of Mongo l i an  A. crinita seed oil are shown. 
F igure  3 shows comparab le  c h r o m a t o g r a m s  for commer-  
cial even ing  pr imrose  oil (Oenothera biennis). At  f irs t  
s ight ,  the  GLC t rac ings  ofA.  crinita and O. biennis f a t t y  
acid me thy l  es ters  seem a lmos t  ident ical .  The  higher  yLn 
c o n t e n t  i nA .  crinita (19.5 vs. 9.7% in  Oenothera) is, how- 
ever, c learly seen in  TG H P L C  by  the  increased  peaks  
r ep re sen t ing  TG c o n t a i n i n g  two yLn residues (L),Ln),Ln, 
OyLnyLn a nd  PyLn),Ln); the  different  P/O (P = pa lmi t i c  
acid; O = oleic acid) ra t io  is reflected in  the  different  TG 
peak  area rat ios  of OLL/PLL and  O),LnL/P),LnL (cf Figs. 
2 a nd  3, bot tom).  

For all the  Anemone  seed otis, the  H P L C  profiles of the  
TG are highly specific and  could be used as " f ingerpr in ts"  
F igure  4 shows a few addi t ional  examples.  The  peaks were 

T A B L E  1 

Seed Oil F a t t y  Acid Composit ion and Fat  Content  of Seeds of Some Anemone spp. from Europe, Central  A s i a  
and America ,  and of Evening  Primrose Oil (Oenothera biennis) a 

Oenothera 
A. crinita A. rivularis A. nemorosa A. ranunculoides A. narcissiflora A. cylindrica A. altaica biennis off 

Fat content (wt%) 17.8 13.1 28.0 26.7 15.0 22.7 19.5 
Fatty acid Silar CP-SIL Silar CP-SIL Silar Silar Silar Silar Silar CP-SIL 
12:0 -- -- 0.03 0.03 0.01 0.01 0.02 0.01 0.03 -- 
14:0 0.06 0.06 0.1 0.1 0.08 0.12 0.07 0.2 0.2 0.05 
15:0 0.03 0.02 0.06 0.06 0.02 0.02 0.04 0.03 0.06 0.01 
16:0 5.0 5.0 10.6 10.8 8.3 7.5 4.5 8.8 10.2 6.5 
x 1 --  - -  2.0 2.1 . . . . . .  
16:1n-9 0.03 0.02 0.05 0.05 0.02 0.03 0.03 0.05 0.1 0.02 
16:1n-7 0.06 0.06 0.1 0.09 0.11 0.07 0.05 0.07 0.1 0.05 
17:0 0.09 0.07 0.08 0.06 0.08 0.09 0.09 0.09 0.1 0.07 
17:1n-7 0.03 -- 0.02 -- 0.03 0.03 0.03 0.02 -- -- 
18:0 2.2 2.2 1.4 1.4 2.2 2.1 2.1 2.8 2.2 1.9 
x 2 - -  -- 1.0 1.0 . . . . . .  
18:1n-9 13.5 13.6 9.0 9.0 13.6 12.9 19.0 8.9 6.9 5.8 
18:1no7 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.6 0.6 0.7 
18:2n-7 56.0 56.0 54.0 54.3 73.0 74.6 64.7 59.4 58.1 73.3 
18:3n-6 19.5 19.8 -- -- -- 0.2 6.3 17.1 19.3 9.7 
18:3n-3 0.7 0.7 0.6 0.6 1.0 0.8 0.8 0.3 0.3 0.6 
20:0 0.3 b 0.2 0.2 0.2 0.2 0.3 0.3 0.3 b 
20:1n-9 0.2 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.1 0.2 
20:2n-6 -- 0.3 7.5 7.4 0.04 0.04 0.04 0.06 0.08 0.06 
x 3 -- -- 9.8 9.8 . . . . .  
22:0 0.2 0.2 0.2 -- 0.08 0.1 0.3 0.1 0.1 0.2 
22:1n-9 -- -- 0.3 -- 0 . 0 4  . . . .  0.09 
x 4 - -  -- 0.2 . . . . . . .  
22:2n-6 -- -- 0.3 0.3 . . . . . .  
24:0 -- 0.08 0.1 0.1 0.07 0.09 0.1 0.1 0.1 0.07 
Others 1.6 1.2 1.7 1.9 0.5 0.6 0.9 0.9 1.1 0.7 
aArea-% (uncorrected) from capillary gas chromatography; xl, x2, x3, x 4 are unidentified peaks present in A. rivularis. 
bOverlaps with 18:3n-6 on column CP-SIL. 
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as compared with those of 18:2n-6 and 18:3n-3 residues 
{13). All Anemone otis with a high yLn content (17-20%) 
exhibited a large LyLnyLn peak in TG HPLC, and in this 
respect were similar to borage oil (13). 

A totally different fatty acid pattern was found in 
another species, A. rivularis. The seed oil of this species 
contains two unusual fatty acids in amounts of between 
7 and 10% each, but no y-linolenic acid (Fig. 5). One of 
the components is 20:2n-6 (7.5%}, which was also iden- 
tified by co-chromatography with an authentic sample. 
This acid was recently found in larger quantities (up to 
23%) in seeds of two Leucojum species (Aitzetmtiller, K., 
unpublished data). The other major unusual fat ty acid in 
A. rivularis (x 3) has not yet been identified. However, it 
is definitely not dihomo-y-linolenlc acid (20:3n-6). The 
structures of the minor fat ty acids labeled xl, x~ and x4 
are not known. 
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FIG. 1. Gas-liquid chromatography ( G L C )  of fatty add methyl esters 
of Anemone seed lipids with and without y-linoleuic acid. The Silar 
5 CP column was used; for GLC conditions, see text. Chromatograms 
obtained for three different species {Anemone nemorosa, A. nar- 
cissiflora and ~ altaica) are shown; the fatty acid methyl ester peaks 
are labeled as usual. 

identified in the usual way by comparison with other seed 
otis of known composition (13). rLinolenic acid-containing 
TG were tentatively identified by comparison with Ribes 
nigrum and Borago officinalis oils, and by calculating the 
known relative retention contribution of 18:3n-6 residues 

D I S C U S S I O N  

The accumulation of y-linolenic acid in certain Anemone 
species, but not in others, could indicate a closer botanical 
relationship between the former species. I t  is possible that 
y-linolenic acid is present only in the seeds of the members 
of one or two botanical sections within the genus Ane- 
mone, as it was postulated for sections of Astelia {15}. 
Similarly, stearidonic acid (18:4n-3, another A6 acid) was 
recently found in one section of Primula (16). In the Bora- 
ginaceae, a similar case has been reported where y-linolenic 
acid is completely absent in one species of the genus 
Lithospermum (in L. officinale), but is present in signifi- 
cant amounts in all other species of Lithospermum 
{17-19). Similar cases have been reported for the Liliaceae 
(15) and for the genus Oenothera (Onagraceae) {20). 

The results shown here indicate a wider distribution of 
yLn in the plant kingdom. Apart from the Boraginaceae 
{17-19, 21-23), Onagraceae (20,24}, Saxifragaceae (25), 
Aceraceae (26), Moraceae (27), Liliaceae {15), Scrophulari- 
aceae (19) and Primulaceae (16), yLn has now been ob- 
served in at least four species belonging to the family 
Ranunculaceae. 

From the GC retention times, the unknown fatty acid 
x 3 in A. rivularis could perhaps be a positional or trans 
isomer of a 20:2 acid or a 20:3 fatty acid with A5 unsatura- 
tion [possibly the same as in Caltha (8}]. The same fat ty 
acid pattern, including the unidentified fatty acids 
designated xwx4 in Figure 5, but in lower abundanc~ has 
recently been observed for the seed lipids of another 
species in the Ranunculacea~ Cimicifuga ramosa (Aitzet- 
miiller, K., unpublished data). The unknown peaks labeled 
xl and x2 in Figure 5 and in Table 1 could be 16:1 A5 and 
18:1 A5. h5-Acids of these types had been postulated to 
occur in the seed fats of three other genera of the family 
Ranunculaceae, viz. in Aquilegia (3,28), Thalictrurn (4, 
28-30) and Caltha (8). 

Chain elongation to C20 acids is often observed in other 
genera of the Ranunculaceae [cf. up to 40% 20:1 in 
Delphinium and Consolida {6,7) and 23% 20:3 in Caltha 
(8)], but was not observed before in Anemone. To a lesser 
extent, chain elongation occurs in Boraginaceae (17-19, 
21-23) where 20:1 and 22:1 (erucic) acids often accompany 
yLn. On the other hand, we have recently seen that chain 
elongation does not occur in the genus Primula (16), where 
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FIG. 2. Fatty acid [gas-liquid chromatography (GLC), top] and 
triacylglycerol (TG) [high-performance liquid chromatography 
(HPLC), bottom] chromatograms of Mongolian Anemone cr/n/ta seed 
oil. The CP-SIL-88 column was used for the GLC shown here. For 
GLC and HPLC conditions, see text. Fatty acid and TG peaks are 
labeled as usual {Ref. 13). The designation (e.g., OyLuL) does not im- 
ply positional assignments. 

C18 fatty acids (linoleic and linolenic) are further 
desaturated both in the A6 and n-3 positions to produce 
yLn and stearidonic acid (18:4n-3). In any case, it is in- 
teresting to note that one species {.4. rivularis) should 
deviate so strongly in its seed fatty acid pattern from all 
other Anemones investigated. 

From the results shown in Table 1, it seems that in two 
species (A. nemorosa and A. ranunculoides) fatty acid 
biosynthesis stops at 18:2n-6 and that this acid accumu- 
lates (up to 74% of the total), whereas in A. altaica, A. 
crinita and A. cylindrica, 18:2n-6 is further desaturated 
{at A6) to 18:3n-6. On the other hand, A6 desaturation does 
not occur in A. rivularis, where chain elongation success- 
fully competes (to possibly produce 20:2n-6 from 18:2n-6). 
Surprisingly, 18:3n-3 is low in all species. In the 18:3 fatty 
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FIG. 3. Fatty acid (GLC, top) and triacylglycerol (HPLC, bottom) 
chromatogram~ of commercial evening primrose oil {Oenothera bien- 
n/s). The experimental conditions were the same as for Figure 2 (GLC, 
CP-SIL-88 column). Abbreviations as in Figure 2. 

acids, no evidence was found for double bonds in the A5 
position (cf. A5,9,12-18:3 in other Ranunculaceae). In- 
terestingly, the sum of all 18:2 plus 18:3 acids in all 
Anemone species investigated except A. rivularis is fairly 
constant (72-78%) so that an increase in 18:3n-6 seems 
to correlate with a corresponding decrease in 18:2n-6. This 
observation is consistent with the data of an earlier in- 
vestigation of the seed fatty acids of A. cylindrica and 
A. decapetala {111. In view of the present findings, how- 
ever, data on A. protracta published L-I the older literature 
(4) seem rather unlikely, and this species deserves to be 
reinvestigated. The earlier authors (4) also did not suffi- 
ciently define the term "isolinoleic" acid. 

Thus, current evidence seems to suggest that with re- 
gard to seed fatty acid composition at least five different 
pat terns  or groups  ex i s t  w i th in  the  g e n u s  Anemone: 
Group 1: A. nemorosa, A. ranunculoides, A. decapetala; 
Group 2: A. narcissiflora; Group 3: A. altaica, A. erinita, 
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FIG. 4. HPLC chromatograms for Anemone ranunculoides, .4. nar- 
cissiflora and A. al taiea seed oil triacylglyeerols. For HPLC condi- 
tions, see text.  Triacylglycerol peaks, including those containing y- 
linolenic acid residues, are labeled as usual (Ref. 13). The designa- 
tion includes all positional isomers. Abbreviations as in Figure 2. 

A. cylindrica; Group 4: A. rivularis; and possibly Group 
5: A. protracta. However, this is to some extent in con- 
tradiction to morphological botanical taxonomy (31), 
whereA, nemorosa (2n = 30), A. ranunculoides (2n = 32) 
and A. altaica (2n -- 16) belong to Sectio Anemonanthea; 
A. rivularis (2n = 16) is in Sectio Rivularidium, A. cylin- 

o 

\ 

~ l l t l ~ l l l l ~ l l l t l l l L I I t l t l l l l l  

2 
! 
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FIG. 5. Gas-llquid chromatography (GLC) of fatty add  methyl esters 
in Anemone rivularis seed oil. For GLC conditions, see text.  The 
Silar 5CP column was used in this case (conditions as for Fig. 1). 
Unidentif ied peaks are labeled Xl-X 4, other peaks are labeled as 
usual. 

drica and A. decapetala (both 2n = 16) are in Sectio 
Eriocephalus, whereas A. narcissiflora and A. crinita (both 
2n = 14) are listed in Sectio Homalocarpus (31). 

The situation in the Ranunculaceae might warrant a 
closer examination of the biogenetic pathways and of the 
enzyme systems involved in closely related species of one 
and the same plant f3mily. There is A5 desaturation in 
some species [trans in Aquilegia, cis in Caltha and per- 
haps trans and cis in Thalictrum (28)], whereas we now 
find indication for Zl6 desaturation in several species of 
Anemone. There is chain elongation in A. rivularis, in 
Caltha and in Delphinium/Consolida. On the other hand, 
all three pathways are absent in A. nemorosa and A. 
ranunculoides. One A5 acid (18:3A5t,9c,12c) occurs in large 
quantities (30-70% of total seed fatty acids) in all the 
previously investigated species of Aquilegia and Thalic- 
trum, but only in these two genera. One could pose the 
question whether the A5 18:3-producing enzyme systems 
in Aquilegia and Thalictrum represent a "y-linolenic acid 
production gone wrong" due to a mutation of the original 
A6 desaturase? The A5 and A6 double bonds have never 
been observed to occur together in one species, so that  
the presence of isomerases seems unlikely. These relation- 
ships could become quite interesting, not only chemo- 
taxonomically, but also for a better understanding of the 
biosynthesis of yLn and for biotechnological applications 
aiming at increased production of yLn, ag., by gene 
manipulation or gene transfer. 

Despite the basic importance of our findings, it appears 
unlikely that  Anemone will become a commercial source 
for yLn, because other sources, notably seeds of Ribes, of 
Oenothera and of Boraginaceae, are more readily acces- 
sibl~ 
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Effect of Some Potassium Selective Crown Ethers on the Permeability 
and Structure of a Phospholipid Membrane 
M. SzSgyi a, T. Cserhati b,* and F. T61gyesi a 
alnstitute of Biophysics, Semmelweis Medical University, Budapest and bCentral Research institute for Chemistry, Hungarian 
Academy of Sciences, H-1525 Budapest, Hungary 

The effect  of  some  new crown ethers on the cation ef f lux 
and phase transit ion parameters of  dipalmitoyl  phospha- 
t idylcholine l iposomes was  studied. The effects  were cor- 
related wi th  the l ipophilicity of  the crown ethers. The 
results indicate that the presence of two  crown ring s tru~  
tures in one crown ether molecule  is a prerequisite for the 
increase of  ion permeabil i ty of  l iposomes.  The effect ive  
crown ethers decrease the temperature,  enthalpy and 
cooperat ivi ty  of  the gel-to-liquid crystal l ine phase tran- 
sition. The crown ethers increase membrane  permeabil- 
i ty  for potass ium and, to  a lesser extent, for rubidium and 
sodium. The ratio of  permeabil i ty increase for potas- 
sium/rubidium significantly correlates with the lipophilic- 
i ty  of  the crown ethers. 
Lipids 28, 847-851 (1993). 

An important function of biological membranes is the 
regulation of transport of sodium and potassium ions. Cer- 
tain antibiotics (valinomycin, enniatin, nigericin, monen- 
sin, X 537 A, salinomycin, narasin, etc.) show similar 
capabilities to differentially influence sodium and potas- 
sium transport through biological and model membranes 
{1-9}. The effect of ionophores (nigericin and valinomycin) 
on the cation efflux of lipid vesicles has been studied at 
different temperatures. The ionophores increased the ca- 
tion efflux at temperatures above the pretransition tem- 
perature~ and the effect prevailed above the main transi- 
tion temperature (10). Because crown ethers also exhibit 
marked ion selectivity {11-16}, it was expected that they 
would selectively influence the efflux of ions through 
biological and model membranes. However, to increase 
membrane permeability, the crown ethers have to be in- 
corporated into the membrane and this requires special 
structural characteristics and optimal lipophilicity of the 
molecule. The objectives of our study were to determine 
the effect of new crown ethers on the permeability and 
melting properties of dipalmitoyl phosphatidylcholine 
{DPPC) liposomes and to assess the effect of the lipo- 
philicity of crown ethers on their membrane-modifying 
properties. The correlation between structural and func- 
tional changes is similar in the bilayers of biological and 
model membranes (17). Therefore, hydrated DPPC appears 
to be a suitable model to study the effects of membrane 
modifying agents {18-23}. 

*To whom correspondence should be addressed at Central Research 
Institute for Chemistry, Hungarian Academy of Sciences, P.O. Box 
17, H-1525 Budapest, Hungary. 
Abbreviations: DPPC, dipalrnitoyl phosphatidylcholine; AH m, en- 
thalpy of the main transition; r, coefficient of correlation; rgs_99~o, 
tabulated value of r corresponding to 95 and 99% significance level; 
RM, lipophilicity; Sb1_ 2, standard deviations of slopes i and 2; S, ion 
selectivity; AT1/2, half-width of the main transition; Tin, main tran- 
sition temperature; Tp, pretransition temperature; t95%, tabulated 
t value corresponding to 95% significance level. 

MATERIALS AND METHODS 

DPPC, purchased from Sigma Chemical Co. (St. Louis, 
MO), was used without further purification. The crown 
ethers were prepared at the Department of Organic Chemi- 
cal Technology of the Technical University of Budapest 
by Agal and co-workers (24,25). The chemical structures 
of the crown ethers used in this study are shown in 
Schemes 1 and 2. For the preparation of the phospholipid 

0~0~0 -,,r~,~ R 1 

R 1 R2 

H -OC2H4OC2H4 N (C2H5)2 

2 H -OC2H4-N\__/O 

3 H -NHC2H4-Nx__/O 

4 NO2 -NH-CONH-C16H33 

5 H -NH-CONH-C3Hs-N\_/O 

SCHEME 1 
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6 H -CH2-S-CH2- 
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8 H -C3H6- 

9 NO2 -C-  / \  
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10 NO2 -C-  / \  
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11 NO2 -C-  / \  
CH 3 012H25 
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vesicles, 100 mg of DPPC was dispersed in 5 mL of 0.16 M 
KC1, NaCl or RbCI solution (containing 2 MBq of 42KC1, 
24NaC1 or S6RbC1) by mechanical shaking for 10 min. The 
lipid dispersion was then sonicated for 20 min by placing 
the tube in a small bath treatment vessel of the sonicator 
(Measuring Scientific Equipment Ltd., Manor Royal, 
Crawley, Sussex, England; Model 150 watt Ultrasonic 
Disintegrator, operating frequency, 20 kHz) working under 
a nitrogen stream. The bath temperature was maintained 
at 42~ by circulating water. After sonication, the disper~ 
sion was almost clear and the ultraviolet spectrum did not 
indicate oxidation. Deacylation products of DPPC were 
not detected by thin-layer chromatography, which was pe r~ 
formed as described (26). 

Determination of liposome permeability. After over- 
night equilibration at room temperature, the lipid disper- 
sion was passed through a column of Sephadex G-50 
Superfine (Pharmacia Fine Chemicals, Uppsala, Sweden) 
(1.5 • 30 cm) to remove excess tracers not trapped within 
the liposomes. The use of overnight equilibration was 
motivated by the fact that  8-10 h minimum are needed 
to reach the equilibrium of isotopes between the outer and 
the inner phase of liposomes (27). The liposomes were 
eluted from the column with 0.16 M KC1, NaCl or RbCI 
solutions, respectively (flow rate 0.5 mL/min). The lipo- 
some peak, which was eluted with the void volume, was 
collected. The initial 42K, 24Na or S6Rb content of the 
liposomes (N) was determined in a gamma scintillation 
counter. The crown ethers were dissolved in chloroform, 
making a stock solution (the concentration of the stock 
solutions varied between 0.5-1.5 mg crown ether/mL 
chloroform depending on the molecular weight of the 
crown ether). An aliquot (0.05 mL) of stock solution was 
pipetted into a tube and the chloroform was evaporated 
at room temperature under a flow of air. Three-mL por- 
tions of eluted liposomes were added and the tube was 
shaken thoroughly. The crown ether/DPPC molar ratio 
was held constant at 1:100. Liposomes without crown 
ethers served as controls. The 3-mL portions (V1) were 
dialyzed against 10 mL of 0.1 M KC1, NaC1 or RbC1 solu- 
tion (V2), respectively, at 38~ 

We are well aware of the fact that at temperatures below 
the gel-to-liquid crystalline phase transition temperature, 
there is an increased likelihood for ion leakage through 
a bflayer in the gel phase However, since it has been 
previously established that  ionophores can also increase 
the cation efflux between the pretransition and main tran- 
sition temperatures (10) and because the experimental 
temperature (38~ used in this study was above the 
pretransition temperature of DPPC, we made the reason- 
able assumption that  the permeability changes observed 
reflected the changes caused by the crown ethers and were 
not due to nonspecific leakage through the DPPC bflayer. 

The dialysis solutions were changed every 15 min for 
2 h. The amount of radioactive tracer (n2) in each di- 
alysate was also determined in a scintillation counter. (The 
amount of lipid was determined in separate experiments 
by the quantitative determination of the inorganic phos- 
phate content of the samples after HC104 treatment.) In 
order to compare the effects of crown ether derivatives 
to those of valinomycin on the ion permeability of lipo- 
somes, valinomycin was used at a molar ratio of 1:200, 
because at the molar ratio of 1:100, valinomycin dis- 
organized the DPPC liposomes. Each experiment was run 

in quadruplicate. The permeability time constants were 
calculated according to the method of Johnson and 
Bangham (28): 

P = ln[V2/(V 1 + V 2) - n 2 / N  ] �9 1/t [1] 

where P is the permeability time constant, V1 the 
volume of the liposome solution, V2 the volume of dialys- 
ing solution, n2 the amount of radioactive tracer in the 
dialysate, N the initial content of radioactive tracer of the 
liposomes and t the dialysis time in minutes. The degree 
of permeability increase caused by the crown ethers was 
calculated according to Equation 2 (AP): 

AP = (P -- Po) " 10-4  " s -1  [2] 

where P is the permeability time constant of DPPC 
liposomes determined in the presence of crown ethers and 
Po is the permeability time constant of DPPC liposomes 
determined in the absence of crown ethers. 

To assess the selectivity differences among the crown 
ether derivatives, linear correlations were calculated be- 
tween the APK, APRb and AP~ values for each compound: 

y = a + b * x [3] 

where y and x are various AP values determined for K + 
(APK) , Rb + (APRb) and Na + (APNa). When the equation 
shows a high correlation {high value for the coefficient of 
correlation), the ion selectivities are similar. The intercepts 
of linear correlations are related to the average difference 
of AP values of the compounds. 

Ion selectivity (S) was defined as the ratio of the per- 
meability increase of various monovalent cations caused 
by crown ethers: 

SK+/Rb+ ---- APK/APRb [4] 

SK+/Na+ ---- APK/APNa [5) 

where SK+/Rb+ is the K - Rb selectivity of crown ethers 
under the experimental conditions, SK+/Na+ is the 
K -- Na selectivity of crown ethers under the experimen- 
tal conditions and AP z, APN~ and APRb are the permeabil- 
ity increases caused by crown ether incorporation. 

Determination of lipophilicity of crown ethers. The 
lipophilicity of crown ethers was determined by reversed- 
phase thin-layer chromatography (29,30). Silufol UV2~4 
plates {Kavalier, Brn~ Czechoslovakia) were impregnated 
by overnight prerunning in a solution of 5% paraffin oil 
in n-hexane The crown ethers were dissolved in dimethyl- 
formamide at a concentration of 1 mg/mL, and 5 ~L of 
each solution was spotted onto the plates. As the crown 
ethers exert their effect in an ionic environment and the 
ions considerably modify the lipophilicity of bioactive 
compounds (31), the lipophilicity of crown ethers was 
determined in ion-free (water/acetone. 3:7, vol/vol) and in 
ion-containing eluents (water/acetone. 3:7, vol/vol; NaC1 
added to a 0.23 M final concentration). After developing, 
the plates were dried at 105~ and the fractions were 
detected by their absorption spectra in visible and ultra- 
violet light. Five independent developments were carried 
out for each lipophilicity determination. 

LIPIDS, Vol. 28, no. 9 (1993) 



PHOSPHOLIPID-CROWN ETHER INTERACTIONS 

849 

The lipohilicity values (RM) were calculated from the 
measured Rf values according to Equat ion 6 (29,30): 

R M -- log (1/Rf - 1) [6] 

The lipophilicity values determined under ionic and ion- 
free conditions were correlated with the membrane damag- 
ing effect (AP) and selectivity (S): 

APK+ ---- a + b 1 �9 R M -[- b 2 �9 RM 2 [7] 

SK+/Rb+ = a + bl �9 RM + b2 �9 RM 2 [8] 

Determination of the melting properties of DPPC. 
DPPC and the crown ethers were dissolved in chloroform 
in the molar ratio of 100:1, and then the solvent was 
evaporated under a stream of nitrogen at room tempera- 
tur~ Twice-distilled water was added to the sample in a 
weight ratio of water/DPPC (4:1). The samples were 
vigorously mixed for 30 min above the phase transit ion 
temperature of DPPC in a Vortex mixer. The measure- 
ments were carried out on a DuPont  Thermoanalyzer 990 
(Barley Mill, Wilmington, DE) at a heating rate of 5 ~ 
and at a sensitivity range of 0.1-0.2 milliwatt/cm. 

The equipment was calibrated using indium. High heat- 
ing rates were required because the pretransition tempera- 
tures were not detectable at lower heating rates due to the 
limited sensitivity of the calorimeter. In order to prove 
tha t  the differences between the half widths of the main 
transition of the various samples are not  an artifact of 
the 5~ heating rate, the differential scanning calo- 
r imetry behavior of pure DPPC and DPPC with com- 
pound 11 mixtures were determined at 0.5, 1, 2 and 
5~ heating rates, and the half widths were plotted 
against the heating rate. Three parallel determinations 
were carried out for each DPPC/crown ether mixture. The 
pret ransi t ion temperature  (Tp) and main t ransi t ion 
temperature (T=), the half width of the main transition 
(AT~/2) related to the cooperativity, and the enthaipy of 
the main transition (AHm) were calculated. 

RESULTS AND DISCUSSION 

The lipophilicity (RM) , the increase of permeability of 
liposomes caused by crown ethers, and their ion selectivity 
are compiled in Tables 1 and 2. The permeability time 

TABLE 1 

Lipophilicity (R M) of Crown Ethers Determined in Ion-Free 
and Ion-Containing Environments 

Compound RM 
number Ion-free environment Ion-containing environment 

1 1.51 1.51 
2 -0.20 -0.90 
3 0.76 0.76 
4 0.99 0.81 
5 1.09 1.55 
6 -0.28 -0.79 
7 -0.23 -0.50 
8 -0.39 -0.78 
9 0.06 0.08 

10 0.30 0.33 
11 o.64 0.50 

constants  of the control were 0.3 • 10 -4 s -1 for K + and 
Rb + and 0.5 • 10 -4 s -1 for Na +. Compounds containing 
two crown rings in the molecule showed a considerable 
permeability increase which was highest for potassium, 
followed by rubidium and sodium. This indicates tha t  the 
effect of these compounds is commensurate with tha t  of 
valinomycin {Fig. 1). Significant linear correlations were 
found between the potassium/rubidium and potassium/ 
sodium permeabilities (Table 3). The calculated coefficient 
of correlation values were higher than the corresponding 
tabulated ones: r99~ = 0.6851 for K+/Rb + and r95 ~ = 
0.8114 for K+/Na +. These findings support the idea that  
the permeability increase exerted by crown ethers consists 
of at least two components:  (i} their ability to disarrange 
the membrane structure and {ii) their ability to selective- 
ly increase potassium efflux. 

As the permeabilities for different monovalent cations 
correlate well with each other, factor (i) has to be indepen- 
dent  of selectivity. Factor (ii) is assumed to account for 
the selectivity: PK values are generally higher than PRb 
values. 

The ability of crown ethers to increase the potassium 
permeability of DPPC liposomes was independent of their 
lipophilicity. The F values of Equat ion 6 were 2.15 and 
2.05 for RM values determined in ion-free and ion- 
containing eluents, respectively. 

TABLE 2 

Increase in Ion Permeability of Liposomes Caused by Crown Ethers 

AP. 10-4sec -1 
Compound 

number K + Rb + Na + SK+/Rb+ 

1 2.23 +_ 0.11 1.14 • 0.06 0.51 __ 0.04 1.96 
2 0.28 _ 0.03 0.19 _ 0.04 n.d2 1.47 
3 0.31 _+ 0.05 0.00 0.54 _ 0.03 oo 
4 0.54 • 0.06 0.22 +_ 0.03 n.d. 2.46 
5 0.33 +- 0.04 0.34 +_ 0.05 n.d. 0.97 
6 12.20 +_ 0.15 7.95 + 0.10 n.d. 1.53 
7 5.58 +- 0.08 4.14 • 0.08 0.50 +- 0.04 1.35 
8 6.87 • 0.10 5.21 +__ 0.11 n.d. 1.32 
9 11.64 + 0.18 4.15 • 0.09 0.90 - 0.05 2.80 

10 8.35 • 0.14 1.83 _ 0.07 0.70 + 0.04 4.56 
11 8.75 • 0.11 1.48 _ 0.06 0.79 • 0.05 5.91 

an.d, Not determined. 

SK+/Na+ 

4.37 
n.d. 
0.57 
n.d. 
n.d. 
n.d. 

11.16 
n.d. 

12.93 
11.93 
11.08 
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FIG. 1. The 42K content of fiposomes plotted as a function of time. 
The crown ethers and vafinomycin were added to the liposomes in 
the molar ratio of 1:100 and 1:200, respectively. 1, Dipalmitoyl 
phosphatidycholine (DPPC); 2, DPPC + compound 11; 3, DPPC + 
compound 9; 4, DPPC + valinomycin; 5, DPPC + compound 6. 

TABLE 4 

Parameters of Quadratic Correlation Between the Potassium -- 
Rubidium Selectivity I S K + / R b + )  a a n d  Lipophilicity (R M) 
of Some Crown Ether Derivatives b 

SK+/Rb+ = a + b 1 �9 R M Jr b 2 �9 RM2 
Ion-free environment Ionic environment 

10 10 
3.85 1.47 

-3.43 -1.90 
2.90 3.69 
0.5095 0.6294 

50.31 40.17 
46.91 59.83 

1.28 1.11 
1.46 0.52 
1.31 0.57 
3.64 5.94 

~Calculated from the permeability increase of liposomes caused by 
crown ethers. 
bDetermined by reversed-phase thin-layer chromatography. Ab- 
breviations: a, intercept, bl, b2, slope; b1,%, b2, %, normalized slope; 
r 2, ratio of the dependent variable determined by the change of in- 
dependent variable; s, SD; Sbl, Sb2, SD of slopes 1 and 2; F, 
calculated value of the F test. 

TABLE 3 

Parameters of Linear Correlation Between the Increases 
of Permeability of Liposomes (AP) Caused by Crown Ethers 
Determined in Presence of 24Na, 42K and 86Rb 

y = a + b o x  

y x n a b r 

APK a APRb b 11 1.44 1.69 0.8006 
APK a ANa c 6 22.55 --8.66 0.8771 
APRb b APNa c 6 3.40 -- 0.11 0.3362 
aAPK, permeability increase determined for K +. 
bhPRb, permeability increase determined for Rb +. 
CAPsa, permeability increase determined for Na +. 

The potass ium/rubidium selectivi ty (SK+/SRb+) COl" 
related well with the lipophilicity values (Table 4), and the 
correlation was bet ter  for the R M values determined in an 
ionic environment.  The da ta  suggest  tha t  not  only the 
steric parameters ,  such as dimensions of the crown ring 
and those of the subst i tuents ,  bu t  also the lipophilicity, 
considerably affects the selectivity. The results indicate 
t ha t  the per turba t ion  induced in the membrane  bilayers 
by the crown ethers was related to the lipid solubility of 
the crown ethers. However, the change in lipophilicity ac- 
counts for only about  half of the change in selectivity (r 2 
values are 0.51 and 0.63 for the ion-free and ionic environ- 
ment,  respectively), which means  tha t  other parameters  
seem to influence the select ivi ty as well. 

The peak half-width of main t ransi t ion tempera ture  of 
DPPC and DPPC/compound 11 mixtures decreased linear- 
ly with decreasing heating rate (Fig. 2). However, the peak 
half-widths of DPPC and DPPC/compound 11 mixtures  
significantly differed even at  the lowest heating rate show- 
ing tha t  the differences observed between the peak  half- 
widths  are not  ar tefacts  of the high heat ing rate. The ef- 
fect of crown ethers on the mel t ing propert ies  of DPPC 

3 

~ 2  

1 2 3 ~ 5 

Heating rate [~ 

FIG. 2. Effect of heating rate on peak half-widths of DPPC (fine 1) 
and DPPC~compound 11 {line 2) mixtures. Abbreviation as in Figure 1. 
AT1/2, half-width of the main transition. 

are compiled in Table 5. The pretransi t ion and the main  
t ransi t ion tempera tures  of DPPC agree well with the cor- 
responding da ta  in the l i terature {32-34}; however, the 
AHm is higher than  the accepted value {33,34). This dis- 
crepancy may  be due to the low sensi t ivi ty  of the 
calorimeter; however, we believe tha t  the differences ob- 
served between the enthalpies of the main t ransi t ion 
tempera tures  reflect the real differences between the 
mel t ing propert ies  of the samples. 

The crown ethers with one ring structure in the molecule 
have a negligible effect on the main transition temperature 
of DPPC/water dispersions. The bis-crown ethers with two 
r ing s t ructures  per  molecule decrease the AHm, the Tp 
and main t ransi t ion (T~) temperatures ,  and broaden the 
temperature  interval of the main transit ion {AT1/2). These 
da ta  sugges t  interactions between the bis-crown ethers 
and DPPC. As a consequence, the crown ethers decrease 
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TABLE 5 

Effect of Crown Ether Derivatives on the Pretransition Temperature {Tp) 
and Main Transition Temperature (Tin), the Enthalpy (AH m) and Half-Width 
{ATI/2) of Main Transition of a DPPC/Water Dispersion a 

Compound number Tp (~ T m (~ ATI/2 (~ AH m (mJ/mg) 

Control (DPPC) 35.5 • 0.7 41.5 • 0.3 1.3 • 0.1 56.0 +- 2.2 
6 35.2 __. 0.9 40.5 + 0.4 1.5 __ 0.3 45.3 + 3.5 
7 35.3 _+ 1.1 40.6 + 0.6 1.5 +_ 0.3 53.8 + 4.1 
8 34.9 • 0.7 40.3 • 0.3 1.6 ___ 0.2 46.3 • 6.4 
9 32.2 + 0.8 40.2 • 0.5 1.5 • 0.3 51.0 • 2.6 

10 disappeared 40.1 • 0.7 1.7 • 0.4 40.3 • 2.8 
11 31.5 • 1.0 40.0 • 0.6 1.7 • 0.2 50.0 • 3.2 

aDipalmitoyl phosphatidylcholine (DPPC)/crown ether molar ratio 100:1. Compounds 1-5 
had no effect on the thermal parameters. 

the  la tera l  order  of the  bi layer  and  the  phase  t r a n s i t i o n  
tempera ture .  

I n  summary ,  we conclude  t h a t  the  t ype  of crown e thers  
s tud i ed  modi fy  the  s t r uc tu r e  of the  l ipid bi layers  a nd  in- 
crease m e m b r a n e  permeabi l i ty .  The effects depend  on the  
l ipophi l ic i ty  and  on the  s t r u c t u r a l  charac te r i s t ics  (mono- 
or bis-crown) of the  crown e ther  derivat ives.  
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Synthesis of Ethyl Arachidonate.19,19,20,20-d 4 and Ethyl 
Dihomo-y-linolenate.19,19,20,20.d 4 
Devanand L. Luthria and Howard Sprecher* 
Department of Medical Biochemistry, The Ohio State University, Columbus, Ohio 43210 

Ethyl 5,8,11,14-eicosatetraenoate-19,19,20,2{~d4 and ethyl 
8,11,14~eicosatrienoate~19,19,20,2{~d4 were synthesized by 
Grignard coupling of the methanesulfonyl ester of 2,5- 
undecadiyn-1~l-10,10,11,11~d4 with 5,~nonadiynoic acid 
and 8-nonynoic acid, respectively. The coupled products 
upon Lindlar reduction, followed by the preparation of 
their ethyl esters, yielded deuteriated ethyl arachidonate 
and ethyl dihom~y-linolenate, which were completely chaR- 
acterized by 13C and 1H nuclear magnetic resonance and 
mass spectral analysis. 
Lipids 28, 853-856 (1993}. 

Deuterium-labeled arachidonic acid is frequently used as an 
internal standard to quantify the amount of arachidonic acid 
released from membrane lipids in response to agonists (i). 
Deuteriated arachidonic acid also serves as the precursor 
for the biosynthesis of eicosanoids (2). Reduction of 5,8,11, 
14-eicosatetraynoic acid by deuterium gas in the presence 
of Lindlar's catalyst yields arachidonic acid labeled with 
deuterium at the double bends These preparations generally 
are a mixture of about 85% octadeuteriated and 15% hepta- 
and hexadeuterio-arachidonic acid with no unlabeled com- 
pound (2-4). The synthesis of arachidonic acid labeled with 
deuterium atoms at the double bonds suffers in that a high 
isotopic purity is not always obtained (2-4). When these 
preparations of arachidonic acid are used to synthesize eico- 
sanoids the isotopic composition of the resulting compounds 
may be altered further (3). 

The/3-oxidation of fatty acids results in the repeated loss 
of acetate units from the carboxyl end of the molecule 
Numerous inborn errors of fatty acid oxidation have been 
described which result in the accumulation of chain- 
shortened intermediates (5). Recent studies have shown that 
the removal of the double bond at position 5, during un- 
saturated fatty acid oxidation, proceeds v/a a novel sequence 
of enzymatic reactions (6,7}. Acids labeled with deuterium 
at or near the methyl terminus of the fatty acid would be 
of considerable value as the deuterium would not be is~ 
merized when the acid is used as a substrate for eicosanoid 
biosynthesis. Secondly, these acids would be valuable 
probes for determining what metabolite~s accumulate dtm 
ing fatty acid oxidation in that the label would be retained 
during the entire/3~)xidation spiral Emken, Rakoff and their 
colleagues (8-13) have made extensive use of Wittig chemis- 
try to introduce deuterium on internal carbons in fatty acids 
In this study we describe, for the first time, the synthesis 
of deuteriatexi ethyl arachidonate and ethyl dihomo-y- 
linolenate containing deuterium at carbon atoms 19 and 20. 

RESULTS AND DISCUSSION 

A primary objective of this study was to synthesize a com- 
mon deuteriated precursor, in good yield, which could then 

*To whom correspondence should be addressed at Department of 
Medical Biochemistry, The Ohio State University, 337 Hamilton Hall, 
1645 Neff Ave., Columbus, OH 43210. 
Abbreviations: GLC, gas-liquid chromatography; NMR, nuclear 
magnetic resonance; THF, tetrahydrofuran. 

HC~C(~H2)30H 
J H+/DHP 

HC~C(CH2)3OTHP 

I D2/(Ph3P)3RhCl 

HCD2CDz(CH2)3OTHP 
I H+/aq MeOH 

HCD2CD2(CH2)30H 
I HBr/H2SO 4 

HCDzCD2(CH2)3Br 
liquid NH3/Na/HC~CCH2OTHP 

HCD2CI2(CH2)3C~CCH2OTHP 
| H+/aq MeOH 

HCD2CD2(CH2)3C~CCH20H 
I Ether/pyridine/PBr 3 

HCD2CD2(CH2)3C~CCH2Br 

SCHEME 1 

be used to prepare both title compounds. The pathway 
for synthesis of 1-bromm2-octyne-7,7,8,8-d4 (1) (Scheme 1) 
utilizes a series of reactions described in the literature 
(14-17). The overall yield of 1 from 1-bromopentane-4,4, 
5,5-d4 was 80%. Deuteriated 2,5-undecadiyn-l-ol (2), the 
central intermediate, was obtained in 85% yield by react- 
ing the diGrignard complex of propargyl alcohol with 1 
in tetrahydrofuran (THF) with cuprous cyanide as catalyst 
(Scheme 2). The methanesulfonyl ester of compound 2 was 
synthesized in 97% yield by the procedure described by 

HCD2CD2(CH2)zCz~CCHzBr 1 

C2HsBr/149/HC~CCH20H 

HCD2CD2(CH2)3(CnCCH2J2OH Z 

I CH3SOzCI/Et3N 

HCD2COZ(CHZJ3(Cz~CHz)zOSO2CH 3 

HCmCCH2CmC(CH2)3COOH/Mg/C2HsBr HC~C(CH2)6COOH/Hg/C2HsBr 

l 1 
HCOzCO2(CHz}3(C~CCH2)4(CH2)2COQH ~ HCOzCO2(CH2J3(CmCCHZ)3(CHz)sCOOH 

I 

I ,2/Lt,~1 . . . .  taly,t [ .2/Li,~l . . . .  . , . t  
HCD2CDz(CHz)3(HC-CHs 6 HCDzCDz(CH2)3(HCffiCHCH2)3(CHz)sCOOH Z 

I [ EtOH/CH3COC1 1 EtOH/CH3COC1 
HCD2CD2(CH2)3(HC-CHCH2)4(CH2)2COOC2H 5 ~ HCDzCD2(CHz)3(HC-CHCH2)3(CH2)5COOC2H5 

SCHEME 2 
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FIG. 1. 13C Nuclear magnetic resonance spectra of ethyl 8,11,14-eicosatrienoate: (A) nondeuterated sample, 
(B) expansion between 10-25 ppm, (C) deuterated sample, (D) expansion between 10-25 ppm. 

Crossland and Servis (18) and coupled directly with the 
diGrignard adduct of 8-nonynoic acid to give 8,11,14-eico- 
satriynoic acid-19,19,20,20-d4 (5). In a similar way, the 
mesylate of the central intermediate 2 was coupled with 
5,8-nonadiynoic acid to give 5,8,11,14-eicosatetraynoic 
acid-19,19,20;20-d4 (4). 5,8-Nonadynoic acid was prepared 
as described by Osbond et al. (19), except that  the mesyl- 
ate of propargyl alcohol was used as the coupling agent. 
In the procedure described by Osbond et al. (19), substi- 
tuted 1-bromo-2-alkynes are coupled with terminal acety- 
lenic acids. Kunau (20) reported that yields could be im- 
proved if 1-iodo-2-alkynes were used as coupling agents. 
In his procedure, substituted 2-alkyn-l-ols were converted 
to tosylates and then to iodides (20). In our study, we show 
that  mesylates can be directly coupled with alkynoic 
acids, as 4 and 5 were obtained in yields of 40 and 45%, 
respectively. Upon reduction with Lindlar's catalyst, these 
acetylenic acids gave the acids 6 and 7. The purity of these 
compounds was estimated by gas-liquid chromatography 
(GLC) after conversion to the ethyl esters 8 and 9 as 89 
and 93%, respectively. Final purification was achieved by 
silver nitrate thin-layer chromatography. Deuteriated 
ethyl arachidonate and ethyl dihomo-y-linolenate were 
characterized by 1H and 13C nuclear magnetic resonance 
(NMR) and mass spectral analysis (21-24). The signals for 
carbons (C-19 and C-20) bearing two deuteriums were 
diminished significantly, such that  they were hardly de- 
tected (Figs. 1 and 2). Thus, no peaks for terminal carbons 
(C-19 and C-20) were observed in the 13C NMR of deuteri- 
ated compounds 8 and 9. 

EXPERIMENTAL PROCEDURES 

Reagents. The following compounds and reagents were 
used as received: 4-pentynol was purchased from Farchan 

Laboratories (Gainesville, FL), tr/s(triphenylphosphine)- 
chlororhodium from Strem Chemicals (Newburyport, 
MA), methanesulfonyl chloride from Mallinckrodt Inc. 
(Paris, KY), magnesium from J.T. Baker Inc. (Phillipsburg, 
NJ), Lindlar catalyst from Fluka Chemical Ca (Ronkon- 
koma, NY) and lithium aluminum hydride from Aldrich 
Chemical Company (Milwaukee, WI). THF was freshly 
distilled over LiA1H4. 

Gas chromatography A 30 m • 0.25 mm DB-WAX 
capillary column (i.d., 0.25 mm) from J&W Scientific 
(Folsom, CA) was used to analyze the purity of com- 
pounds. 

13C and IH NMR. NMR spectra were recorded with a 
Bruker AM 500 pulsed Fourier transform spectrometer 
(Karlsruhe, Germany) operating at 125.69 MHz for 13C 
and 500 MHz for 1H at ambient temperature For 13C, c~ 
7500 transients were collected on solutions in CDC13, 
which served as both the internal lock and the secondary 
reference, using 5 mm tubes. Sweep widths of 250 ppm 
and 32K data points limited acquisition time to 0.49 s and 
were used to obtain chemical shifts within _ 1.2 Hz, i.e., 
+_ 0.008 ppm. A pulse width of 4 ~s (50 ~ was employed 
with a delay of 0.3 s between pulses. Decoupling power 
was held to c~ lW with Waltz 16 composite pulse decoupl- 
ing, which was used to minimize sample heating. The 
signals from the carbons bearing two deuterium atoms 
were diminished (Figs. 1 and 2) to such an extent that they 
were not observed. Thus no peaks were detected for ter- 
minal carbons 19 and 20 for compounds 8 and 9. 

Gas chromatography~mass spectrometry. Mass spec- 
trometry was carried out using a Hewlett-Packard (Palo 
Alta CA) 5970A mass selective detector equipped with 
a 30 m X 0.25 mm DB-225 capillary column. 

2,5-Undecadiyn-1-ol-10,10,11,11-d4 (2). Bromoethane 
(98.1 g, 0.9 mol) in dry THF (75 mL) was added to a stirred 
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FIG. 2. 13C Nuclear magnetic resonance spectra of ethyl 5,8,U,14-eicosatetraenoate: (A) nondeuterated sam- 
ple, (B) expansion between 10-25 ppm, IC) deuterated sample, (D) expansion between 10-25 ppm. 

suspension of Mg (18.9 g, 0.78 mol) under THF (300 mL) 
at 0~ Propargyl alcohol (22.4 g, 0.4 mol) in THF was 
added to the Grignard reagent with stirring at 3-5~ dur- 
ing 30-45 min, and then at 20~ for 2 h. The solution was 
cooled to 5~ cuprous cyanide (200 mg) was added and, 
after 15 rain, 1-bromo-2-octyne-7,7,8,8-d4 (48 g, 0.25 mol) 
in THF (75 mL) was added dropwise during 20-30 min. 
The solution was then allowed to stir at room temperature 
for ca. 3 h and was then heated under gentle reflux over- 
night (ca. 14 h). The reaction mixture was added to 2N 
H2SO4 (ca. 600 mL) and ice, extracted with diethyl ether 
(3)< 200 mL), brine (ca. 75 mL), and dried over Na2SO4. 
The alcohol was distilled at 87-89~ at 10 -3 mm Hg (19) 
to yield 36 g of 2 (85.7%). 

2,5-Undecadiynol-10,10,11,11-d4 (3). Methanesulfonyl 
chloride (16.1 g, 0.14 mol) was added dropwise to a stir- 
red solution of alcohol 2 (17 g, 0.1 mol) in dichloromethane 
(350 mL) and triethylamine (18.1 g, 0.18 mol) at 0 to 
-10~ over a period of 15 rain. Stirring for an additional 
1.5 h completed the reaction (18). The reaction mixture 
was transferred to a separatory funnel with the aid of 
methylene chloride. The mixture was first extracted with 
water, followed by 10% HC1, saturated bicarbonate solu- 
tion and brine. Drying of the methylene chloride solution 
over anhydrous Na2SO4, followed by solvent removal 
under reduced pressure, gave product 3 (24.2 g, 97.2%). 
This product was used for coupling without further puri- 
fication. 

Ethyl  5,8,11,14-eicosatetraenoate49,19,20,20-d4 (6). The 
synthesis of compound 6 was carried out in three steps 
as described below: 

Step 1:5,8,11,14-Eicosatetraynoic-19,19,20,2(~d4 acid (4). 
Bromoethane (38.1 g, 0.35 mol) in THF (ca. 75 mL) was 
added to a stirred suspension of Mg (6 g, 0.25 tool) in THF 

(ca. 200 mL) at 0~ 5,8-Nonadiynoic acid in THF (ca. 75 
mL) was added to the Grignard reagent over a period of 
30 min. The mixture was then stirred at 20~ for about 
2 h, cooled to 0~ and 200 mg of cuprous cyanide was 
added. After stirring for 20 min, a solution of 3 in THF 
(ca. 75 mL) was added over 30 rain. The mixture was stir- 
red at room temperature for about 3 h and then gently 
refluxed overnight (ca. 14 h). The reaction mixture was 
cooled and poured into 2N H2SO4 (ca. 300 mL) and ice, 
extracted with diethyl ether (3 X 200 mL), washed with 
2N HC1 (100 mL), water (3 • 100 mL), brine (100 mL) and 
dried over Na2SO4. The product 4 was crystallized with 
hexane/diethyl ether (90:10, vol/vol), 12 g, 40%. 

Step 2:5,8,11,14-Eicosatetracnoic-19,19,20,20-d4 acid (6). 
Compound 4 (4 g) in 100 mL ethyl acetate was reduced 
with hydrogen in the presence of Lindlar's catalyst (1.5 
g) and quinoline (1.5 mL) in a hydrogenation apparatus. 
When hydrogen uptake stopped (100 +_ 5% of theroy), the 
catalyst was removed by vacuum filtration, and the ethyl 
acetate was distilled under reduced pressure in a rotary 
evaporator. The product was dissolved in diethyl ether 
(250 mL), washed with 2N HC1 (50 mL), water (2 X 100 
mL), brine (50 mL) and dried over Na2So4. Removal of 
solvent yielded product 6 in 97% yield. 

Step 3: Ethyl  5,8,11,14-eicosatetraenoateqg,19,20,2(~d4 
(8). One mL of acetyl chloride was added dropwise at 
0-5~ to the stirred solution of compound 6 (1 g) in ab- 
solute ethanol (10 mL). The mixture was stirred at am- 
bient temperature overnight (ca. 16 h). The mixture was 
diluted with water (20 mL) and extracted with diethyl 
ether (2 X 30 mL), washed with brine (15 mL) and dried 
over anhydrous Na2SO4. Removal of solvent under re- 
duced pressure yielded product 8 (1 g, 95%, GLC purity 
89%). Compound 8 was purified by silver nitrate thin-layer 
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chromatography in 65% yield. Deuter ium distribution: 
0.0% do, 0.0% dl, 1.2% d2, 4.04% d3, 94.76% d 4. 1H NMR 
(CDCI3): d 5.30-5.41 (m, 8H, CH=CH), 4.11 (q, 2H, 
COOCH2), 2.79-2.92 (m, 6H, C~-CCH2C=C), 2.29 (t, 2H, 
CH2COO), 2.08-2.12 (m, 2H, C=CCH2), 2.06-2.02 (m, 2H, 
CH2C=C), 1.66-1.72 (m, 2H, CH2CH2COO), 1.27-1.38 (m, 
4H, {CH2}2), 1.24 (t, 3H, OCH2CH3), 0.82 (s, 1H, CD2H). 
zsc NMR (ppm): C-l, 173.5; C-2, 33.7; C-3, 24.78; C-4, 
26.5; (]-5, 128.9; C-6, 128.8; C-7, C-10, C-13, 25.6; C-8, 128.1; 
C-9, 128.1; C-11, 127.8; C-12, 128.5, C-14, 127.5; C-15, 130.4; 
C-16, 27.2; C-17, 29.2, C-18, 31.2; OCH 2, 60.0; OCH2CH3, 
14.2. 

Ethy l  8,11,14-eicosatrienoate-19,19,20,20-d4 (9). Com- 
pound 9 was prepared by coupling 8-nonynoic acid with 
compound 3 to give compound 5 in 45% yield. This, upon 
Lindlar's reduction, furnished compound 7, which was con- 
verted to the ethyl ester 9 by ethanolic HCI. GLC analysis 
of the ethyl ester indicated its pur i ty  as 93%. Purifica- 
tion of 1 g of this product  by silver ni t rate  thin-layer 
ch romatography  yielded 700 mg of the product .  
Deuter ium distribution: 0.04% do, 0.17% dl, 4.17% d2, 
3.69% d3, 91.92% d4. 1H NMR (CDC13): d 5.34-5.37 (rn, 
6H, CH=CH),  4.10 (q, 2H, COOCH2), 2.74-2.78 (rn, 4H, 
C=CCH2C=C), 2.26 (t, 2H, CH2COO), 2.03-2.06 (m, 4H, 
CH2C=C), 1.59-1.62 (m, 2H, CH2CH2COO), 1.21-1.34 (m, 
13H, {CH2}5 and OCH2CH3), 0.82 (s, 1H, CD~H). 13C 
NMR (ppm): C-l, 173.6; C-2, 34.2; C-3, 24.9; C-4, 28.8; C-5, 
29.0; C-6, 29.2; C-7, 27.1; C-8, 130.0; C-9, 127.8; C-10, C-13, 
25.6; C-11, 128.1; C-12 128.2; C-14, 127.6; C-15, 130.3; C-16, 
27.1, C-17, 29.4; C-18, 31.2; OCH2, 60.0; OCH2CH3, 14.2. 
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Continuous Monitoring of Lipid Peroxidation 
by Measuring Conjugated Diene Formation 
in an Aqueous Liposome Suspension 
Ren(~e C.R.M. Vossena, *, Maria C.E. van Dam.Mieras c, Gerard Homstra b and Robert F.A. Zwaal a 
Departments of aBiochemistry and bHuman Biology, Cardiovascular Research Institute Maastricht (CARIM), University of Limburg, 
Maastricht and CDepartment of Natural Sciences, Open University of The Netherlands, Heeden, The Netherlands 

A method is described for the direct and continuous mon- 
itoring of lipid peroxidation in an aqueous suspension of 
sonicated liposomes. By means of ultraviolet difference 
spectroscopy using tandem cuvettes, the formation of con- 
jugated dienes during liposome peroxidation can be follow- 
ed. Using this technique, the effect of the fatty acid com- 
position of liposomes on lipid peroxidation can be studied. 
The results show that both the extent and the time scale 
of lipid peroxidation are influenced by the fatty acid com- 
position of the phosholipid liposomes. This was confirm- 
ed also by other methods, such as measurement of the for- 
mation of lipid hydroperoxides and measurement of the 
decrease in polyunsaturated fatty acids. The advantage 
of the method described is the direct and continuous 
monitoring of phospholipid peroxidation in an aqueous en- 
vironment, without subsampling and extraction of perox- 
idation products into organic solvents. Using this ex- 
perimental approach based on difference spectra the con- 
tributions from changes in liposome, CuSO4 and H202 
concentrations are canceled, thus improving sensitivity. 
The method can be employed for measuring the suscep- 
tibility to peroxidation of membrane phospholipids from 
fatty acid modified endothelial cells. 
Lipids 28, 857-861 (1993). 

The methods commonly used for determining conjugated 
dienes are based on measuring their absorption at 233-236 
nm (3,5,6). Sensitivity is limited by the fact that the diene 
absorption appears as a rather imprecise shoulder on the 
strong absorption peak of the unperoxidized fatty acid itself. 
This is especially problematic when small amounts of con- 
jugated dienes have to be determinecL By using second 
derivative spectra, sensitivity can be increased (7). These 
methods, however, usually involve discontinuous end point 
analyses in organic solvents, and the lipids need to be ex- 
tracted first. We therefore developed a method for the con- 
tinuous monitoring of liposome peroxidation in an aqueous 
environment, based on the method for measuring low-den- 
sity lipoprotein peroxidation according to Esterbauer e t  aL 
(8) and the use of tandem cuvettes to measure the forma- 
tion of conjugated dienes by ultraviolet (UV) difference spec- 
troscopy. Lipid liposomes were used as a model membrane 
system to assess lipid peroxidation in aqueous environment 
(2). Using this technique we determined the effect of lip~ 
some fatty acid composition on lipid peroxidation profiles. 
The results were compared with those obtained by other 
methods for monitoring lipid peroxidation, such as the for- 
mation of lipid hydroperoxides and the decrease in polyun- 
saturated fatty acids. 

Lipid peroxidation has been defined as the oxidative deteri- 
oration of polyunsaturated lipids by free radical reactions 
(1). The polyunsaturated fatty acids in biological membranes 
are very susceptible to lipid peroxidation, and their oxida- 
tion is thought to be involved in various physiological and 
pathological phenomena, such as the formation of local 
messengers (prostaglandins) during tissue activation, cellular 
aging, radiation damage, mutagenesis, carcinogenesis and 
atherogenesis (1-4). Radical chain reactions involving poly- 
unsaturated fatty acids cause an initial rearrangement of 
the double bonds leading to conjugated dienes. Upon reac- 
tion with oxygen, lipid hydroperoxides are formed~ which 
readily decompose into various other products including 
malondialdehyde 

Several methods for measuring lipid peroxidation have 
been developed (1,3). Lipid peroxidation is usually assessed 
by measuring the major initial peroxidation products (con- 
jugated dienes, lipid hydroporoxides) and]or minor break- 
down products (malondialdehyd~ hexanal, volatile hydrocm~ 
bons) (3). As proteins and DNA can interfere with the ac- 
curate determination of lipid peroxidation, lipids are usually 
extracted from tissues or cells prior to measurement of 
peroxidatiorL 

*To whom correspondence should be addressed at Department of 
Biochemistry, University of Limburg, P.O. Box 616, 6200 MD 
Maastricht, The Netherlands. 
Abbreviations: BHT, butylated hydroxytoluene; TBARS, thiobar- 
bituric acid reactive substances; PC, phosphatidylcholine; PL, phos- 
pholipid; Tris, tris(hydroxymethyl)aminomethane; UV, ultraviolet. 

MATERIALS AND METHODS 

1-Palmitoyl-2-palmitoleoyl-sn-glycero-3-phosphocholine 
{16:0/16:1 PC), 1-stearoyl-2-oleoyl-sn-glycero-3-phospho- 
choline (18:0/18:1 PC), 1-palmitoyl-2-1inoleoyl-sn-glycero- 
3-phosphocholine {16:0/18:2 PC), 1-stearyl-2-arachidonoyl- 
sn-glycer~3-phosphocholine (18:0/20:4 PC), and butylated 
hydroxytoluene (BHT) were purchased from Sigma (St. 
Louis, MO). 1,2-Dilinoleoyl-sn-glycero-3-phosphocholine 
(18:2/18:2 PC), 1,2-dilinolenoyl-sn-glycero-3-phosphocho- 
line (18:3/18:3 PC) and 1,2-diarachidonoyl-sn-glycero-3- 
phosphocholine (20:4/20:4 PC) were from Applied Science 
Laboratories (Deerfield, IL). Hydrogen peroxide (30% so- 
lution} was from Baker B.V. (Deventer, The Netherlands). 
GuSO4 was from Merck {Darmstadt ,  Germany). All 
other reagents were of the highest grade of purity avail- 
able. 

The susceptibility for peroxidation of different lipid 
samples was determined by measuring conjugated diene 
formation in aqueous environment according to an adap- 
tation of the method described by Esterbauer e t  al. (8) for 
low-density lipoproteins. In our setup, we introduced soni- 
cated phospholipid (PL) liposomes and tandem cuvettes 
for UV difference spectroscopy. The reasoning behind the 
choice for tandem cuvettes is that we were interested in 
measuring the optical signal obtained upon interaction 
between lipids and CuSO4/H~O~, which are both UV ab- 
sorbing. Tandem cuvettes allowed for comparison of the 
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same amounts of lipid and CuSO4/H202 mixed in the 
sample beam and separated in the reference beam. 

Lipid liposomes were peroxidized by 200 ~M CuSO4 
and 2 mM H202, as described by Kuypers et a/.(9), and 
the UV spectrum was monitored continuously by dif- 
ference spectroscopy using tandem cuvett~s (2 cm, 232QS; 
Hellma B.V., The Hague, The Netherlands). Absorption 
spectra were recorded on a Uvikon 860 spectrophotometer 
equipped for data handling (Kontron Instruments, Ztiricl~ 
Switzerland). UV difference spectra (205-300 nm) were 
recorded every 5 min for the time periods indicated. By 
using the curve overlay option, curves were plotted in one 
figur~ 

For the preparation of the sonicated liposomes, PLs 
(300-500 nmol) in methanol were dried in a glass tube by 
a stream of nitrogen. In case of 18:2/18:2 PC, 18:3/18:3 PC 
and 20:4/20:4 PC, each of these lipids was mixed 1:1 
(mol/mol) with 16:0/16:1 PC in order to obtain 500 nmol 
phosphatidylcholine (PC) giving 500 umol oxidizable poly- 
unsaturated fatty acid. One mL of 50 ~M Tris buffer [50 
mM tris(hydroxymethyl)amino methane in water set to 
pH 7.5 with hydrochloric acid] presaturated with nitrogen 
was added to the dried lipid and a dispersion was made 
by vortexing under nitrogen. PL liposomes were prepared 
by sonication for 10 min under nitrogen while cooling with 
ice. 

Prior to the peroxidation experiments, lipid liposomes 
were diluted 1:5 (vol/vol) in 50 ~M Tris buffer, and 2 mL 
was added to the first compartment of the tandem cuvet- 
tes in both the reference and the sample beam as shown 
in Figure 1. The second compartments of both tandem 

FIG. 1. Ultraviolet  difference spectroscopy using tandem cuvettes  
for monitoring peroxidation of phospholipid liposomes. Peroxidation 
was started in the sample cuvette  by addition of CuSO 4 and H202 
to the liposomes. In the reference cuvette, no liposome peroxidation 
was initiated as CuSO 4 and H202 were added to a separate compart- 
ment. The difference spectra were recorded continuously. 

cuvettes were filled with 2 mL of 50 ~M Tris buffer alone. 
The temperature of the cuvettes was kept at 37~ The 
UV difference spectra (205-300 nm) recorded at this point 
showed a straight line. Lipid peroxidation was initiated 
by addition of 20 ~L 200 mM H20 = and 20/~L 20 mM 
CuSO4 to the lipid liposomes in the first compartment of 
the sample cuvette (final concentrations 2 mM and 200 
wM, respectively). To correct for the effects of lipid dilu- 
tion and of adding H202 and CuSO4, the same amounts 
of H202 and CuSO4 were added to the buffer containing 
compartment of the reference cuvette, while 40 ~L of 
distilled water was added to both the lipid-containing com- 
partment of the reference cuvette and the buffer-contain- 
ing compartment of the sample cuvette` UV difference 
spectra from 205-300 nm were recorded continuously. The 
final conditions were 60-100 ~M PL liposomes, 2 mM 
H=O2 and 200 ~M CuSO4. In this setup the formation of 
conjugated dienes (233-235 nm) from PLs in the sample 
cuvette was measured against unperoxidized PLs in the 
reference cuvette` By this experimental design the con- 
tributions from changes in the liposome, CuSO4 and 
H20~ concentrations to the difference spectra was can- 
celed. The method allows for the sensitive and continuous 
monitoring of conjugated dienes in an aqueous environ- 
ment without the necessity of subsampling and extrac- 
tion of the peroxidation products formed. 

Lipid hydroperoxides were determined by the iodometric 
assay described by Hicks and Gebicki (10). The decrease 
in polyunsaturated fatty acids due to lipid peroxidation 
was determined by gas-liquid chromatography as de- 
scribed earlier (11). Lipids were extracted from endothelial 
cell membranes by the method of Bligh and Dyer (12) 
using BHT as antioxidant, and PLs were separated from 
neutral lipids by thin-layer chromatography as described 
before (11), but BHT in the organic solvents was omitted. 
Phosphorus content of PLs was quantified according to 
B6ttcher et al. (13). 

RESULTS AND DISCUSSION 

Peroxidation profiles of PC liposomes with different fatty 
acid compositions. We studied the influence of fatty acid 
composition on the peroxidation profiles of PC liposomes 
by UV difference spectroscopy using tandem cuvettes. 
The peroxidation profiles of 16:0/18:2 PC, 16:0/18:3 PC and 
18:0/20:4 PC are shown in Figure 2. Peroxidation of 
16:0/18:2 PC resulted in an absorption maximum at 234 
nm, which first increased with time and then gradually 
decreased, representing the formation and decomposition 
of conjugated dienes. The absorption maximum at 234 nm 
of 16:0/18:3 PC shifted with time toward 225 mm with the 
concomitant appearance of a dip at 210 nr~L This shift may 
be explained by formation of alkenals and hydroxy- 
alkenals, typical products of lipid peroxidation with ab- 
sorption maxima at 220-225 nm (6). Two other absorp- 
tion maxima at 270 and 280 nm were observed, which pr~ 
bably represent the formation of conjugated trienes (6). 
Conjugated triene formation started later and was lower 
than conjugated diene formation. The species 18:0/20:4 
PC showed a comparable peroxidation profile, but on a 
slower time scale and without distinct maxima at 270 and 
280 um, probably because a mixture of conjugated trienes 
is formed. Conjugated triene formation from 18:0/20:4 PC 
was much lower than from 16:0/18:3 PC. Surprisingly, 
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FIG. 2. Change of the ultraviolet (UV) difference spectrum of phos- 
phatidylcholine (PC} liposomes with different fatty acid composi- 
tions during peroxidation. Liposomes (100 V-M) prepared from 16:0/18:2 
PC (top box), 16:0/18:3 PC {middle box) and 18:0/20:4 PC (bottom box) 
were peroxidized by CuSO 4 (200 vM) and H202 {2 raM). Conjugated 
diene formation was monitored continuously by UV difference spec- 
troscopy (205-300 nm) using tandem cuvettes. Peroxidation profiles 
are shown as UV absorption units (ABS) against wavelength (nm) 
for the time points indicated. 

after 250 min of peroxidation, still no decrease in con- 
jugated diene formation was seen with 18:0/4 PC. 

The fa t ty  acid composition of the liposomes thus con- 
siderably influenced the peroxidation profile (Fig. 2) as 
well as the t ime scale of the peroxidation process and the 
maximal extent  of conjugated diene formation (Fig. 3). 
The 16:0/18:3 PC showed a rapid but  relatively low con- 
jugated diene formation, while conjugated diene formation 
form 16:0/18:2 PC was slower but  relatively high in 
amount.  The 18:0/20:4 PC showed a slow but  progressive 
formation of conjugated dienes. Both  the peroxidation 
profiles and the maximal extent  of conjugated diene for- 
mation were reproducible, standard deviations being below 
6%. When conjugated diene formation was measured after 
relatively short peroxidation times, more variable results 
were observed, possibly because of the presence of small 
amounts  of preexisting lipid peroxides in the samples 
used. 

We also studied the influence of liposome concentration 
on the lipid peroxidation process {Fig. 4). I t  can be seen 
in Figure 4A tha t  there is a linear relationship between 
the maximal amount  of conjugated dienes formed and the 
amount  of 16:0/18:2 PC liposomes present  during perox- 
idation. The extent  of lipid peroxidation was dependent  
on the amounts of CuSO4/H202 added; addition of CuSO4 
or H202 alone resulted in a much lower peroxidation rate 
{data not shown}. Addition of the antioxidant B H T  to the 
liposomes during preparation resulted in a lag phase at  
low B H T  concentrations, while total  inhibition of lipid 
peroxidation occurred with higher amounts  of B H T  (Fig. 
4B). Similar effects of liposome, CuSO4/H2O 2 and B H T  
concentrations were found with 16:0/18:3 PC and 18:0/20:4 
PC. We also measured the UV absorption spectra of 
known amounts  of a s tandard fa t ty  acid-derived con- 
jugated diene (13-hydroxy-9,11-octadecaenoic acid}, and 
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FIG. 3. Time scale of conjugated diene formation of phosphatidyl- 
choline (PC) liposomes with different fatty acid compositions dur- 
ing peroxidation. For procedure details, see Figure 2. Ultraviolet ab- 
sorption at 234 nm {conjugated diene formation) is plotted against 
peroxidation time. The mean values ___ SD of five separate liposome 
preparations measured on three different days are shown. Wave- 
length, nm. 
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FIG. 4. Influence of liposome concentration and butylated hydrox- 
ytoluene {BHT) on conjugated diene formation (for procedural details, 
see Fig. 2). Figure 4A shows the maximal conjugated diene forma- 
tion during peroxidation of 16:0/18:2 PC liposomes with a final con- 
centration of 10 ~M, 50 ~M or 100 ~M. In Figure 4B, the influence 
of BHT [0.05 nmol BHT/nmo116:0/18:2 phosphatidylcholine (PC) for 
closed circles and 0.5 nmol BH~nmo116:0/18:2 PC for open triangles] 
on the peroxidation of 100 ~Vl 16:0/18:2 PC is shown. Wavelength, nm. 

found a linear increase in absorption at 234 nm with in- 
creasing amounts  (data not  shown). 

As expected, no formation of conjugated dienes was 
observed with liposomes consisting of 16:0/16:1 PC or 
18"0/18:1 PC. When we recorded peroxidation profiles of 
18:2/18:2 PC 1:1 mixed with 16:0/18:1 PC, no differences 
were found with tha t  of 16:0/18:2 PC. In both  liposome 
preparations, the amount  of oxidizable l inohic acid is 
equal. These observations suggest  tha t  only the polyun- 
saturated fat ty  acids are peroxidized within the time scale 
used, and tha t  the amount,  but  not  the position, of the 
polyunsatura ted  fa t ty  acid within the PL molecule in- 
fluences lipid peroxidation in these liposomes. 

Comparison of the continuous conjugated diene mea- 
surement with other discontinuous methods for esti- 
mating lipidperoxidation in vitro. We compared our con- 
jugated diene measurement with other lipid peroxidation 
assays, such as measurement  of the decrease in polyun- 
saturated fa t ty  acids by gas-l iquid chromatography and 
measurement of the formation of lipid hydroperoxides by 
an iodometric assay. 

The formation of conjugated dienes (as a measure for 
initial lipid peroxidation) and the decrease in polyun- 
saturated fa t ty  acids (as a measure of total  lipid perox- 
idation) for liposomes containing 16:0/18:2 PC, 16:0/18:3 
PC or 18:0/20:4 PC was measured after  80 min of perox- 
idation. The relation between both  methods  is shown in 
Table 1. We also measured the sensitivity to peroxidation 
of PLs obtained from fa t ty  acid modified endothelial cells. 
As a lipid source, we used PLs which were extracted from 
endothelial cell membranes having different fa t ty  acid 
compositions. Fa t ty  acid modified endothelial cells were 
cultured as described before (11). Liposomes (60 bdVI phos- 
pholipid) were prepared from endothelial phospholipids 
with (A) a normal fa t ty  acid composition, (B) an increas- 
ed oleic acid content, (C) an increased linoleic acid and ara- 

METHOD 

TABLE 1 

Conjugated Diene Formation and Decrease of Polyunsaturated Fatty 
Acids During Peroxidation of Phosphatidylcholine (PC) Liposomes 
with Different Fatty Acid Compositions a 

Decreased fatty acids Conjugated dienes 
Liposomes nmol/nmol PL A234 
15:0/18:2 PC 0.49 0.21 
16:0/18:3 PC 0.74 0.26 
18:0/20:4 PC 0.23 0.11 
=Liposomes [100 ~M phospholipids (PL)] were prepared and perox- 
idized for 80 rain by addition of CuSO 4 (200 ~M) and H202 (2 mM). 
Conjugated diene formation (absorption at 234 nm) was monitored 
continuously by ultraviolet difference spectroscopy using tandem 
cuvettes. Decrease in polyunsaturated fatty acids (nmol/nmol PL) 
was measured by gas-liquid chromatography. 

chidonic acid content or (D) an increased eicosapentaenoic 
acid and docosahexaenoic acid content. (The fatty acid 
compositions are shown in Table 2). The liposomes were 
peroxidized for 80 rain with 2 mM H202 and 200 ~M 
CuSO4 {final concentrations), and conjugated diene for- 
mation was measured continuously. As an example Figure 
5A shows the peroxidation profile of liposomes prepared 
from endothelial cells with a normal fatty acid composi- 
tiolL and Figure 5B shows that  of liposomes obtained from 
cells with increased oleic acid content,  both  difference 
spectra obtained during peroxidation showed character- 
istics of the 18:0/20:4 PC and 16:0/18:2 PC spectra (Fig. 
2). This was to be expected for cellular PLs  containing a 
mixture  of various fa t ty  acids, because PC comprises 
53.4% of total  PLs (11), and linoleic acid and arachidonic 
acid are the most  abundant  polyunsatura ted fa t ty  acids 
in these endothelial cells (Table 2}. Figure 5 shows tha t  
the extent  of conjugated diene formation in liposomes 
with increased oleic acid content was decreased compared 
to liposomes with normal fa t ty  acid composition. As was 
shown earlier (11}, the polyunsaturated fa t ty  acid content 
of the membrane PLs was decreased when the oleic acid 
content increased. Table 2 shows that  endothelial cell PLs 
with normal fa t ty  acid composition (A) contained 0.29 
nmol linoleic acid and 0.21 nmol arachidonic acid, while 
cells modified with oleic acid {B) contained 0.15 nmol 
linoleic acid and 0.13 nmol arachidonic acid in their mem- 
brane PLs. Probably the decreased availability of the poly- 
unsaturated fa t ty  acids linoleic acid and arachidonic acid 

TABLE 2 

Fatty Acid Composition of Phospholipids {PL) Extracted from Fatty 
Acid-Modified Endothelial Cells a 

nmol/nmol PL 

Fatty acids A B C D 
18:1n-9 0.33 0.67 0.20 0.29 
18:2n-6 0.29 0.15 0.35 0.24 
20:4n-6 0.21 0.13 0.30 0.11 
20:5n-3 0.01 -- -- 0.12 
22:6no3 0.06 0.04 0.01 0.11 
aFatty acid composition (nmol/nmol PL) of endothelial phospho- 
lipids with (A) a normal fatty acid composition, (B) an increased oleic 
acid content, (C) an increased linoleic acid and arachidonic acid con- 
tent or (D) an increased eicosapentaenoic acid and docosahexaenoic 
acid content. Cells were cultured as described before (11). 
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FIG. 5. Change of the ultraviolet (UV) difference spectrum during 
peroxidation of liposomes prepared from endothelial cell phosphw 
lipids. Phosphollpids were extracted from endothelial cells with nor- 
mal fatty acid composition or with increased oleic acid content and 
liposomes were prepared. Peroxidation with CuSO 4 and H202 was 
monitored by UV difference spectroscopy as in Figure 2. Wavelength, 
nm; absorption units, ABS. 

was reflected in a decreased format ion of conjugated 
dienes in these liposomes, as oleic acid itself cannot  form 
conjugated dienes. 

In  the same batch  of endothelial cell-derived liposomes, 
the amount  of lipid hydroperoxides formed after 80 min of 
peroxidat ion was measured.  Also the f a t ty  acid composi- 
t ions of bo th  peroxidized (80 min) and nonperoxidized 
l iposomes were determined, and the decrease in polyun- 
sa tura ted  fa t ty  acids during peroxidation was calculated. 
The relation between the measurement  of conjugated 
diene formation,  the decrease in po lyunsa tura ted  f a t ty  
acids and the formation of lipid hydroperoxides during 80 
min of peroxidation are shown in Table 3. I t  is also shown 
in Table 3 tha t  the f a t ty  acid composi t ion of the endo- 
thelial cell PLs  influenced the extent  of lipid peroxidation 
as measured by  three different methods.  

In  conclusion, we describe here a method  for the con- 
t inuous moni tor ing of lipid peroxidation by measur ing  

TABLE 3 

Conjugated Diene Formation, Lipid Hydroperoxide Formation 
and Decrease in Polyunsaturated Fatty Acids During Peroxidation 
of Endothelial Cell Phospholipids (PL) = 

Liposomes 

Decreased Lipid Conjugated 
fatty acids hydroperoxides dienes 

nmoYnmol PL nmol/nmol PL A234 
A 0.265 0.0054 0.287 
B 0.161 0.0036 0.173 
C 0.323 0.0108 0.315 
D 0.282 0.0064 0.285 

apLs were extracted from endothelial cells with different fatty acid 
compositions: IA) cells with normal fatty acid composition, (B) cells 
with increased oleic acid (n-9) content, {C) cells with increased linoleic 
and arachidonic acid (n-6} content and (D} cells with increased 
eicosapentaenoic and docosahexaenoic acid (n-3) content. Liposomes 
(60 ~M PL) were prepared and peroxidized for 80 rain. Conjugated 
dienes, lipid hydroperoxides and decrease in polyunsaturated fatty 
acids were measured. 

conjugated diene formation by UV difference spectroscopy 
us ing  t andem cuvet tes  and sonicated liposomes. Our 
method  allows the direct and continuous moni tor ing of 
PL  peroxidat ion in an aqueous environment,  wi thout  the 
disadvantages of subsampling and extraction of peroxida- 
t ion products  into organic solvents. We have shown tha t  
the  t ime course and extent  of lipid peroxidat ion are con- 
siderably affected by the fa t ty  acid composition of the PL 
liposomes. This  was confirmed by other  methods  for 
measur ing  lipid peroxidation, such as by measur ing  the 
decrease in po lyunsa tura ted  f a t t y  acids and the forma- 
tion of lipid hydroperoxides. 
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Separation of Bile Acid Methyl Esters by High.Performance Liquid 
Chromatography 
K. Kuhajda a,*, J. Kandra~ -a, S. Dobanovk~.Slavica a, J. Hranisavljevit~b and D. Miljkovit~a 
alnstitute of Chemistry, Faculty of Sciences, Novi Sad and blnstitute of General and Physical Chemistry, Belgrade, Yugoslavia 

Conjugated bile acids, namely glyco- and tauro-3a,6a- 
dihydroxy-5/~-cholanoic acid (hyodeoxychollc acid}, 3a,7a- 
dihydroxy-5/3-cholanoic acid (chenodeoxychoHc acid}, 
3a,6a,7a-trihydroxy-5[~-cholanoic acid (hyochollc acid} and 
3a-hydroxy-f~ox~5f3-cholanoic acid (6-keto-litocholic acid} 
were isolated from pig bile, and subsequently transformed 
into the corresponding methyl esters. Separation of the 
methyl esters of the isolated bile acids by high-perform- 
ance liquid chromatography (HPLC) was accomplished #n 
a ZORBAX-CN column (Dupont, Boston, MA) with n- 
hexane/2-propanol/methylene chloride (89:6:5, by vol) as 
the mobile phase containing traces (=1%} of amyl alcohol 
and water as moderators. HPLC analysis of the methyl 
esters also showed the presence of methyl 3a-hydroxy- 
6-oxo-5a-cholanoate, which was probably produced in the 
course of alkaline hydrolysis of the conjugated bile acids. 
Lipids 28, 863-865 (1993). 

3a,6a-Dihydroxy-5f~-cholanoic acid, which makes up about 
50% of pig bile, is often used as starting material for the 
synthesis of progesterone (1-3}. Isolation of 3a,6a- 
dihydroxy-5/~-chlanoic acid from pig bile is based on the 
crystallization of the adduct between methyl 3a,6a- 
dihydroxy-5~-cholanoate and benzene (4). To monitor the 

COOCH3 
COOCH3 

r ; ~ ' " r 3  [ 1 1 
H rz H 6 . - I - , , , , , . ~ H  

0 
0 b 

R 1 = OH R 2 = OH R 3 = H methyl 3a-hydroxy-6-oxo- 
methyl 3a,6a-dihydroxy- 5a-cholanoate 
5/3-cholanoate 
RI=OH R2=H R3=OH 
methyl 3a,7a-dihydroxy- 
5/3-cholanoate 
R 1=OH R 2=OH R 3=OH 
methyl 3a,6m7a-trihydroxy- 
5/3-cholanoate 
RI=OH R2=O R3=H 
methyl 3a-hydroxy- 
6-oxo-5/3-cholanoate 

SCHEME 1 

*To whom correspondence should be addressed at Institute of 
Chemistry, Faculty of Sciences, Trg Dositeja Obradovi~a 3, 21000 
Novi Sad, Yugoslavia. 
Abbreviation: HPLC, high-performance liquid chromatography. 

course of isolation of methyl 3a,6a-dihydroxy-5/3-cholano- 
at~ a procedure was developed for the separation of the 
mixtures of methyl esters of bile acids present in pig bile. 

There have been a number of papers {5-7} dealing with 
the separation and analysis of methyl esters of bile acids 
by high-performance liquid chromatography (HPLC). Jef- 
ferson and Chang (5) and Iida et al. (6) described in detail 
both qualitative and quantitative analyses of some syn- 
thetic methyl esters of monc~, di- and trihydroxy-cholanoic 
acids, as well as of ket~cholanoic acids. Tint et al. (7) 
reported a method for the separation methyl esters of the 
bile acids from the Alligator mississippiensis. Scheme 1 
shows the structures of the various bile acid methyl esters 
obtained from pig bile. 

MATERIALS AND METHODS 
Equipment. Methyl esters of pig bile acids were separated 
on a Dupont {Boston, MA) ZORBAX-CN column (25 cm 
X 4.6 mm i.d.} using a Waters Associates {Milford, MA) 
HPLC Model 6000 A, and a Waters Model IR 401 differen- 
tial refractometer for detection {sensitivity: X8), and a 
Kipp & Zonen {Delft, Holland} recorder (1 and 2 mm]min). 

Synthesis of standard methyl esters of bile acids. 
Methyl 3a,6a-dihydroxy-5/3-cholanoate" methyl 3a,Ta- 
dihydroxy- 5/3-cholanoate, 3a,6a,7a-trihydroxy-5[~-cholano- 
ate, 3a-hydroxy-6~xo-5/3-cholanoate and 3a-hydroxy-6-oxo- 
5a-cholanoate were prepared from free bile acids, pur- 
chased from Sigma Chemical Ca (St. Louis, MO), by treat- 
ment with diazomethane. 

Isolation of a mixture of conjugated bile acids from pig 
bile and their conversion to methyl esters. Sodium salts 
of the conjugated bile acids were precipitated from fresh 
pig bile with saturated aqueous sodium chloride (8). Con- 
jugated bile acids (200 g) were hydrolyzed with KOH 
(100 g) in a mixture of ethyleneglycol (1000 mL) and water 
(500 mL) at 140~ for 10 h. After acidification with HC1 
(1:1) to pH 1, an oily product was obtained which, after 
solidification, was separated by filtration, air-dried and 
finally ground with mortar and pestle The product (130 g} 
thus obtained was a mixture of free bile acids. 

Free bile acids (90 g) were esterified with methanol 
(700 mL) in the presence of perchloric acid (10 mL) at room 
temperature for 12 h. The course of esterification was 
followed by thin-layer chromatography using benzene/iso- 
propanol (85:15, vol/vol) as developing solvent. After the 
reaction was completed, the solution was neutralized, 
diluted with water and the methyl esters were extracted 
with diethyl ether. Yield of the mixture of crude methyl 
esters was 90 g. 

Preparation of methyl 3a,6a-dihydrox3~5~cholanoate. A 
mixture of crude methyl esters of pig bile acids (90 g) was 
refluxed in benzene (300 mL) for 1 h. The clear reaction 
mixture was left at room temperature, and after 3 d 
methyl 3a,6a-dihydroxy-5f~-cholanoate was crystallized as 
a benzene adduct. The crystals were separated by filtra- 
tion, and the filtrate was evaporated to dryness. The oily 
residue was again dissolved in benzene, and methyl 3a,6a- 
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dihydroxy-5~-cholanoate was crystallized. After removal 
of the crystals, the procedure was repeated. Pure methyl 
3a,6a-dihydroxy-5~-cholanoate was obtained in a yield of 
32.6% (calculated based on the mixture of crude methyl 
esters of pig bile acids); r~Lp. 114~ AUprocedures involw 
ing benzene were carried out  in a well-ventilated hood. 

RESULTS AND DISCUSSION 

A procedure for the separation of the methyl esters of 
crude pig bile acids has been developed to follow the 
course of the isolation of methyl 3a,6a-dihydroxy-5~- 
cholanoate from this mixture. 

To optimize conditions for HPLC analysis, experiments 
were first carried out with mixtures of standard synthetic 
methyl esters, which included methyl 3a-hydroxy-6-oxo-5a- 
cholanoat~ methyl 3a,7a-dihydroxy-5~<holanoat~ methyl 
3a-hydroxy-6-oxo-5/3-cholanoate, methyl 3a,6a-dihydroxy- 
5~-cholanoate and methyl 3a,6a,7a-trihydroxy-5[3~cholanc~ 
ate. Figure 1 shows the chromatogram of this mixture on 
a ZORBAX-CN column, using n-hexane/2-propanol/meth- 
ylene chloride (89:6:5, by vol) as mobile phase with traces 
of water and amyl alcohol (=1%) as moderators. Under 
these conditions, an efficient separation of these methyl 
esters was achieved in less than 30 min. 

J I I I 

30 20 10 0 

TIME (min) 

FIG. 1. Elution profile of a standard solution of bile acid methyl 
esters on a ZORBAX-CN column with n-hexane/2-propanol/methyl- 
erie chloride (89:6:5, by vol) as mobile phase with traces (=1%) of amyl 
alcohol and water as moderators. Isobaric flow rate, 1.5 mL/min; 
detection,  differential  refractometry. Peaks: 1, methyl 3a- 
hydroxy-6-oxo-5a-cholanoate; 2, methyl 3a,7a-dihydroxy-5~holanoate; 
3, methyl 3a-hydroxy-6-oxo-5f~-cholanoate; 4, methyl 3a,6a. 
dihydroxy-5f~-cholanoate; 5, methyl 3a,6a,7a-trihydroxy-5f~- 
cbolanoate. 

Methyl 3a-hydroxy-6-oxc~5a-cholanoate had a retention 
time of 7.52 min, followed by methyl 3a,7a-dihydroxy-5fl- 
cholanoate (9.17 rain) and methyl 3a-hydroxy-6-oxo-5/~- 
cholanoate (12.16 rain). Further elution at an isobaric flow 
rate of 1.5 mL/min resulted in the appearance of methyl 
3a,6a-dihydroxy-5/~-cholanoate and methyl 3a,6a,7a-tri- 
hydroxy-50-cholanoate at the retention times of 16.59 and 
21.30 min, respectively. 

The elution profile of a mixture of crude methyl esters 
of pig bile acids is presented in Figure 2 (left panel}. 
Figure 2 (center and right panels) shows the elution pro- 
files of the filtrates from the first and second recrystalllza- 
tion of methyl 3a,6a-dihydroxy-5f~-cholanoate- The relative 

5 

5 

t I l l f I l | 

30 20 10 0 30 20 10 0 
TIME (rain) TIME {rnin) 

i I I I 

30 20 10 0 
TIME (min) 

FIG. 2. High-performance liquid chromatography separation of the 
mixture of methyl esters obtained by esterification of bile acids 
isolated from pig bile (left panel); bile acids from filtrate after first 
crystallization of methyl 3a,6~-dihydroxy-5f)~holanoate (center panel); 
bile acids from filtrate after second crystallization of methyl 3a,6a- 
dihydroxy-50-eholanoate (right panel). Peak designations and chro- 
matographic conditions are as in Figure I. 
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TABLE 1 

Relative Percentage of Methyl Esters of Bile Acids in Pig Bile Fractions 

865 

Crude 
Methyl ester mixture 

Filtrate after first 
crystMlization 

Filtrate after second 
crystallization 

Methyl 3a-hydroxy-6-oxo-5a-cholanoate 
Methyl 3a,7a-dihydroxy-5~-cholanoate 
Methyl 3a-hydroxy-6-oxc~5~-cholanoate 
Methyl 3a,6a-dihydroxy-5~-cholanoate 
Methyl 3a,6a,7a-trihydroxy-5~-cholanoate 

10.53 15.76 17.95 
26.85 32.23 43.21 
6.54 8.94 10.46 

48.25 28.23 19.07 
5.82 8.82 9.30 

percentages of individual methyl esters of bile acids in the 
mixture of methyl  esters of crude pig bile acids and in the 
filtrates from first and second recrystallization are given 
in Table 1. 

Application of HPLC under the conditions described 
resulted in a good separation of methyl  3a-hydroxy-6-oxo- 
5a-cholanoate, methyl  3a,7a-dihydroxy-5~-cholanoate, 
methyl  3a-hydroxy-6-oxo-5~-cholanoat~ methyl  3a,6a- 
d ihydroxy-5~-cholanoate  and me thy l  3a,6a,7a-tri- 
hydroxy-5~-cholanoate. Because of its accuracy and sim- 
plicity, the method has been proven useful in monitoring 
the preparative isolation of 3a,6a-dihydroxy-5~-cholanoic 
acid from pig bile 
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A R T I C L E  I i 

Modulation by Sphingosine of Substrate Phosphorylation by Protein 
Kinase C in Bovine Mammary Gland 
Norio Katoh*  
National Institute of Animal Health, Hokkaido Branch Laboratory, Sapporo 062, Japan 

The effect of sphingosine on the phosphorylation of en- 
dogenons proteins by protein Idnase C (PKC) was investi- 
gated in bovine mammary gland. Several proteins were 
shown to be substrates for PKC in both cytosolic and total 
particulate fractions by phosphorylation in the absence or 
presence of l~leoyl-~acetyl-snglyceml, phosphatidyiserine 
(PS) and Ca 2+. At concentrations of 83 tdVl or less, ephln- 
gosine inhibited phosphorylation of several substrates for 
PKC in both fractions. Phosphorylation of cytosolic 36 
kDa, 21 kDa and particulate 36 kDa proteins was par~ 
ticularly sensitive to sphingosine. Cytosolic 97 kDa phos- 
phorylation {which was enhanced by Ca 2+ alone) was also 
sensitive to sphingosine. The inhibition was reversed by 
excess addition of lipid cofactors, particularly PS, but not 
by Ca 2+. At higher concentrations (167 and 417 1~r in ad- 
dition to the inhibition seen at lower concentrations, sphin- 
gosine stimulated phosphorylation of several proteins, in- 
cluding cytosolic 19 kDa and particulate 53 kDa, which 
were not detected in the absence of sphingosine. The 
sphingosine-induced phosphorylation disappeared with ex- 
cess addition of PS, but not with addition of Ca 2+. The 
results point toward the importance of the interaction of 
sphingosine with membrane phospholipids in the signal 
trAneduction pathway mediated by PKC~ependent phos- 
phorylation in bovine mammary gland. 
Lipids 28, 867-871 (1993). 

Mammary gland is a tissue rich in glycesphingolipid~ and 
bovine milk is known to be rich in the gangliosides GD3 
and GM3, as constituents of the milk fat globule membrane 
derived from the plasma membrane of secretory epithelial 
cells (1,2). Glycosphingolipids are located at the cell surface 
and are believed to be importm~t as recognition sites for 
mediating extracellular signals to intracellular second mes- 
sengers such as diacylglycerols. 
Protein kinase C (PKC) is a key enzyme in the signal 

transduction pathway, which is activated by the combined 
action of diacylglycerols, phospholipids and Ca s+ (3). Mam- 
mary gland PKC is suggested to be important in the gland's 
functiorL For exampl~ mouse l~Ammary gland PKC activity 
is regulated by steroid hormones {4) and is depressed dim 
ing pregnancy and lactation (5). It also has been reported 
that mouse mammary gland PKC is translocated by pr~ 
lactin from cytosol to the particulate fraction (6). Sphin- 
gosin~ a constituent of glycosphingolipid~ inhibits PKC (7), 
and the inhibition is reversed by phospholipids and diacyl- 
glycemls (7,8). The increase in sphingosine concentrations 
in canine kidney cells induced by the addition of a gluc~ 
sylceramide synthase inhibitor resulted in reduced PKC ac- 

*Address correspondence at National Institute of Animal Health, 
Hokkaido Branch Laboratory, 4 Hitsujigaoka, Sapporo 062, Japan. 
Abbreviations: ATP, adenosine triphosphate; DEAE, diethylsmino- 
ethyl; EGTA, ethyleneglycol b/s(2-Amlnoethylether)tetraacetic acid; 
OAG, l~fleoyl-2-acetyl-sn-glycerol; PKC, protein kinase C; PMSF, 
phenylmethylsulfonyl fluoride; PS, pbosphatidylserine; SDS, sodium 
dodecyl sulfate; Tris, tr/s(hydroxymethyl)aminomethane. 

tivity, as well as in inhibition of cell growth and DNA syn- 
thesis (9), suggesting an intimate relationship between en- 
dogenous sphingosine concentrations and PKC activity. 
Phenotypic changes in 3T3 cells are also suggested to be 
associated with accumulation of sphingosine induced by a 
ceramide analogue (10). 

PKC is thought to function by phesphorylating its intra- 
eel]ular substrate proteins after activation by diacylglycerols 
which ave transiently produced by extracellular signals and 
translocation from the cytosol to particulate fractions In b~ 
vine mammary gland, several proteins have been identified 
as substrates for PKC in both cytosolic and total particulate 
fractions (11). The purpose of the present study was to define 
the effect of sphingosine on PKC<lependent endogenous pr~ 
tein phosphorylation in bovine mammary gland. 

MATERIALS AND METHODS 

Materials. D-sphingosine from bovine brain cerebrosides, 
1-oleoyl-2-acetyl-sn-glycerol (OAG), phosphatidylserine 
(PS), histone H1 (type III-S) and leupeptin were purchased 
from Sigma Chemical Ca (St. Louis, MO). Phenylmethyl- 
sulfonyl fluoride (PMSF) was from Boehringer (MRnn- 
heim, Germany). [r-z2p]adenosine triphosphate (ATP) 
was from New England Nuclear-DuPont (Wilmington, 
DE). Cow mammary glands in the lactating state were 
obtained from a local slaughterhouse The pars glan- 
dularis was cut into small blocks and frozen at -80~ un- 
til use 

Preparation of subceUular fractions. The tissue was 
thawed, cut into small pieces and homogenized in 9 vol 
of 0.25 M sucrose containing 20 mM tr/s(hydroxymethyl)- 
aminomethane (Tris)-HC1, pH 7.5, 2.5 mM ethyleneglycol 
bis(2-~minoethylether)tetraacetic acid (EGTA), 10 mM 
2-mercaptoethanol, 0.5 mM PMSF and 10 ;~g/mL leupep 
tin, using a Polytron (Kinematica, Littau, Switzerland). 
The homogenate was centrifuged at 38,000 • g for 60 min; 
the resultant supernatant is being referred to as cytosol. 
The pellet was treated with 0.3% Triton X-100 for 60 min 
on ic~ then centrifuged at 38,000 • g for 60 min, and the 
supernatant obtained was used as (solubilized) total pa~ 
ticulate fraction. 

PKC assay. The standard assay mixture (0.2 mL) con- 
tained 25 mM Tris-HC1, pH 7.5, 10 mM MgCI 2, 40 Fg of 
histone, 50 ~_M [y-ZZP]ATP and appropriate amounts of 
the subcellular proteins, in the absence or presence of OAG 
(1 ;~g), PS (5 ;~g) and Ca 2+ (1 idVl). Ca 2+-EGTA buffer was 
prepared in the presence of 250 ~Vl EGTA (from the en- 
zyme solution) (12). The cofactor concentrations were 
similar to those used by other investigators (13,14). In par~ 
ticular, the 1 ~ Ca 2+ was physiological, because the in- 
tracellular Ca 2+ concentration was in the micromolar 
range Sphingosine suspended in 20 mM Tris-HC1, pH 7.5, 
was sonicated and added to the mixture at different con- 
centrations as indicated in the figures and tables. The reac- 
tion was initiated by the addition of ATP and continued 
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for 5 min at 30 ~ PKC activity was determined by sub- 
tracting basal activity in the absence of cofactors. 

Endogenous protein phosphorylation. The reaction con- 
ditions for phosphorylation were the same as those de- 
scribed for the PKC assay except for the deletion of his- 
tone from the mixtur~ Sodium dodecyl sulfate (SDS)- 
polyacrylamide gel electrophoresis was done using a 12% 
gel. After electrophoresis, gels were stained with Coc~ 
massie brilliant blue, destained, dried and exposed to 
Kodak X-omat AR film {Rochester, NY) for 5-7 d at 
- 80~  with the aid of a Kodak Hi-Plus intensifying 
screen {Rochester, NY). 

Other methods. PKC from mammary gland cytosol was 
partially purified by diethylaminoethyl (DEAE)-ceUulose 
(DE-52) chromatography (11). PKC from pig spleen was 
highly purified using ammoniumsulfate fractionation, 
DE-52, Sephacryl S-200 and protamine-Sepharose 4B 
chromatography (15). Protein was determined by the 
method of Bradford {16}. 

RESULTS 
Sphingosine dose-dependently inhibited the activity of 
PKC obtained by DEAE-ceUulose chromatography of 
mammary gland cytosol (Fig. 1). The ICs0 value was 
estimated to be 32 I~VI, which was similar to the reported 
value (17). At a higher concentration (417/LM), sphingosine 
slightly increased both the basal and cofacto~dependent 
activities. The sphingosine inhibition of PKC was reversed 
by the addition of higher concentrations of OAG or PS 
(Fig. 2). Tenfold excess addition of OAG (50 ~g/mL) and 
PS {250 ~g/mL) was enough to reverse the inhibition of 
PKC activity in the presence of 83 ~VI sphingesin~ Rever~ 
sal by higher concentrations of cofactors of sphingosine 
inhibition was seen using PKC from different sources and 
of different purities (Table 1). In the absence of sphingo- 
sine, addition of a higher concentration of OAG (50 ~,/mL) 
enhanced PKC activity in both cytosol and the DEAE- 
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FIG. 1. Dose-dependent inhibition by sphingosine of the activity of 
protein kinase C partially purified by diethylRminoethyl-celinlose 
chromatography of the cytosol from bovine mammary gland. The 
eluant (0.02 mL containing 0.031 mg protein) was assayed in the 
absence (O) or presence (@) of 5 ~g/mL 1-oleoyl-2-acetyl-sn-glycerol, 

2q- 25/~ghnL phosphatidylserine and 1/AM Ca . 

cellulose fraction, whereas higher concentrations of PS 
(250 ~g/mL) and Ca 2+ (250/p_~/~) had little effect on PKC 
activity. Sphingosine at a concentration of 83 ~ was less 
effective in inhibiting PKC activity in the cytosol than 
in the DEAE-cellulose fraction. The excess addition of 
both OAG and PS reversed PKC inhibition in the two frac- 
tions, whereas Ca 2+ was without effect. With 417 /LM 
sphingosine, PKC activity in the two fractions was com- 
pletely inhibited. However, basal activity was increased, 
particularly in the cytosoL This increase in basal activity 
was not observed when highly purified PKC from pig 
spleen was used in the assay. The increased basal activity 
of cytosol was restored nearly to the control level by PS, 
but  not by OAG or Ca 2+. 

The cytosolic and total particulate proteins were phos- 
phorylated in the absence or presence of 10 ~ Ca 2+ and 
25 ~g/ml. PS (Fig. 3). The higher Ca 2+ concentration was 
used to fully activate PKC and calmodulin-dependent pro- 
tein kinase(s). OAG was not included because it was not 
required for PKC activation at the high Ca 2+ concentra- 
tion. Of the phosphoproteins detected, cytosolic 97 kDa 
phosphorylation was dependent on Ca 2+, but not on PS. 
Its  electrophoretic mobility was the same as that of the 
phosphorylase b used as the marker protein, suggesting 
that this was phosphorylase b (the substrate for phos- 
phorylase kinase). By comparison, cytosolic 91 kDa, 56 
kDa and 38-36 kDa phosphorylation was stimulated by 
Ca z+, but  was more enhanced by the combination with 
PS. Phosphorylation of cytosolic 72 kDa, 21 kDa and a 
high molecular weight protein (indicated by the arrow; 
heavier than myosin heavy chain, 205 kDa), as well as of 
particulate 91 kDa, 43 kDa, 38 kDa and 36 kDa proteins, 
showed a more distinct dependency on the two cofactors. 
Phosphorylation of cytosolic 89 kDa and particulate 56 
kDa proteins was considerably enhanced by PS alone 
Cytosolic 27 kDa protein was phosphorylated in the 
absence of the cofacters, but sometimes acted as the PKC 
substrate (see Figs. 4 and 5). Collectively, these phosphc~ 
proteins, except for cytosolic 97 kDa, appeared to be the 
substmtes for PKC. Casein (30 kDa) phosphorylation was 
independent of the cofactors in the cytosoL but in the pa~ 
ticulate fraction were enhanced by PK The reason for this 
is unknown at present (the PS-dependency of casein is 
not apparent in Fig. 6). As described in Materials and 
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1-oleoyl-2-acetyl-sn-glycerol (OAG) and 

phosphatidylserine (PS) of inhibition of protein klnase C (PKC) ac~ 
t/vity in the eluant from diethylaminoethyl~ellulose chromatography 
by 83 ~M sphingosine. &, PKC activity assayed in reaction mixture 
containing 5 ~g/mL OAG, 25 ~g/mL PS and 1 ~M Ca 2+, but not 
sphingosine. 
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TABLE 1 

Reversal by Higher Concentrations of Cofactors of Sphingosine Inldbition of PKC 
in the Cytosol, in the Eluant from Diethylaminoethyl (DEAEH3enulnse Chromatography 
of the Cytosol and Highly Purified PKC from Pig Spleen 

OAGb ps c Ca2+ Sphingosine (/~M) 
PKC a (~g/mL) (~g/mL) (~M) 0 83 417 

Protein kinase activity 
(nmol/min/mg protein) 

Cytosol 0 0 0 0.112 0.149 0.583 
Cytosol 5 25 1 0.322 0.205 0.559 
Cytosol 50 25 1 0.406 0.352 0.608 
Cytosol 5 250 1 0.286 0.275 0.237 
Cytosol 5 25 250 0.369 0.220 0.585 
DEAE 0 0 0 0.132 0.109 0.189 
DEAE 5 25 1 0.864 0.147 0.221 
DEAE 50 25 1 1.468 0.581 0.251 
DEAE 5 250 1 0.819 0.845 0.318 
DEAE 5 25 250 0.864 0.201 0.232 
Spleen 0 0 0 2.229 n.d. d 2.264 
Spleen 5 25 1 9.482 n.d. 2.226 

apKC, protein kinase C. 
bOAG, 1 -oleoyl- 2-acetyl-sn-glycerol. 
cps, phosphatidylserine. 
dn.d., Not determined. 
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Methods, the homogenate was centrifuged at 38,000 • 
g, instead of 105,000 • g. The centrifugation at 38,000 
• g seemed to reduce the casein contamination of the pap 
ticulate fraction. Phosphorylat ion patterns of the 105,000 
• g supernatant  and pellet were essentially the same as 
those obtained with the 38,000 • g fractions {data not  
shown). 

Figure 4 shows the effect of sphingosine on the phos- 
phorylation of the cytosolic proteins in the absence or 
presence of 5 pg/mL OAG, 25 pg/mL PS and 1 ~M Ca 2+. 
Sphingesine inhibited phosphorylation of several proteins. 
Of the PKC substrates, phosphorylat ion of the high mol- 
ecular weight 89, 36 and 21 kDa proteins was inhibited 
by 83 ~ sphingosina By comparison, 91, 41 and 38 kDa 

FIG. 3. Phosphorylation of cytosolic (1-4) and total particulate pr~ 
teins (5-8) of bovine mammary gland in the absence or presence of 
Ca z+ (10 pM) and phosphatidylserine (PS, 25 ~g/mL). Endogenous 
protein kinases in the subcellular fractions were used as the enzyme 
s o u r c e .  

FIG. 4, Autoradiogram showing the effect of sphingosine on the 
pheephorylation of the eytcealie proteins by protein kinase C. CF, 
cofactors (5 pg/mL l-oleoyl-2-acetyl-sn-glycerol, 25 ~g/mL 
phosphatidyleerine and 1 taM CaZ+); S, sphingeeine. 

LIPIDS, Vol. 28, no. 10 (1993) 



870 

N. KATOH 

FIG. 5. Reversal by excess addition of the protein kinase C (PKC) 
cofactors of the cytosolic protein phcsphorylation by PKC in the 
presence of 417 ~/I sphingcsine. C, control (without sphingcsine); 
S, sphingosine~ CF, cofactors [5 ~g/mL l~)leoyl-2-acetyl-sn~glycerol 
(OAG), 25 pg/mL phosphatidylserine {PS} and 1 fLM Ca~+]; OAG, (50 
gghnL OAG, 25 ~g/mL PSand 1 ~M Ca2+); PS, (250 ~g/mL PS, 5 
~g/mL OAG and 1 ~d  Ca *); Ca, (250/~M Ca 2+, 5 pg/mL OAG and 
25 ~g/mL PS). 

~M sphingosine Casein and 135 kDa protein (between the 
arrow and 97 kDa), whose phosphorylation was indepen- 
dent of the cofactors, were not affected by sphingosine 
At higher concentrations of sphingosine (167 and 417 wM), 
several phosphorylated bands {105, 94, 24 and 19 kDa), 
which were not detected in the absence of sphingosine 
(Lane 2), appeared. The bands were not seen when pro- 
teins were not included in the reaction mixture, indicating 
that these bands were not due to artifacts. 

The inhibition of the phosphorylation in the cytosol by 
sphingosine was reversed by excess addition of lipid cofac- 
tots (Fig. 5). PS (250 ~g/mL) effectively reversed the phos- 
phorylation of 97, 91-89, 36 and 21 kDa proteins (Lane 
9). OAG (Lane 8) was less effective in doing so under the 
conditions used (50 ~g/mL in the presence of 417 ~r 
sphingosine), although it enhanced phosphorylation in the 
absence of sphingosine (Lane 3). Ca 2+ (250 /AVI) was 
without effect (Lane 10). Phosphorylation of 72, 56, 43 and 
27 kDa proteins was enhanced by 417 wM sphingosine 
(compare Lanes 1 and 6). In the presence of cofactors, the 
effect of sphingosine on 72, 56 and 43 kDa phosphoryla- 
tion was unclear, irrespective of the cofactor concentra- 
tions. However, PS reversed the enhanced 27 kDa phos- 
phorylation nearly to the level seen in Lane 2. 

Phosphorylated bands detected at higher concentra- 
tions of sphingosine (Fig. 4) can also be seen in Figure 5. 
Although the 105 kDa band is not clear, 94 kDa (between 
97 kDa and 91-89 kDa), 24 kDa (between 27 kDa and 21 
kDa) and 19 kDa bands can be seen in the autoradiogro~ m 
The appearance of these bands was independent of the 
cofactors (Lane 6), as in the case of the PKC assay {Table 
1). These bands disappeared almost completely upon ex- 
cess addition of PS {Lane 9), but not upon excess addi- 
tion of OAG or Ca 2+. 

In the total particulate fraction, sphingosine suppressed 
91 and 36 kDa phosphorylation {Fig. 6). The effect of 
sphingosine on 56, 43, 38 {between 43 and 36 kDa) and 
27 kDa phosphorylation was unclear. Phosphorylated 
bands that were not detected in the absence of sphingosine 
were seen with higher concentrations of sphingosine The 
19 kDa band, which was distinct for the cytosol, was 
faintly seen in the particulate fraction. A 53 kDa band 
not present in the cytosol, was seen in the particulate frac- 
tion, indicating that the band pattern due to sphingosine 
was different in the cytosol and the particulate fraction. 
These bands disappeared when excess PS (250 ~g/mL) was 
included (not shown). Phosphorylation of 91 and 36 kDa 
proteins was also reversed by excess addition of PS, but 
not by excess addition of OAG or Ca ~+. 

FIG. 6. Effect of sphingosine on total particulate protein phos- 
phorylation by protein kinase C. CF, cofactors {5 ~g/mL 
l~deoyl-2-acetyl-sn-glycerol, 25 ~g/mL phosphatidylserine and 1 ~M 
a2+); S, sphingosine. 

phosphorylation was relatively unaffected by sphingosine, 
because these protein bands were detected, although 
faintly, even with 417 ~ sphingosin~ The 72, 56, 43 kDa 
and 27 kDa phosphorylations appeared to be resistant to 
sphingosine. The 97 kDa phosphorylation {which was 
enhanced by Ca 2+ alone} was effectively inhibited by 83 

DISCUSSION 

The present study has shown that sphingosine inhibits 
endogenous protein phosphorylation catalyzed by PKC, 
as well as PKC activity using histone as the substrate, 
in bovine mammary gland. The inhibition was overcome 
by excess addition of lipid cofactors for PKC, particularly 
PS. To measure PKC activity, the llpid/vesicle assay was 
used instead of Triton X-100flipid micellar assay (17). The 
results obtained with the lipid/vesicle assay were con- 
sistent with the phosphorylation patterns shown in 
autoradiography. For example, the higher basal activity 
in the cytosol with 417 ~ sphingosine (Table 1) was 
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consistent  with the appearance of phosphorylated bands 
such as the 19 kDa band (Figs. 4 and 5). 

The 19 kDa band is similar to tha t  of the 18 kDa pro- 
tein which is phosphorylated in the presence of 0.4 mM 
sphingosine in Jurkat  T cells (18). The 19 kDa phosphory- 
lation, however, was induced only by pharmacological 
doses of sphingosine [the band was detected faintly with 
83 ~ sphingosine (Fig. 4), but  not  at  42 ~M (data not  
shown)]. Because cellular sphingosine levels in the resting 
state  are in the micromolar range (19), the physiologic 
significance of the 19 kDa phosphorylat ion is presently 
not  clear. However, the pathologic importance of the phos- 
phorylat ion cannot  be ruled out, because tumor  necrosis 
factor a, which is increased in inflammation such as 
mastitis,  is known to increase the cellular sphingosine 
levels (20). 

Sphingosine also effectively inhibited phosphorylat ion 
of cytosolic 97 kDa protein, and the inhibition was r~  
versed by excess addition of PS. This protein is suggested 
to be phosphorylase b, because it  was phosphorylated by 
Ca 2+ alone. The reversal of inhibition by excess PS may 
be explained by reduced sphingosine binding with the 
ca]modulin subunit  of phosphorylase kinase. The inhibi- 
tion by sphingosine of calmodulin-dependent phosphoryla- 
t ion has already been reported (21). In ra t  mammary  
gland, acetyl-CoA carboxylase (240 kDa) and ATP-citrate 
lyase (116 kDa) have been identified as substmtes for PKC 
(22). The two enzymes are also substrates for calmodnlin- 
dependent  multiprotein kinase (22). The high molecular 
weight substrate  (Figs. 3-5) seems to be different from 
acetyl-CoA carboxylase, because its phosphorylation was 
not  enhanced by Ca 2+ alone. 

PKC substrates can be classified into two groups with 
respect to the mode of modulation by sphingosine: one 
is inhibited at  bo th  lower and higher concentrations and 
includes the 36 kDa protein in both the cytosolic and par- 
ticulate fractions; the other group containing cytosolic 72 
kDa protein is resistant  to inhibition by sphingosine at  
lower concentrations, and its phosphorylation is enhanced 
at  higher concentrat ions in the absence of the cofactors. 
The different sensitivity may be explained by the assump- 
t ion tha t  the substrates in the two groups are catalyzed 
by different PKC isozymes. Another  possibility is tha t  
sphingosine directly interacts with the substrate proteins. 
Since sphingosine interacts with phospholipids (7,8) and 
inhibition of substrate phosphorylat ion by sphingosine is 
overcome by PS, it  is conceivable tha t  sphingosine binds 
to phospholipid-binding and Ca2+-binding proteins such 
as annexins (23). Mammary gland contains proteins of the 
annexin family, including calelectrin (70 kDa) and calpac- 
tin (36 kDa) (24). Our preliminary s tudy suggests tha t  the 
36 kDa protein in both  fractions is annexin I because the 
protein reacted with anti-~nnexin I as shown by immuno- 

blot analysis. Identification of substrates for PKC as well 
as for calmodulin-dependent protein kinase{s) is required 
for fur ther  s tudy  of the physiologic and pathologic im- 
portance of sphingosine in bovine mammary  gland func- 
tion. 
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Intravenous Injection of Tridihomo-y-linolenoyl-glycerol into Mice 
and Its Effects on Delayed-Type Hypersensitivity 
Hirofumi Taki, Norio Nakamura, Tomohito Hamazaki* and Masashi Kobayashi 
The First Department of Internal Medicine, Toyama Medical and Pharmaceutical University, Toyama 930-01, Japan 

Highly purified tridihom~y-linolenoyl~lycerol (DGLA-TG) 
was emulsified with egg yolk lecithin as a 10% (wt/vol) 
DGLA-TG emulsion. We injected 0.05 or 0.5 mL of the emul- 
sion into mice through the tail vein and investigated its 
effects on the fatty acid composition of spleen cells and 
on delayed-type hypersensitivity (DTH) response. At 1 h 
after the injection, dihom~y-linolenic acid (DGLA) concen- 
trations were increased significantly in the total phosph~ 
lipid fraction of spleen cells from 1.21 + 0.13 tool% to 2.09 
+_ 0.74 tool% (P < 0.02) and 7,95 +--- 1.25 mol% (P < 0.001) 
in the 0.0~mL and 0.5-roT, groups, respectively. Mice, which 
had already been immunized with sheep red blood cells 
(SRBC), were challenged by the injection of SRBC into the 
right-hind footpad. Intravenous injection into mice with 
0.5 mL of the emulsion immediately before the challenge 
almost completely suppressed IYrH response measured by 
the swelling of the right-hind footpads 24 h thereafter. This 
inhibitory effect on the DTH response was significant with 
as little as 0.05 mL of the emulsion, whereas a soybean oil 
emulsion was not effective at all. In conclusion, intraven- 
ons injection of a DGLA emulsion increased DGLA con- 
centrations in immune cells within I h and suppressed the 
DTH reaction. 
Lipids 28, 873-876 (1993). 

Dihom~y-linolenic acid (20:3n-6~ DGLA) is an elongation 
product of y-linolenic acid (18:3n~, GLA). DGLA is further 
converted to arachidonic acid (20:4n-6, AA) through A5 d e  
saturation. DGLA is also the precursor fatty acid of pr~ 
staglandin E1 (PGE1), which has immunosuppreesive ef- 
fects through increase in intracellular cyclic adenosine mona 
phosphate (AMP) levels (1). In vitro administration of 
DGLA depresses interleukin-2 (IL-2) production by human 
peripheral mononuclear lymphcmyt~ (2) and the prolifera- 
tion of human synovial cells also by increasing their cyt~ 
solic cyclic AMP levels (3). In additior~ oral administration 
of DGLA has been shown to depress human platelet ag- 
gregation (4-6). 

Delayed-type hypersensitivity (DTH) response is one of 
the T cell-mediated immune responses (7) and is probably 
related to allograft rejectiov In the present study we foz- 
mulated an injectable emulsion of DGLA and examined the 
effect of its injection on DTH response We also checked how 
quickly injection of the emulsion changed the fatty acid 
composition of mouse spleen cells and plasm& 

MATERIALS AND METHODS 
Materials. Female BALB/c mice (6-8 wk of age) were pur- 
chased from Sankyo Labo Service (Toky(~ Japan). They 

*To whom correspondence should be addressed at the First Depart- 
ment of Internal Medicine, Toyama Medical and Pharmaceutical 
University, 2630 Sugitani, Toyama-shi, Toyama 930-01, Japan. 
Abbreviations: AA, arachidonic acid; AMP, adenosine monophos- 
phate; ANOVA, analysis of variance; DGLA-TG, tridihomo-y-lino- 
lenoyl-glycerol; DGLA, dihomo-y-linolenic acid; DTH, delayed-type 
hypersensitivity; FFA, free fatty acid; GLA, y-linolenic acid; HBSS, 
Hank's balanced salt solution; IL-2, interleukin-2; LT, leukotriene; PL, 
phospholipid; PG, prostaglandin; SRBC, sheep red blood cell; TLC, 
thin-layer chromatography. 

were housed in groups of five in a temperature, light- and 
humidity-controlled room. They were fed standard chow 
and tap water ad libitum throughout the experiments. 
Tfidihomo-y-linolenoyl-glycerol (DGLA-TG) {purity >95%} 
was kindly donated by Idemitsu Petrochemical Ca {Toky~ 
Japan) and emulsified according to the method of Geyer 
et al. (8). One hundred mL of the emulsion contained 10 
g of DGLA-TG, 1.2 g egg yolk lecithin (Asahi Chemicals, 
Toky~ Japan) as an emulsifier and 2.5 g glycerol. A 10% 
soybean oil emulsion (Intralipid) was generously donated 
by Otsuka Pharmaceuticals (Toky~ Japan). Sheep red 
blood cells (SRBC) purchased from Nippon Bio-Sup 
Center (Toky(~ Japan) were washed three times and re- 
suspended in sterilized saline just  before use  

Measurement of DTH response. Mice were primed by 
subcutaneous injection of 0.1 mL of a 10% SRBC sus- 
pension. Six days later, 50 ~L of a 20% SRBC suspension 
was injected into the right-hind footpad. Mice were in- 
jected with 0.05 or 0.5 mL of the DGLA-TG emulsion, 0.5 
mL of Intralipid, or 0.5 mL of a 2.5% glycerol solution 
through the tail vein, immediately before the second in- 
jection of SRBC. In order to inject 0.05 mL of the emul- 
sion, 0.5 mL was injected after the emulsion had been 
diluted 10 times with the glycerol solution. 

Twenty-four hours after the second injection of SRBC, 
the dorsoventral thickness of the right- and left-hind foot- 
pads of each mouse was measured three times with a ve~ 
nier caliper. The mean difference between both footpads 
was taken as the DTH response for each mouse 

Fatty acid analysis. A separate set of experiments was 
used for fatty acid analysis. Mice were injected similarly 
with 0.05 or 0.5 mL of the DGLA-TG emulsion without 
any SRBC injectiom The fatty acid composition of the 
spleen cell phospholipid (PL) and plasma free fatty acid 
(FFA) fractions was analyzed before the injection (0 h), 
and 1 and 6 h thereafter. Five mice were used at each time 
point and for each dose 

EthylenediAminetetraacetic acid-anticoagulated blood 
samples were taken from the retroorbital plexus under 
diethyl ether anesthesia, and plasma was obtained by cen- 
trifugatiom Spleens were also obtained immediately after 
the blood sampling. Each spleen was minced through a 
stainless steel mesh and suspended in cold Hank's bal- 
anced salt solution without phenol red (HBSS; Whittaker 
Bioproducts, Walkersvill~ MD). Contaminating red blood 
cells were lysed with a 34 mM tris(hydroxymethyl)amino- 
methane-NH4Cl buffer (pH 7.4), and spleen cells were 
washed three times with HBSS. Plasma and spleen cells 
were stored at - 80~  until fat ty acids were analyzed. 

The fatty acid composition of spleen cells and plasma 
was analyzed as follows: The total PL fraction of spleen 
cells and the FFA fraction of plasma were separated by 
thin-layer chromatography (TLC) on Silica Gel 60 plates 
(5 • 20 cm, 0.25 mm thick; Merck, Darmstadt, Germany) 
after total lipid extraction with chloroform]methanol 
(2:1, voYvol). After transmethylation with 6% sulfuric 
acid]methanol, fatty acid methyl esters of each fraction 
were analyzed using a GC-14A gas chromatograph (Shi- 
madzu, Kyot~ Japan) equipped with an SP-2330 capillary 
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column (30 m X 0.32 mm i.d.; Supelco, Bellefont~ PA). 
The temperature of the injection port was 250~ Column 
temperature was kept at 160~ for 10 min, then raised 
from 160 to 200~ at 4~ and then held at 200~ 
The detection was done by flame-ionization. Helium was 
used as a carrier gas at an inlet pressure of 0.56 kg/cm 2. 
Peaks were identified by comparison of retention times 
with those of authentic fatty acid standards (Sigma Chem- 
ical Co., St. Louis, MO). 

Statistics. The results are expressed as means +_ SD. 
The DTH response of the emulsion-injected groups was 
compared with that of the vehicle-injected group by an 
unpaired t-test with Bonferroni's adjustment after analy- 
sis of variance (ANOVA). Fatty acid concentrations after 
DGLA injection were similarly compared with those 
before the injection. In the case of spleen cells, Wilcoxon 
2-sample test was also performed with Bonferroni's ad- 
justment. In the case of plasma-free DGLA concentra- 
tions, data were log-transformed and compared using the 
unpaired t-test with Bonferroni's adjustment after 
ANOVA. P < 0.05 was taken as significant. 

RESULTS 

As shown in Figure 1, the injection of the DGLA-TG emul- 
sion immediately before the second injection of SRBC 
markedly suppressed DTH response as compared with 
vehicle injection, whereas Intralipid injection did not alter 
the response at all. The effect of the DGLA-TG emulsion 
was dose~dependent, and the DTH response was signifi- 
cantly inhibited, even with 0.05 mL of the DGLA-TG emul- 
sion {Fig. 1). 

Vehicle injection did not change the fatty acid composi- 
tion of either spleen cells or plasma {data not shown); 
therefor~ for simplicity's sake we compared the fatty acid 
composition before and after DGLA injection instead of 
comparing data after DGLA and vehicle injection at each 
time point and at each dos~ Changes in the fatty acid 
composition of the spleen cell PL fraction after DGLA 
injection are shown in Table 1. DGLA concentrations were 
significantly increased both I and 6 h after the injection 
at either dos~ AA concentrations were slightly, but sig- 
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FIG. I. The effect of a dihomo-y-linolenie acid (1)GLA) emulsion and 
a soybean oil emulsion (Intralipid) on delayed-type hypersensitivity 
(IYrH) response. The effect of intravenous administration of a 10% 
tridihomo-),-linolenoyl-glycerol emulsion on DTH response to sheep 
red blood cells (SRBC) was compared with tha t  of a 2.5% glycerol 
solution. For this purpose, 0.05 mL or 0.5 mL of the DGLA emul- 
sion, 0.5 mL of 10% Introlipid, or 0.5 mL of the glycerol solution 
was injected through the tail vein immediately before the second 
challenge of SRBC into the fight-hlnd footpad. Twenty-four hours 
later the thickness of beth hind footpads was measured three times. 
A mean difference (in ram) between the right and left footpad 
thickness was regarded as the DTH response. The DTH response 
of each group is expressed as mean --+ SD from five mice. Signifi- 
cant differences from the control group injected with 0.5 mL of the 
glycerol solution are shown by *P < 0.01 and **P < 0.001. 

nificantly, decreased I h after the injection in the 0.5-mL 
group only. 

Changes in DGLA concentrations in the plasma FFA 

TABLE 1 

Changes in Fa t ty  Acid Composition (mol %) of the Spleen Cell PL Fraction after DGLA Injection = 

0 h 0.05-mL injection 0.5-mL injection 

( n =  5) l h ( n =  5) 6 h ( n =  5) l h ( n =  5) 6 h ( n =  5) 

16:0 26.94 + 0.76 27.68 + 2.54 24.91 __- 0.53 26.55 __- 3.79 28.52 + 5.05 
18:0 15.60 + 0.72 17.10 + 0.30 e 15.33 - 0.49 14.44 __. 1.65 16.10 + 1.03 
18:1n-9 6.30 + 0.49 6.50 +_ 0.56 6.77 + 0.35 6.52 + 0.45 6.52 +- 0.32 
18:1n-7 2.87 + 0.15 2.98 _+ 0.12 2.83 + 0.24 2.76 + 0.22 3.01 +- 0.18 
18:2n-6 7.69 + 0.39 7.99 + 0.12 7.99 +_ 0.37 7.74 _+ 0.57 8.11 --+ 0.45 
20:3n-9 1.10 + 0.12 0.98 _+ 0.35 1.04 + 0.06 0.90 _+ 0.12 1.06 +-- 0.10 
20:3no6 1.21 + 0.13 2.09 _ 0.74 b 2.08 +_ 0.24 c 7.95 +-- 1.25 e 2.06 +-- 0.40f 
20:4n-6 17.42 + 0.60 16.55 _+ 0.48 17.51 +_ 0.80 15.69 +-- 0.49 d 16.86 + 1.08 
22:4n-6 1.71 + 0.10 1.66 + 0.08 1.75 +_ 0.12 1.30 +_ 0.73 1.60 +_ 0.24 
22:5n-3 1.84 + 0.10 1.90 + 0.23 1.94 "!"-- 0.13 1.57 +-- 0.26 1.80 _ 0.34 
22:6n-3 7.29 + 0.44 6.89 + 0.31 7.36 +_ 0.54 6.56 + 0.47 6.56 _+ 0.87 

aMice were injected with 0.05 or 0.5 mL of a 10% dihomo-),-linolenic acid (DGLA) emulsion through the tail 
vein. Spleen cells were obtained I or 6 h after the injection and analyzed for fat ty acid composition of their 
total phospholipid (PL) fraction by gas chroma.tography. Fat ty acids,.which comprised more than 1%, are listed. 
b-fData were compared with the 0-h group; op < 0.02; cp < 0.01; ap < 0.005; ep < 0.001 by unpaired t-test  
with Bonferroni's adjustment; and Ip < 0.05 by Wilcoxon 2-sample tes t  with Bonferroni s adjustment.  

LIPIDS, Vol. 28, no. 10 (1993) 



INJECTION OF DGLA INTO MICE AND ITS EFFECTS ON DTH 

875 

100- 

~ ,~  50- 

< 
._1 
(..9 
D 
( l )  IO- 

I.L 

E 
O r ) 

n 

-]- 

Oh l h  6h 

FIG. 2. Comparison of plasma free dihomo-7-1inolenic acid (DGLA) 
concentrations before (the 0-h group, white column) and after the 
injection of 0.05 mL {grey columns) or 0.5 mL (black cob,ran) of a 
10% tridihomo-),-linolenoyl-glycerol emulsion. Data were log-trans- 
formed. Significant difference from the 0-h group is indicated by 
*P < 0.01. 

fraction are shown in Figure 2. The concentrations were 
significantly increased I h after the injection in the 0.05- 
mL group. We could not successfully analyze the plasma 
FFA fraction 1 h after the injection in the 0.5-mL group 
because the excessive amount of DGLA-TG present in 
plasma samples made it difficult to separate FFA from 
DGLA-TG by TLC. 

DISCUSSION 

A number of studies have been concerned with the effects 
of orally administered DGLA in animals {4,6) and in hu- 
mans (4,5,9). However, the effect of intravenously injected 
DGLA, except for our recent work (10), had not been 
studied previously. 
As shown in Figure 1, DTH response was suppressed 

by a single injection of a DGLA emulsion immediately 
before the second SRBC injection. The mechanism of ac- 
tion of DGLA is not clear at present, although conceivable 
mechanisms are discussed below. 
The plasma-free DGLA concentrations were drastically 

increased to about 50 ~ at I h after the injection of 0.05 
mL of the DGLA emulsion. Taking into account that the 
IDs0 concentrations of DGLA for Ilr2 production are 
about 30 ~ (2), IL-2 production around the SRBC-in- 
jected footpad appears to be reduced in the 0.05-rnL group 
The rate of reduction in IL-2 production may be even 
greater in the 0.5-mL group than in the 0.05-mL group. 
Because Thl clones, which are significantly involved in 
DTH in mice (7), proliferate in response to II~2 (11), the 
reduction in II~2 may be at least partly involved in the 
anti-inflammatory action of DGLA. 
DGLA is a substrate of cyclooxygenase, and the rate 

of conversion of DGLA to E-series PG (PGEI) is greater 
than that of AA to PGE2 {12). Actually, oral adminis- 
tration of DGLA resulted in increased PGE] output by 
a renal papilla preparation of rabbits (13) and human 
platelet-rich plasma (5). PGEI is a well-known immunc~ 

suppressant (I) and depresses the expression of the class 
II histocompatibility complex (la molecules) (14). On the 
other hand, the conversion of DGLA to thromboxane 
(TX), which is an antagonist of PGE] in terms of im- 
mune response (14), was reported to be negligible (15,16). 
Also, the effect of TXAI synthesized from DGLA was 
reported to be much less pronounced than t;hat of TXA2 
{15). Moreover, in vivo DGLA administration inhibits 
TXA 2 production (17). Taken together, DGLA appears to 
be a potent immunosuppressive fatty acid. 

In addition to cyclooxygenase products, lipoxygenase 
products are also involved in immune response (18). Due 
to the absence of a double bond at C-5, DGLA is not a 
substrate of 5-1ipoxygenase (19), and thus leukotrienes 
(LT) are not synthesized from DGLA except for the isomer 
of LTC 3 that is oxygenated at C-8 {20). We recently ob- 
served that the intravenous administration of the same 
DGLA emulsion used in the present study reduced LTB 4 
production by rat peritoneal resident macrophages within 
6 h by one-half (10). Guichardant et aL (21) also observed 
that supplementation with DGLA inhibited LTB4 prc~ 
duction by human leukocytes in vitru Because LTB4 
augments IL-1 production (22) and complements II~2 ac- 
tivity (23), it is conceivable that the inhibitory effect on 
LTB4 production is one of the mechanisms for suppres- 
sion of DTH respons~ LTB 4 may be involved in any of 
the steps of DTH response with or without intervening 
in cytokine production. 
The increased free DGLA levels in plasma after DGLA 

injection probably affect the PL fatty acid composition 
of local lymph nodes near footpads. In preliminary ex- 
periments we tried to determine the fatty acid composi- 
tion of local lymph nodes. However, the nodes were too 
small to yield reliable fatty acid compositional dat& In- 
stead of measuring the fatty acid composition of lym- 
phocytes of the local lymph nodes, we determined the 
fatty acid composition of the PL fraction of spleen cells. 
As shown in Table i, DGLA was quickly increased in both 
the 0.05-mL and 0.5-mL groups. It is likely that similar 
changes took place in local lymphocytes affecting lym- 
phocyte function. 
Horrobin (24) has reported the effects of evening prim- 

rose oil containing GLA. The mechanism of the effect of 
GLA administration is probably through the elongation 
of GLA to DGLA. It also takes a few weeks upon oral 
administration of GLA to observe an effect {24). In this 
case, intravenous injection of DGLA seems superior to 
that of primrose oil. Emulsified lipids are also taken up 
preferentially by inflammatory tissues (25), which helps 
in the accumulation of DGLA in those tissues in which 
DGLA takes effect. 

If in the future DGLA emulsions should clinically be 
applied to patients that require a rapid correction of DTH 
response, as is the case in allograft rejection, the present 
observations could provide basic information about the 
doses required and the pharmacoldnetics of such emul- 
sions. 
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Cardiolipin (CL) is found in inner mitochondrial mem- 
branes and the plasma membrane of aerobic prokaryotes. 
CL is tightly bound to those transmembrane enzymes 
associated with oxidative phosphorylation. CL has earlier 
been reported to have a single pK at low pH. We have 
titrated CL in aqueous suspension (bilayers) and in solu- 
tion in methanol/water (1:1, vol/vol) and found it to display 
two different pK values, pK1 at 2.8 and pKz initially at 
7.5 but shifting upwards to 9.5 as the titration proceeds. 
The unusually high pKz might be explained by the for- 
mation of a unique hydrogen bond in which the free 
hydroxyl on the central glycerol forms a cyclic intra- 
molecular hydrogen-bonded structure with one pre~ 
tonated phosphate (P~)H group). We have therefore chem- 
ically synthesized the 2'~ieoxycardiolipin analogue, which 
lacks the central free hydroxyl group, and measured its 
pHqiissociation behavior by potentiometric titration, 
under the same conditions as those for CL. The absence 
of the hydroxyl group changes the titration dramatically 
so that the deoxy analogue displays two closely spaced 
low pK values (pKI = 1.8; pK2 = 4.0). The anomalous 
titration behavior of the second dissociation constant of 
CL may be attributed to the participation of the central 
glycerol OH group in stabilizing the formation of a cyclic 
hydrogen-bonded monoprotonated form of CL, which may 
function as a reservoir of protons at relatively high pH. 
This function may have an important bearing on proton 
pumping in biological membranes. 
Lipids 28, 877-882 (1993). 

Almost a century ago, Wasserman et aL (1) reported the 
finding of "specific" antibodies in the sera of syphilitic 
patients by using the antigen in alcohol extracts from the 
spleen of a syphilitic fetus. Within a few years, Browning 
et al. (2) established that the antigen could be extracted 
from a variety of tissues, and Noguchi (3) discovered that 
the ether-soluble antigen was precipitable by acetone, a 
characteristic of phospholipids. The latter observation 
provoked Pangborn (4) to isolate and purify the antigen 
from beef heart by means of the Wasserman antibody 
assay. She named the isolated antigen "cardiolipin" (CL) 
and subsequently chemically characterized it as an 
acylated polyglycerolphosphate complex {5). CL was soon 

*To whom correspondence should be addressed. 
Abbreviations: BH, beef heart; CL, cardiolipin (diphosphatidyl- 
glycerol); CL-BH, cardiolipin from beef heart; 18:0-CL (H2-CL- 
BH), hydrogenated beef heart cardiolipin; H2-CL-EC, hydroge- 
nated cardiolipin from E. coli; cy-17:0 and cy-19:0, 9,10-methylene- 
hexadecanoic and octadecanoic acid, respectively; DAG, diacyl- 
glycerols; dCL, 2'-deoxycardiolipin {diphosphatidyl-l,3-propanediol); 
16:0-dCL, synthetic deoxycardiolipin with palmitoyl (16:0) as acyl 
groups; DPG, dipalmltoylglycerol; DPPA, dipalmitoyl phosphatidic 
acid; FAB-MS, fast-atom bombardment mass spectrometry; FTIR, 
Fourier transform infrared spectroscopy; GLC, gas-liquid chroma- 
tography; NMR, nuclear magnetic resonance; PA, phosphatidic acid; 
PPD, phosphatidylpropanediol; PPOP, phosphatidylpropanediol- 
phosphate; TLC, thin-layer chromatography. 

found to be present not only in mammals but in bacteria 
and plants {6-8). 
Although CL was one of the first membrane lipids to 

be isolated in pure form, its structure proof and synthesis 
were not achieved until the 1960s. Le Cocq and Ballou {9) 
established its structure and configuration as di-O- 
(sn-3-phosphatidyl)-sn-l',3'-glycerol {Fig. 1). The total syn- 
thesis of CL was soon achieved by de Haas et aL (10). 

Few et aL {11), in a classic paper in which they measured 
pK values of surface charges of suspensions of bacterial 
cells and cell lipid extracts by microelectrophoresis, deter ~ 
mined the pKa of a sample of CL obtained from Pang- 
born. The pKa of CL they reported was 1.05. They also 
found that the lipids of Micrococcus lysodeikticus dis- 
played a pKa of 0.4. A curious feature of the titration 
curves obtained by Few et aL (11) was that unlike those 
of the M. lysodeikticus cells and the lipids, the CL titra- 
tion continued to rise after the observed endpoint. 

Shortly thereafter, Coulon-Morelec et al. (12) also 
reported a single pK below pH 4.0 for CL based on titra- 
tion in ethanol solution using indicator dyes. In a more 
recent study, Seddon et aL (13) reported a pK of 2.8 based 
on the pH dependence of phase changes. In all three 
measurements, it was assumed that there is only one pK 
for the two phosphate protons, presumably because the 
molecule is symmetrical. This view is widely held in the 
literature {14-16). 

CL has a variety of unique physical and chemical prop- 
erties. Unlike most phospholipids, it readily forms a hex- 
agonal II(HII) phase {17), which is easily characterized by 
3zp nuclear magnetic resonance (NMR) (18). This 

RCO = 18:0 

R-CO-O-CH 2 H2~-O-CO-R 
I 

R-CO-O-C-H H-C-O-CO-R 

C[ H2-O-PO-O-CH2CHCH2-O-~O.-C[H2 

g o. 
Hydrogenated cardiolipin (CL) 

RCO = 16:0 

R-CO.-O-CH 2 H2~-O-CO-R 
I 

R-CO-O.-C-H H-C-O-CO-R 
I I 

CH2-O-PO-O-CH2CH2CH2-O-PO-O-CH 2 

I I 
OH OH 

2"-Deoxycardiolipin (dCL) 

FIG. I. Chemical structures of CL and dCL. 
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R-CO-O-ill2 

R-CO-O-C-H 
I 

CH2-O-PO-(OH)2 + HOCH2CH2CH2OH 

Phosphatidic acid 

Hz~-O-COR 

H-C-O-CO-R 
I 

+ (HOh-PO-O-CH2 

Phosphatidic acid 

)yridine/CCl3-CN 

R-CO-O-CH 2 H2C-O-CO-R 

I J 
R COOC. .c co. 

1"12- "1 - 2CIt2C 2-0-~ 0-0-CIt2 

OH OH 

RCO = 16:0 2'-Deoxycardiolipin (dCL) 

FIG. 2. Scheme for the synthesis of 2'~ieoxycardiolipin. 

characteristic is promoted by a fatty acid chain composi- 
tion rich in polyunsaturated fatty acids, as is found in 
mitochondrial CL. A lesser known and more poorly under- 
stood chemical quality is the low degree of accessibility 
of the free hydroxyl group to acetylation in pyridine us- 
ing vigorous conditions (19,20). In this connection, recent 
Fourier transform infrared (FTIR) studies of CL have 
shown (21) that the central free hydroxyl group can form 
intramolecular hydrogen bonds with the phosphate 
groups, which might explain the difficulty in acetylating 
the C-OH group. 

In mitochondria, CL is located largely on the matrix 
side of the inner membrane (for a review, see Ref. 22). CL 
is known to bind tightly to inner mitochondrial mem- 
brane-bound enzymes, such as cytochrome oxidase {23}, 
the FoFxATPase {24), and the ADP/ATP exchange protein 
{25), and to play an essential role in the optimal function- 
ing of cytochrome c oxidase (26) and FoF~-ATPase {27,28}. 
Nonetheless, the specific role of this lipid still requires 
clarification. 

Knowledge of the pH-dissociation characteristics of CL 
may be of interest in connection with its biological 
structure-function relationships, particularly that of a 
proton reservoir in energy transducing membranes. We 
therefore examined the pH potentiometric titration of CL 
and found that, instead of titrating as a simple dibasic 
acid, it displayed two widely separated pK values, one at 
2.8 and a second, anomalous pK above physiological pH. 
In order to explain the existence of the second pK, we syn- 
thesized 2'-deoxycardiolipin (dCL) (Figs. 1 and 2). This pe r~ 
mitted us to examine the role of the central free hydroxyl 
group of the connecting glycerol in the anomalous CL 
titration. The dCL titrated as a typical dibasic acid with 
two closely spaced pK values below pH 4. Comparison of 
the titration behavior of dCL and CL suggests that the 
free hydroxyl of the connecting glycerol in CL participates 
in stabilizing the monoprotonated form of the CL 
molecule, thus enabling it to function as a proton reser- 
voir at high pH {see Discussion section}. 

MATERIALS AND METHODS 

Chemicals. All solvents were glass distilled prior to use, 
except for pyridine and triethylamine, which were dried 
over fresh potassium hydroxide pellets and used without 

distillation. Dipalmitoyl phosphatidic acid (DPPA, di- 
sodium salt) and Escherichia coli CL [Na salt; fatty acid 
analysis by gas-liquid chromatography (GLC): 16:0, 
43.0%; cy-17:0, 24.2%; cy-19:0, 20.6%; 14:0, 1.4%; 16:1, 
1.6%; 18:0, 1.6%; 18:1, 5.2%] were purchased from Sigma 
Chemical C~ (St. Louis, MO); beef heart (BH) CL (Na salt) 
was purchased from Sigma {fatty acid analysis by GLC: 
18:1, 6.7%; 18:2, 92.2%; 16:0, 0.5%; 16:1, 0.4%; 18:0, 
0.2%) or from Avanti (Pelham, AL). Adams' catalyst 
(PtO~'xH20, Gold label), 1,3-dibromopropane and tri- 
chloroacetonitrile were purchased from Aldrich Chemical 
Ca {Milwaukee, WI). 
Hydrogenation ofCL. CL-BH (ca- 25 rag) or E. coli CL 

(ca. 13 mg) were hydrogenated in methanol (10 or 5 mL, 
respectively) in the presence of 170 or 100 nag, respectively, 
of Adams' catalyst in an all-glass hydrogenator by stirr- 
ing in an atmosphere of hydrogen gas at room temperature 
(22-24~ until uptake of hydrogen ceased {ca. 2-3 h). The 
mixture was centrifuged, and the platinum catalyst 
washed twice with 1 mL of chloroform]methanol (1:1, 
vol/vol). The combined supernatants were diluted with the 
appropriate amounts of chloroform and 0.2N HC1 {final 
ratio, chloroform]methanol]water, 1:2:0.8, by vol} to form 
a biphasic system {29}; the chloroform layer was removed, 
neutralized by addition of 1 N ammonium hydroxide in 
methanol, diluted with benzene and concentrated to a 
small volume under a stream of nitrogen. The ammonium 
salt of hydrogenated CL was then precipitated by the ad- 
dition of 10 vol of acetone and cooling at -10~ it was 
collected by centrifugation, reprecipitated from chloroform 
by addition of acetone, washed with cold acetone and 
finally dried in vacua" the yield of hydrogenated CL was 
80-85%; thin-layer chromatography (TLC) l~, 0.48 in sol- 
vent A (R~ of unhydrogenated CL, 0.48}. Fatty acid 
analysis by GLC: BH hydrogenated CL (H2-CL-BH): 
14:0, 1.0%; 16:0, 9.3%; 16:1, 2.5%; 18:0, 76.6%; 18:l(t), 9.4%. 
E. coli hydrogenated CL {H2-CL-EC): 14:0, 2.8%; 16:0, 
50.5%; c:~17:0, 19.1%; 18:0, 8.9%; cy-19:0, 12.9%. Positive 
fast-atom bombardment mass spectrometry (FAB-MS) 
of H2-CL-EC showed major ion peaks at 523, 551, 563, 
579, 591 and 607 m/z, corresponding, respectively, to 
14:0/14:0, 16:0/16:0, 16:0]cy-17:0, 16:0/18:0, 16:0/cy-19:0 and 
18:0/18:0 molecular species of diacylglycerols (DAG), con- 
sistent with the fatty acid analytical da ta  Negative 
FAB-MS did not yield any diagnostic ion peaks. 

Chromatography. TLC of CLs and the deoxy analogue 
was carried out on 20 • 20 cm plates coated with silica 
gel 60A K6 {0.25 mm thick; Whatman International Co., 
Maldstone, England) using chloroform]methanol]conc. 
(14M) ammonium hydroxide (65:35:5, by vol) as solvent 
(Solvent A). GLC of fatty acid methyl esters, prepared by 
methanolysis of CL or dCL samples in methanolic HC1 
(30), was carried out on a column of SP-2330 (Supelco, Ina, 
Bellefonte, PA) at I85~ on a PYE Unicam (Cambridge, 
England) gas chromatograph. 

Physical measurements. 1H and 13C NMR spectra were 
measured in CDC13 on a Bruker (Karlsruhe, Germany) 
CXP-300 spectrometer. FAB-MS was carried out on a 
VG-7070E (Vacuum Generators, Inc., Manchester, 
England) mass spectrometer with digital RL 02 data 
system and printonic printer. 

Potentiometric titration. Samples (6-15 mg, 4-11 
~noles) of H2-CL-BH, H2-CL-EC, or 16:0-dCL, were con- 
verted to their respective protonated form using an 
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acidified Bligh and Dyer (29) procedure (see Ref. 30) and 
suspended in 2 mL of 0.05 M KC1 by vortexing and sonica- 
tion with a needle tip sonicator (Sonic Dismembranator, 
Quigley-Rochester, Inr Rochester, NY). The samples of 
free acids formed milky-to-translucent dispersions in 0.05 
M KC1, which were titrated with 0.05N KOH in 0.05 M 
KCI using a glass electrode, accurate over the pH range 
2-12, and a pH meter (Radiometer, Copenhagen, Den- 
mark). The KOH solution was delivered in increments 
with a syringe microburet (1 mL; Micro-Metric Instru- 
ment Co., Cleveland, OH). In some experiments, samples 
were sonicated in a cup horn type sonicator (Ultrasonics, 
Ina, Model W-385, Plainview, NY), with a Lauda K-2/R 
water circulator (Brinkrnann Instruments, Westbury, NY), 
and titrated with an Orion digital pH meter (Model 601A) 
with a microelectrode (Microelectrodes Inc., Model 
No. MI-410, Londondery, NH), using a Hamilton syringe 
(2 mL) and a syringe pump (Razel Scientific Instruments, 
Stamford, CT) for constant delivery of the aqueous 
0.05M KOH. 

Titrations were also done on solutions of the protonated 
forms of CL or dCL (4-9 ~moles) in 2 mL of metha- 
nol/aqueous 0.05 M KC1 (1:1, vol/vol). I t  was difficult to 
suspend the free acid form of the natural, unsaturated 
BH-CL in water by sonication and vortexing. This lipid 
was therefore titrated only in methanol/0.05 M KC1 (1:1, 
vol/vol). 

All titrations were done at room temperature (22-24~ 
and care was taken to minimize exposure of samples to 
pH conditions above 8. Total consumption of alkali was 
in the range of 95-105 and 85-100% of the theoretical 
values calculated for CL and dCL, respectively. Immedi- 
ately after titration, samples were recovered (85-100%, 
depending on the fatty acid composition) by acetone 
precipitation of the ammonium salt form (30); little or no 
degradation was observed by TLC using Solvent A. 

Titration curves were computer-simulated using the 
general equation (31) for either monoprotic or diprotic 
systems. For the CL titrations, the curve after the first 
endpoint was calculated according to the approxi- 
mation: 

pH = pKa(eff) + log{tA-]/[HA]} [1] 

where pK~(eff), the effective pKa, varies as the titration 
of CL proceeds. In this case, it is not a constant as it is 
in the general equation (31). The theoretical curve for dCL 
was calculated on the basis of the equation: 

yb = V a ay -- V b t3F a -t- FaVaa [2] 
a(FbT) 

where V b = volume of base added; Va = initial volume 
of acid; F a = initial formality of the acid; F b -- normality 
of base; a = (H2)/(K1K2) + (H)/(K2) + 1;/3 = (H2)/(K1K2) 

- 1; and y = (Kw)/(H) - H; H = [H +] and K1 and K2 = 
the first and second dissociation constants of a diprotic 
acid. 

The water-soluble phosphate esters, glycerol-l,3-diphos- 
phate and 1,3-propanediol-l,3-diphosphate, were titrated 
in water as described for CL and dCL. 

Syntheses of glycerol-l,3-diphosphate. Glycerol-l,3-di- 
phosphate was synthesized as described previously (32) 
by condensation of 1,3-dibromo-2-palmitoyloxypropane 

with silver dibenzylphosphate (33) followed by removal of 
the benzyl groups by catalytic hydrogenolysis (Pd/C) and 
the palmitoyl group by mild alkaline hydrolysis; the prod- 
uct was isolated as the dibarium salt and converted to the 
free acid by treatment with Dowex-50 (H+) ion~xchange 
resin and to various salt forms by neutralization with the 
appropriate base (32). 

Synthesis of 1,3-propandiol-l,3-diphosphate. 1,3-Pro- 
pandiol-l,3-diphosphate was synthesized by a procedure 
analogous to that  for glycerol-l,3-diphosphate, in which 
1,3-dibromopropane (0.377 g, 1.87 retool) was condensed 
with silver dibenzylphosphate (1.4 g, 3.6 mmol) in anhy- 
drous benzene (13.5 mL) under reflux with stirring for 
24 h, followed by hydrogenolysis of the benzyl groups of 
the blocked product in ethanol (4 mL) with Pd/C catalyst 
(200 mg). The final product was isolated as the dibarium 
salt (28.4 rag, 0.055 mmol; 3% yield) and converted to the 
free acid form and to other salt forms as described for 
glycerol-l,3-diphosphate (32). 

Synthesis of 2'-deoxy-cardiolipin (16:(~dCL). The syn- 
thesis of 16:0-dCL was carried out as summetrized in 
Figure 2. DPPA disodium salt (67 rag, 0.1 mmol) was con- 
verted to the free acid form (30), dried in a desiccator over 
KOH pellets, mixed with an excess of 1,3-propanediol 
(140 mg, 1.84 mmol) and dissolved in dry pyridine or 
triethylamlne (10 mL) at 50~ The condensation was then 
brought about by adding trichloroacetonitrile (4 mL) to 
the clear tan solution and stirring in a nitrogen at- 
mosphere at 50~ for 20 h (34). The dark brown mixture 
was diluted with an equal volume of benzene, concentrated 
in a rotary evaporator at 40-50~ and dried in a desic- 
cator over concentrated sulfuric acid and then KOH 
pellets. The black residue was dissolved in 12 mL of 
chloroform/methanol (1:1, vol/vol), diluted with 5.4 mL of 
1 N HCI and the mixture was centrifugecL The chloroform 
layer was removed, washed with an equal volume of 
methanol/water (10:9, vol/vol), made alkaline with 0.2 N 
ammonium hydroxide in methanol and concentrated to 
dryness in vacua The residue was dissolved in 0.5 mL of 
chloroform, diluted with 5 mL of acetone, and cooled on 
ice The black precipitate of crude product, 16:0-dCL, was 
centrifuged, washed with cold acetone and reprecipitated 
from a small volume of chloroform (0.5 mI,) by the addi- 
tion of 10 vol of cold acetone The combined acetone super- 
natants were concentrated to a small volume and diluted 
with acetone to yield a second crop (yield of combined 
crops, 36.5 rag). 

This crude 16:0-dCL, containing unreactied DPPA, was 
purified by preparative TLC using Solvent A, eluted from 
the silica with chloroform]methanol/water (1:2:0.8, by vol) 
and isolated as the ammonium salt as described above. 
The yield of TLC-pure 16:0-dCL ammonium salt was 14 
mg (0.01 mmol, 10% from DPPA); Rf 0.60 in Solvent A. 
Fatty acid analysis by GLC: 14:0, 1%; 16:0, 95.5%; 16:1, 
1%; 18:0, 1.6%; 18:1, 0.9%. ~H NMR (CDCIs): 0.86 (t, ter- 
minal CH3, 12H), 1.23 [acyl CH2, C-4 to C-(r - 1), 96H], 
1.55 (acyl C-3, 8H), 1.77 (s, unidentified, 4H), 2.08 (broad 
single peak, HOH), 2.28 (t, acyl C-2, 8H), 3.67 (s, unidenti- 
fied, 3H), 3.9 (rn, CH2-O-P, 8H), 4.13 (t, P-O-C-CH2-C-O-P, 
2H), 4.33 (d, CH2-O-acyl, sn-l-glycerol, 4H), 5.18 (t, CH- 
O-acyl, sn-2-glycerol, 2H). Negative FAB-MS: 811 (uniden- 
tiffed, possibly [M - dipalmitoylglycerol (DPG) + OH 
+ Na - HI- or [phosphatidylpropanediol phosphate 
(PPDP) + Na - H]-); (base peak) 705 [M - H - 
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DPPA + H20 ]- or [phosphatidylpropanediol (PPD) - 
H]-; 647 [M - PPD + OH]- or [DPPA - H]-; Positive 
FAB-MS: 707 [M - DPPA + H30]+; 551 [M - PPDP 
+ H] + or [DPG - OH]+; calcd, for 16:0-dCL (free acid), 
C73H142016P2, M = 1336; PPDP, C3sH76012P2, M = 786; 
PPD, C3sHTsO9P, M = 706; DPPA, C35HegOsP, M -- 648; 
DPG, C3sH6sO 5, M = 568. No parent ion peak for 
16:0-dCL was detected by negative or positive FAB-MS. 

The free acid form of 16:0-dCL was prepared by the 
acidified Bligh and Dyer (29) procedure (see Ref. 30). The 
sodium salt was prepared by titration of the free acid form 
of 16:0-dCL0 with 0.05N NaOH in methanol to pH 7.5, 
followed by precipitation from chloroform solution with 
acetone. 

Synthesis of the unsaturated deoxy analogue of CL. A 
synthesis of the unsaturated deoxy analogue of CL was 
carried out as described above for 16:0-dCL, but  starting 
with commercial phosphatidic acid (PA) (0.08 mmole) 
derived from egg lecithin (Serdary, London, Ontari~ 
Canada). The yield and TLC Rf values of the unsaturated 
dCL (yellow oil) were the same as for 16:0-dCL. Fatty acid 
composition: 14:0, 0.4%; 16:0, 39.2%; 16.1, 1.9%; 18:0, 
10.9%; 18:1, 36.2%; 18.2, 9.8%; 18:3, 0.2%. ~H NMR: 0.86 
(t, terminal CH3, 12 H), 1.23 (acyl-CH2, C-4 to C-(~ - 1), 
92 H), 1.56 (acyl C-3, 8 H), 1.75 (s, unidentified, 4 H), 2.00 
(q, allylic methylene, 8 H), 2.28 (q, acyl C-2, 8 H), 2.76 (t, 
diallylic methylene, 2 H), 3.70 (s, unidentified, 4 H), 3.96 
(m, CH2-O-P, 8 H), 4.17 (q, PO-C-CH2-C-OP, 2 H), 4.39 (d, 
CH2-O-acyl, sn-l-glycerol, 4 H), 5.21 (t, H-C-O-acyl, 
sn-2-glycerol, 2 H), 5.32 (m, olefinic C-H, 5 H). 

RESULTS 

Syntheses. Because of the symmetry of the 2'-deoxy ana- 
logue of CL {16:0-dCL), its synthesis could be achieved 
by a single-step condensation of di-16:0-PA with 1,3- 
propanediol in the presence of pyridine or triethylamine 
and trichloroacetonitrile {Fig. 2). The 16:0-dCL was ob- 
tained in about a 10% overall yield but was contaminated 
with a black substance that co-precipitated with it and 
could only be removed by preparative TLC in Solvent A. 
The 16:0-dCL had a much higher mobility on TLC (1~ 
0.60) in Solvent A than either natural CL or the hydrog~ 
nated CL (Rf 0.48), which can be attributed to the 
absence of the central OH group. Both the IH NMR and 
the FAB-MS spectra were consistent with the expected 
chemical structure of the dCL (Fig. 1). Under the condi- 
tions used here for FAB-MS, 16:0-dCL did not show a 
parent ion peak, the only negative ion peaks observed 
being those for the cleavage products, DPPA, PPD and 
possibly PPDP. 

Potentiometric titratior~ H2-CL-BH (18:0-CL) formed 
bflayer phases in either sonicated aqueous dispersion or 
in methanol/water (1:1, vol/vol) (21). On titration (Fig. 3), 
18:0-CL showed the presence of one strong acid group, 
with apparent pK = 3.2, accounting for one equivalent 
of acid per mole, and a weak acid group with a surpris- 
ingly high pK accounting for a second equivalent of acid. 
The titration curve of the tmhydrogenated BH-CL in 
methanol/water (1:1, vol/vol) was virtually superimposable 
on that of the 18:0-CL in water. Titration of the former 
in aqueous medium was not possible because this phos- 
pholipid forms hexagonal II phased dispersions in water 
(21), in which the polar head groups are not available for 

titration. In contrast, 16:0-dCL titrated as a normal di- 
basic acid in either sonicated aqueous dispersion {Fig. 3) 
or in methanol/water (1:1, vol/vol) (data not shown). It 
titrates two equivalents of base with an apparent pK of 
about 3. 

Computer~simulated titration curves. An attempt was 
made to obtain more precisely the pK values of 18:0-CL 
{Fig. 3) by computer simulation assuming reasonable 
values for both the lower pK and the upper pK. It was 
apparent that this was not possible since a single value 
for pK~ could not be obtained. As is shown in Figure 4, 
the experimental data crossed through a family of theo- 
retical curves corresponding to pK2 values varying from 
7.5 to 9.5. Furthermore these values fit the lower portion 
of the curve best when pK1 was assumed to be 2.8. It can 
be seen that the experimental curve differs from the 
theoretical curves by a "flattening" that is expected for 
titrations at polyanionic surfaces, on the basis of the 
calculations made by Tanford and Kirkwood (35) from 
Gouy-Chapman considerations. The second pK of CL ap- 
pears to follow the formula: pK2 = 7.5 + (fractional 
equivalent/2), approximating a linear increase in its pK 
value between 7.5 and about 9. CL thus "buffers" the pro- 
tons throughout this range, entrapping protons up to a 
pH of 9.0 or greater. 

In contrast, the titration of 16:0-dCL (Fig. 3) can be 
computer-stimulated (Fig. 5) by a theoretical curve for a 
typical dibasic acid having two strongly acidic groups 
with a pK1 of 1.8 and pK 2 of 4.0. The "flattening" of the 
experimental curve here can also be accounted for by the 
surface charge effects desribed by Tanford and Kirkwood 
(35). Unlike the CL titration which displays an actual shift 
in the pK 2, dCL exhibits only a slight flattening of its 
titration curve (Fig. 5). This shows that the Gouy- 
Chapman effects are insufficient to provoke the dramatic 
pK2 shift observed with CL (Fig. 4). It should also be 
noted that the results of Few et at (11) show an upward 
drift after the pK1 not unlike the titration reported hera 
Few et at (11) obtained BH mitochondrial CL from 
Pangborn (5). Since there is no mention of hydrogenation, 
we must assume the CL was polyunsaturated and hence, 
we cannot be certain of the state of the CL (HH, bilayer, 
eta). Nevertheless, the upward drift of the titration curve 
obtained by Few et at (11) appears to be consistent with 
our results. 

Two other "titrations" have been reported in the litera- 
ture for cardiolipin. Seddon et aL (13) reported a pK below 
2.8 based upon the pH dependence of phase changes. This 
measurement could not be expected to detect a second 
pK unless there was a discrete phase change associated 
with it. These investigators assumed at the outset that 
there was only one pK and that CL is dibasic (16). The 
other attempt to measure the pK of CL (12) was made by 
titration in ethanol solution using indicator dyes. In this 
case a single pK was reported to be below 4.0 although 
a precise number could not be assigned. 

Finally, the glycerol-l,3-diphosphate and 1,3-propane ~ 
diol-l,3<liphosphat~ model compounds for the polar head- 
groups of 18:0-CL and 16:0-dCL, respectively, both titrated 
as tetrabasic acids having two strong acid groups with 
pK 2.25 or 2.35, respectively, and two weak acid groups 
with pK 6.3 or 7.1, respectively (data not shown). The free 
hydroxyl on the glycerol-l,3-diphosphate does not appear 
to alter significantly the titration characteristics of the 
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phosphate groups since the propanediol-l,3-diphosphate 
displays essentially the same titration curve However, see 
the discussion that follows. 

DISCUSSION 

The titration of the 18:0-CL presented in this paper is ap- 
parently the first electrometric titration of CL. Unlike 
previous attempts to titmte CL (11-13), the present mea- 
surements specifically examine the number of equivalents 
titrated at each pK. Our titration yielded two significant 
and surprising results. The first is that there are two pK 
values, the second pK (pK 2) being above physiological 
pH even at its lowest value The second unexpected result 
is that the pK2 itself changes rather dramatically as the 
titration proceeds. Furthermore, we have shown that in 
view of the comparison of the titration of CL to that of 
the dCL both of these unexpected results are due to the 
presence of the free hydroxyl on the connecting glycerol 
in CL. 

The fact that dCL has two strong acid groups while CL 
has only one strong acid group may be attributed to the 
absence of the central OH in dCL, and to the presence of 
the central C-OH group in CL. The most likely way that 
this hydroxyl group can so significantly affect the pK of 
the phosphate groups is to form an intramolecular 
hydrogen bond with one of the P-OH groups (Fig. 6), 
analogous to the lipid acid anions described by Haines 
{361. The existence of such an intramolecular hydrogen 
bond has been demonstrated {37,38) by FTIR spec- 
troecopy in phosphatidylglycerophosphate (now identified 
as phosphatidylglyceromethylphosphate, Ref. 39), as well 
as in CL {21). 
The wate~soluble headgroup moieties, glycerol-l,3- 

diphosphate and propanediol-l,3-diphosphate, do not dis- 
play a significant difference in titration, as described in 
the Results section. This suggests that the difference be 
tween titrations of 18:0-CL and 16:0-dCL are due to the 
conformation of the headgroup of CL allowing the align- 
ment of the C-OH and P-OH groups under constraint by 
the presence of the acyl groups (Fig. 6). It is this latter 
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feature tha t  also provides a mechanism to explain how 
the pK2 of CL increases during the t i t ra t ion from 7.5 to 
9.5 (Fig. 4). 

The t i t ra t ion of dCL displays a p K  2 somewhat  higher 
than  i ts  pK~, p resumably  due to the suppression of 
ionization by  the increased charge densi ty  on the  surface 
as can be predicted from the work of ~lhnford and 
Kirkwood (35). In  contrast,  CL displays a shifting pK 2 as 
the t i t ra t ion proceeds. This sugges ts  tha t  the pK2 of CL 
is sensit ive to the charge densi ty  in two ways, first  in the 
same way tha t  dCL is, and second by a t ightening of the 
H-bonded ring (Fig. 6). Presumably  the second effect is 
significantly greater  than  the first; not  only does a small 
increase in charge density provide a large increase in pK2 
but  as the t i t ra t ion proceeds and the  charge densi ty  in- 
creases, the pK shifts. 

The biological significance of these observat ions per- 
tains pr imari ly  to the capaci ty  of CL to bind protons a t  
relatively high pH. This might  allow CL to buffer protons 
and provide a proton reservoir at  high p H  for participa- 
tion in proton conduction in energy-transducing mem- 
branes as discussed by  Haines  and Kates  (manuscr ipt  in 
preparation). These s t a t ements  run counter  to the sug- 
gestion tha t  CL might  provide protons at  low p H  (13). 
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Bile lipids are secreted in association with a newly iden- 
tified major apoprotein called anionic polypeptide frac- 
tion-calcium binding protein (APF-CBP), which is syn- 
thesized in the hepatocytes and has been detected in both 
bile and plasma and characterized. The secretion of the 
lipids in bile depends both on the concentration and the 
hydrophobicity of the bile salts (BS) secreted. The pres- 
ent study was undertaken to determine whether the syn- 
thesis and the secretion of APF-CBP are similarly regu- 
lated by BS, using two methods. The synthesis and secre- 
tion of labelled, newly synthesized APF-CBP by isolated 
rat hepatocytes were monitored by solid-phase immuno- 
assay. For this purpose, hepatocytes were incubated with 
either glycodeoxycholate (GDC) or taurocholate (TC). The 
synthesis and secretion of labelled, newly synthesized 
APF-CBP by perfused rat liver were measured by im- 
munological enzyme-linked assay (ELISA) upon perfus- 
ing the liver with either GDC or TC. We found that (i) the 
synthesis and the secretion of APF-CBP were increased 
during either TC or GDC perfusion, but the increase was 
more pronounced with TC; (ii) in GDC perfusion the APF- 
CBP levels measured were more closely related to the 
levels of bile salts and not to phospholipid levels, ('di) when 
the two bile salts were perfused in reverse order, Le., first 
GDC and then TC, the secretion of APF-CBP in bile 
decreased when GDC was perfused, but increased when 
TC was perfused. Similar results were obtained in ex- 
periments with isolated hepatocytes. The data suggest 
that the hydrophobicity of the BS used in the infusion 
modulates the synthesis and secretion of APF-CBP. In 
the liver, the pool of APF-CBP can be modified by BS 
and responds rapidly to BS stimulation. 
Lipids 28, 883-887 (1993). 

The relationship between biliary phospholipid (PL) secre 
tion and bile acid levels suggests that the hydrophobic] 
hydrophilic balance of the bile salts (BS) (1) is an impor- 
tant aspect of bile regulation. 

Until a decade ago~ bile lipids were generally considered 
to be exclusively organized as mixed micelles (2). However, 
more recently, evidence of a far more complex organiza- 
tion has been emerging (3-5). Various structures have been 
implicated in the cholesterol transport in bile, including 
mixed micelles and large vesicles (3), as well as bile lipopr~ 
tein complexes (BLC) (4,5). BLC consist mainly of biliary 
lipids and a major apoprotein designated as anionic 
polypeptide fraction (APF). 

APF has been isolated from human bile by zonal ultra- 
centrifugation, and polyclonal and monoclonal antibodies 

*To whom correspondence should be addressed at INSERM Unitd 
130, 18 avenue Mozart, 13009 Marseille, France. 
Abbreviations: ALT, alanine aminotransferase; APF-CBP, anionic 
polypeptide fraction-calcium binding protein; BLC, bile lipoprotein 
complex; BS, bile salts; GDC, glycodeoxycholate; HDL, high den- 
sity lipoprotein; PL, phospholipid; TC, taurocholate. 

have been obtained (6,7). APF has recently been identified 
as an apolipoprotein associated with bile lipids (5% of total 
PL weight) and serum high density lipoprotein (HDL 3) 
(0.6-1% of human apo HDL 3) (7). By weight, APF is the 
third most abundant protein in human (5) and rat bile (8). 
In cholesterol gallstones, APF has been detected at the 
pigment-cholesterol interface (6). Recently, another lab~ 
ratory has independently isolated a 7 kDa amphipathic 
from bile (9) and various types of gallstones (9,10). It  is 
a highly acidic polypeptide that contains covalently-bound 
bilirubin and shows a strong tendency to self-aggregat~ 
The immunologic and functional identity of the polypep- 
tide isolated from bile, APF, and gallstone calcium bind- 
ing protein (CBP) has been established by collaboration 
between two laboratories (7) who have recommended the 
common designation APF-CBP. APF-CBP is the first 
bile-gallstone protein that has been shown to inhibit 
calcium carbonate precipitation and was also found to pr~ 
mote aggregation and fusion of biliary vesicles and crys- 
tallization of cholesterol therefrom (11). 

APF-CBP was shown to be synthesized by both 
isolated and cultured rat hepatocytes (8) which have 
saturable and specific recognition sites for APF-CBP (12). 
APF-CBP has also been shown to be involved in the regu- 
lation of cholesterol uptake and cholesterol metabolism 
in the liver (13). In the rat, APF-CBP levels in bile are 
controlled by the nature of the bile acids (14), with cholic 
acid and dehydrocholic acid showing opposite effects. 
APF-CBP is associated with PL and cholesterol in bile, 
and the secretion of both these lipids depends on BS. 
Hence, it is important to determine whether APF-CBP 
secretion is directly modulated by BS and whether this 
modulation is a function of the hydrophobicity of the BS 
or whether it is under the control of other lipids, such as 
PL or cholesterol. 

In the present study, we have compared the effects of 
two natural BS, namely taurocholate (TC) and glycodeoxy- 
cholate (GDC), on the synthesis and the secretion of 
APF-CBP in isolated perfused rat liver and in isolated 
hepatocyte~ Using a relatively highly hydrophylic BS (TC) 
and a very hydrophobic BS (GDC) (15), we have also 
studied the effect of insulin, a hormone known to stimu- 
late the synthesis of proteins in the liver (16). 

MATERIALS AND METHODS 
Liver perfusion. Male Sprague~Dawley rats weighing 
250-300 g (IFFA Cred~ l'Arbresle, France) with free ac- 
cess to food and water were used in all experiments. 
Animals were anesthetized by intraperitoneal sodium pen- 
tobarbital injection (60 mg/kg}, and isolated liver was per- 
fused in a single-pass system according to a slightly 
modified version of the technique described by Brauer 
et al. {17}. First, the liver was exposed by abdominal inci- 
sion and, after cannulation of the common bile duct, a 
20-gauge intravenous Teflon catheter was immediately 
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placed in the portal  vein, and perfusion was initiated at  
37.0 ___ 0.5~ As soon as the liver turned white, the 
diaphragm was opened and the suprahepatic vena cava 
was cannulated with a 14-gauge Teflon catheter. 

The perfusion medium was Krebs-Henseleit bicarbonate 
buffer (119 mM NaC1, 25 mM NaHCO3, 4.7 mM KCI, 
1.2 mM MgSO4, 1.2 mM KH2PO4 and 2.5 mM CaCl2) at 
pH 7.4 containing 10 mM glucos~ Insulin at 5 U/100 mL 
(8), 0.6 mCi [14C]leucine {specific act ivi ty 322 mCi/mmol 
or 11.8 GBq/mmol; CEA, Saclay, France} and 6 mL/100 
mL RPMI 1640 {Flow Laboratories, Paris, France) were 
added to the medium. The complete medium was filtered 
through a 80-~rn millipore filter using a peristaltic pump, 
and gassed to equilibrium with O2/CO2 195:5, vol/vol}. 
During perfusion, hydrostatic portal  pressure was main- 
tained constant  at  an average flow rate of 2.50 mL/mirgg 
liver. 

The experimental procedure involved a nonrecirculating 
systen~ After a 20-rain equilibration period, during which 
the perfusion medium was infused at  12.5 nmol/mirgg 
liver, the effect of the two BS upon bile lipid secretion was 
tested by infusing either 12.5 nmol]rnin]g liver TC or GDC 
over a 90-rain period. When the rate of APF synthesis was 
assessed, [14C]leucine (0.05 banoYg liver) was infused with 
TC or GDC during the first 20 min. 

In all experiments,  bile was collected at  10-min inter- 
vals for 110 rain in preweighed tubes. The perfusate  was 
collected simultaneously from the supra-hepatic vena 
cav~ Oxygen consumption by the liver was determined 
by measuring the oxygen saturat ion of the entering and 
exiting perfusate. 

Preparation of  isolated hepatocytes. The surgical pro- 
cedure, as well as the pur i ty  and viabili ty of the hepato- 
cytes, were assessed as described previously (8). Hepato- 
cytes were isolated according to the method of Berry  and 
Friend (18) as modified by Seglen (19). 

For incubations, hepatocytes 8-10 X 106 cells]mI, were 
suspended in an incubation medium composed of fetal 
bovine serum (40 mL/L) supplemented with gentamycin 
(8 rag/L) and insulin (0.05 IU/mL). Ten-mL samples of 
medium were placed in 20-mL round glass flasks and in- 
cubated at  37~ under slow stirr ing with 95:5% O2/CO2. 
TC or GDC were added at  concentrat ions of 0.2 innol]mL 
and 0.17 ~mol/mL, respectively. 

Polyclonal (8) or monoclonal (7) antibodies against APF 
were prepared as previously describe~ APF synthesis was 
assessed by measuring the incorporation for 5 h of [14C]- 
leucine, which was added to the incubation medium at a 
concentration of 5.4 pCi]mL. APF content was determined 
in supernatant  samples by solid-phase radioimmunoassay 
(20) using a specific monoclonal mouse anti-human A P F  
and a polyclonal rabbit anti-human APF  reacting against 
ra t  A P F  (4). AP F  was bound to solid-phase CNBr-acti- 
vated Sepharose 4B (Pharmacia, Saint Quentin, Yvelines, 
France) coupled with specific anti A P F  serum. 

A-200 pL sample of supernatant  from the incubation 
medium containing radiolabelled APF  was mixed with a 
buffer composed of 0.05 M Na2HPO4, 0.35 M KCI, and 
0.05 M DL-leucine at pH 7.2 to a final volume of 1.84 mL. 
A 100-~L sample was used with an excess of whole rat  
anti-serum {200 pL) in the same buffer to determine the 
nonspecific binding of radiolabelled leucine (21). A 200-~L 
sample of Sepharuse coupled with specific antibodies was 
added to all the samples and incubated under continuous 

rotat ion for 3 h at  room temperatur~ The resulting sus- 
pension was centrifuged at 200 • g for 5 min, and the 
pellet was washed three times in 5 mL of 0.05 M 
Na2HPO4 and 0.085 M KC1 buffer (pH 7.2). The final 
pellet was suspended in 1 mL of a tissue solvent (Soludne 
350; Packard, Rungis, France). After  adding 0.1 mL of 
30% H202 and incubating for 30 min at  50~ the 
samples, upon cooling and solubilization, were counted 
after  adding 10 mL of scintillation fluid (Instafluor; 
Packard). The radioactivi ty incorporated into APF  was 
calculated for each sample by subtract ing the nonspecific 
binding of other  radioactive-labelled proteins as deter- 
mined abov~ 

Assays  of  bile and perfusate. BS concentrat ions were 
measured using the 3a-hydroxysteroid dehydrogenase 
assays (22). Radioactivity in bile and perfusate was 
measured by liquid scintillation count ing as mentioned 
abov~ PL were determined by a semi-automatic col- 
orimetric method (23). A P F  was detected and quantified 
by direct antigen binding enzyme-linked sandwich assay 
using polyclonal and monoclonal antibodies as described 
elsewhere (7). 

Statistics. All data  were statist ically analyzed as the 
means • SE, and the significance of the difference was 
determined using the unpaired Student 's  t-test. Probabil- 
i ty  values less than  0.05 were considered significant. 

RESULTS 

Bile flow. During the infusion with TC alone, the bile flow 
remained constant  for 110 min. The bile flow of perfused 
rat  liver stabilized at 18.8 __ 1.9 ~L/min during TC infu- 
sion then decreased from 13.8 • 1.3 bcL/min to 9.5 • 0.9 
~L/min during GDC perfusion (Table 1). There was no dif- 
ference between the two BS with regard to hepatic 02 
consumption, which was taken as a criterion of viability. 
Mean O2 consumption was 2.5 • 0.3 ~mol]min]g liver for 
both  groups, suggesting tha t  no toxicity of BS was 
observed (24). Also  no elevation of bilirubin was noted. 
Alanine amluotransferase {ALT) elevation was observed 
with some BS, but  no correlation was noted between 

TABLE 1 

Influence of Taurocholate frc)  Alone or TC 
Followed by Glycodeoxycholate (GDC) Infusion 
on Biliary Flow and Bile Acid Secretion a 

TC TC/GDC 
Bile acid Bile acid 

Time Bile flow secretion Bile flow secretion 
(rain) (~lJmin) (nmol/min) (~L/min) (nmol/min) 

10 18.5 • 1.8 503 + 80 18.8 ----- 1.9 527 + 68 
20 18.6 • 1.5 550 + 70 18.6 • 1.8 355 -- 50 
30 17.2 • 1.6 616 • 51 13.8 • 1.3 247 • 58 
40 17.0 • 1.0 606 • 58 11.0 • 1.2 144 • 46 
50 16.8 • 1.2 600 • 41 11.3 • 1.2 125 • 63 
60 16.2 • 1.5 505 • 27 12.0 • 1.2 131 • 72 
70 19.2 • 1.7 555 ----- 41 10.4 • 1.2 154 • 74 
80 19.4 • 1.8 570 • 29 10.4 • 1.3 132 ----- 83 
90 18.2 • 1.5 590 • 33 9.9 • 0.8 47 + 11 

100 20.2 • 1.1 580 • 29 10.3 • 1.0 69 ----- 19 
110 19.9 • 1.8 500 • 31 9.5 • 0.9 64 • 13 

=Data are means • SE (n = 5). For the conditions of bile salt infu- 
sion, see the Materials and Methods section. 
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500 - 
enzyme activi ty and hydrophobicity index. The only 
significant effect noted by us was a bile flow decrease ~ " 

Effects of TC and GDC on the secretion of lipids and ~c~ 400- 
APF-CBP into the bile of perfused rat liver. TC infused ~ 
at  12.5 nmol/mildg fiver induced physiological rates of lipid a~ 300- 

c) secretion (BS and PL) which remained stable throughout ,,, 
the experiment (BS rang~ 503-606 nmol/min; PL range, ~ 2o0- 
71-79 nmol/min) (Fig. 1). The molar APF-CBPfBS and 
APF-CBPfPL ratios remained constant. The two curves 10o 
(Fig. 1} showed a plateau at a mean of 1.7 for APF-CBl~ 
BS and a mean of 12.7 for APF-CBP/PL. 

GDC infused at  121.5 nmol/mln/g liver induced a rapid 
decrease in PL secretion between 20 rain and 110 min 
(Fig. I). The secretion of APF-CBP also decreased, ~ 4oo- 
but not to the same extent as did PL. Thus, the molar 
APF-CBPfPL ratio varied from 25 to 5. By contrast, -~ 3oo. 

(L 
the decrease in APF-CBP and BS was the same, so the 
APF-CBPfBS molar ratio remained constant. During the ,,' 2o0. 
experiment, the oxygen consumption did not  change, < 
and ALT activity remained in the physiological range of 100 
3.2-23 IU/L. 

Two procedures were used to s tudy  the effect of invert- 
ing the sequence of perfusion of BS on the APF-CBP 
secretion (Fig. 2): (i) TC (12.5 nmol]min]g liver) was infused 
for 30 rain; then GDC (12.5 nmol/mi~/g liver) was infused 
for 60 mira The infusion of GDC after TC induced a 
dramatic decrease in APF-CBP secretion (Fig. 2A). (ii} 
GDC {12.5 nmol]min/g liver) was infused for 30 rain and 
then TC for 60 min (Fig. 2B). The infusion of TC after GDC 
restored APF-CBP secretion in bile to near tha t  observ- 
ed with the TC perfusion (Fig. 2A). 

Effect of TC and GDC on secretion of newly synthesized 
APF-CBP. The q u a n t i t y  of [14C]leucine-labelled 
APF-CBP recovered from the bile of isolated perfused 
liver was the same after a 90-min per fusion with either 
TC or GDC, i.a, 2.4 and 2.5 ~g/whole liver {Fig. 3). However, 
the kinetics of the secretion changed. With TC infusion 
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FIG. 1. Molar ratios of the secretion of bile lipids and anionic polypep 
tide fraction-calcium binding protein (APF-CBP)  are shown as a 
function of time. Different components are expressed in umol/min 
secreted from perfused rat liver during infusion of taurocholate (TC) 
or glycodeoxycholate (GDC) after a 20-min stabilization period with 
TC. Each point represents the mean +__ SE (n = 5). The symbols  us- 
ed are APF-CBP/BS with TC ( �9 ), APF-CBPfPL with TC (O), APF- 
CBP/BS with GDC (A), and APF-CBP/PL with GDC (A). BS, bile 
salts; PL, phospholipids. 
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FIG. 2. Effect  of inverting the sequence of perfusion of bile salts  
on the quantitative A P F - C B P  secretion in bile. A, A P F - C B P  secre- 
tion in bile from perfused rat liver after infusion of TC (30 rain), 
followed by GDC (90 rain) at a concentration of 12.5 nmol/min/g liver. 
B, A P F - C B P  secretion in bile from perfused rat liver after infusion 
of GDC (30 mln) followed by TC (90 min) infusion. Output of A P F -  
CBP is expressed in ~g/mL (n = 2), The hatched bars represent the 
A P F - C B P  values with GDC infusion, the open bars after TC infu- 
sion. Abbreviations as in Figure 1. 

(Fig. 3B), the maximum secretion of the labelled, newly 
synthesized protein was noted 40 rain after per fusion of 
the labelled amino acid. With GDC infusion, the max- 
imum secretion was noted 50 and 60 min after perfusion 
of amino acid (Fig. 3A). [14C]Leucine in biliary APF-CBP 
represented 0.1% of the dose in the medium, and 1% of 
the [14C]leucine was recovered in the liver. 

No significant difference was noted in the effects of TC 
or GDC on APF-CBP synthesis by freshly isolated hepa- 
tocytes for 4 h (Table 2). With TC, the mean APF-CBP 
synthesis for this period was 0.819 ~g/g of cells in the 
medium, and with GDC it was 0.693 Fg/g cells. In both 
experiments, cell viability after 4 h of incubation was 85%. 
APF-CBP secretion was dependent on the addition of BS 
to the medium. The quant i ty  of BS added to the medium 
was 0.20 ~mol]ml, for TC and 0.17 ~nol]mL for GDC. 

Effect of insulin on APF-CBP synthesis by isolated pe~ 
fused liver. In the bile, the secretion of the labelled, newly 
synthesized APF-CBP in the presence of TC (12.5 
nmol/min/g liver) is shown in Figure 3. When insulin was 
added at  a dose of 5 IU/100 mL (Fig. 3B), the quant i ty  
of secreted protein doubled compared to the quant i ty  ob- 
tained without  ins~_llin (Fig. 3C). 

DISCUSSION 

The results from the two experimental models used in this 
s tudy demonstrate tha t  APF-CBP secretion into bile is 
dependent on the presence of BS. APF-CBP secretion in- 
creased after either TC or GDC infusion, but  GDC was 
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more effective in stimulating APF-CBP synthesis and 
secretion. 

The results obtained on isolated perfused rat liver and 
isolated hepatocytes indicate that  BS regulate the syn- 
thesis and secretion of APF-CBP. In contrast, insulin 
clearly enhanced only APF-CBP synthesis. The constant 
molar ratio of APF-CBP and BS furthermore emphasiz- 
ed the importance of BS in modulating this protein. 
Previous studies had focused on the binding of APF-CBP 
to biliary lipids. This association was especially strong 
with bile PL. For example APF-CBP provoked a negative 
electrophoretic behavior of BLC depleted in BS and dis- 
solved together with biliary lecithin in organic solvents (4). 

Biliary secretion of PL and cholesterol depends strongly 
on the hydrophobicity of BS (24). Crawford et  aL (25) have 
shown that  bile flow, as well as PL and cholesterol levels 
in bile were significantly correlated with TC secretion and 
that bile lipid secretion seemed to be related to the 
hydrophobicity of the BS. 

Phosphatidylcholine in bile can originate from either the 
canalicular membranes (26), lysosomes (27) or microsomes 

, (26) of liver. However, most likely, it originates from the 
, microsomal membranes and our preliminary data indicate 

that APF-CBP most likely arises from microsomes as well 
{12). BS can have a detergent effect on microsomes, and 
several investigators have shown that  the quantity of 
cholesterol and PL that  was solubilized from these mem- 
branes increased with the hydrophobicity of the BS {15, 
24); secretion of cholesterol and PL increased up to 50% 
depending on the degree of hydrophobicity of BS vary- 
ing from 1.7 to 4.5 on the Bilhartz and Dietschy scale {1). 

Although TC infusion induced a correlated, steady 
' secretion of APF-CBP in bile the levels of APF-CBP and 

PL in bile secretion varied independently when GDC was 
' infused. Our data suggest that the BS could act as the 

initial modulator of APF-CBP secretion in bile 
The present study clearly showed that BS modulate the 

synthesis and secretion of APF-CBP and that, unlike 
other proteins, APF-CBP levels correlate with bile lipid 
secretion {28}. Other studies in the rat had shown that  
albumin remained constant during BS infusion although 
APF-CBP was modulated by cholic acid and dehydro- 
cholic acid (14). Furthermore, BS hydrophobicity was 
shown to determine how cholesterol is distributed between 
bile and plasma {15). A similar mechanism may also be 
operative with APF-CBP and could explain the distribu- 
tion of APF-CBP in bile and plasm& The hydrophobicity 
of the BS may similarly affect phosphatidylcholine re  
cruitment. When TC was infused after GDC, PL increased 
in bile suggesting that TC may mobilize a different pool 
of PL than the one mobilized by GDC. 

The bipolar secretion of albumin has recently been 
demonstrated in hepatocytes {29); however, its BS depen- 
dence was not tested. The effect of BS upon APF-CBP 
secretion appears to be of considerable physiological 
relevance in regulating biliary secretion. 

._/ 
E 

E 
10 

2000-  

1000 

/ / - / - /  
/ / / /  
/ / / /  
, - / / /  
F / / /  
t / / /  
/ / / /  

i ! 

C 

0 I i I I i 
10 20 30 40 50 60 70 80 90 1 O0 110 

TC without insulin 
Time (rain) 

FIG. 3. Secretion of labelled APF-CBP by perfused rat liver. A, with 
GDC infusion at 12.5 mol ]min /g  liver with insulin. B, with TC infu- 
sion at 12.5 mol /min lg  liver with insulin. C, with TC infusion at the 
same concentration without insulin. [14C]leucine was infused for 20 
rain after TC equilibration. The values are expressed in dpm of 
[14C]leucine quantified on APF-CBP secreted in bile (n = 3). Ab- 
breviatious as in Figure 1. 

TABLE 2 

Synthesis and Secretion of APF-CBP by Isolated Rat Hepatocytes 
Incubated with or without Bile Salts (BS} a 

Time Without BS With TC With GDC 
(h) (mg/g cell) (mg/g cell) (mg/g cell) 

1 0.014 • 0.020 0.147 • 0.050 0.i00 + 0.020 
2 0.053 • 0.040 0.167 • 0.080 0.157 • 0.050 
3 0.067 • 0,055 0.205 • 0.060 0.231 • 0.040 
4 0.087 • 0.050 0.250 • 0.050 0.205 __- 0.020 
Total 

synthesis 0.221 0.819 0.693 
=The cells were incubated in the presence of insulin and fetal calf 
serum. Samples were tested as described in the Materials and 
Methods section. Values are means _ SE of two determinations of 
anionic polypeptide fraction-calcium binding protein (APF-CBP) 
synthesized from cells prepared from four rat livers. APF-CBP deter- 
mined in the supernatant is expressed in mg of APF-CBP/g of cells 
in the medium. The BS were added to the incubation medium at con- 
centrations of 0.2 ~rnol/mL for TC and 0.17 ~ol]mL for GDC. Ab- 
breviations as in Table 1. 

A C K N O W L E D G M E N T S  

We wish to thank Dr. J. Grosclaude and S, Labiau (INRA, Laboratoire 
de Virologie, Jouy-en-Josas) for their helpful collaboration and Dr. 
Groen (Amsterdam) and Dr. Ostrow (Chicago) for fruitful discussions 
during the preparation of this manuscript. 

LIPIDS, Vol. 28, no. 10 (1993) 



887 

BILE SALT EFFECT IN BILE PROTEIN SECRETION 

REFERENCES 

1. Bilhartz, L.E, and Dietschy, J.M. (1988) Gastroenterology 95, 
771-779. 

2. Carey, M.C., and Small, D.M. (1978)J. Clin. Invesa 61, 998-1026. 
3. Somjen, G.J., and Gilat, T. (1983) FEBS Lett. 156, 263-265. 
4. Lafont, H., Nalbone, G., Lairon, D., Dagorn, J.C., Doming~ N., 

Amic, J., and Hanton, J.C. (1977) Biochimie 56, 445-451. 
5. Hauton, J.C. (1986) in Molecular and CeUular Basis of Digestion 

(DesnueUe, P., Sj0stron% H., and Nor4~ 0., eds.) pp. 147-170, 
Elsevier, Amsterdam. 

6. Martigne, M., Domingo, N., Lech~ne de la Porte, P., Lafont, H., 
and Hauton, J.C. (1988) ScandL J. GastroenteroL 23, 731-737. 

7. Doming~ N., Gmsclaude, J., Bekaert, E.D., M4ge, D., Chapman, 
M.J.J., Shimizu, S~, Ayrault~Jarrier, M., Ostrow, J.D., and Lafont, 
H. (1992) J. Lipid Res. 33, 1419-1429. 

8. Doming~ N., Botta, D., Martigne-Cros, M., Lech~ne de la Porte, 
P., Pak-Leung, P., Hanton, J.C., and Lafont, H. (1990) Biochim. 
Biophys. Acta 1044, 243-248. 

9. Shimizu, S., Sabbay, B., Veis, A., Ostrow, J.D., Dawes, L.G., and 
Rege, R.V. (1988) Hepatology & 1257 (Abstract). 

10. Okido, H., Shimizu, S., Ostrow, J.D., and Hakayama, E (1992) 
Hepatology 15, 1079-1085. 

11. Domingo, N., Grcen, A., Lech~ne de la Porte, P., Ostrow, J.D., 
and Lafont, H. (1992) Gastroenterolog~ 1052 (Abstract). 

12. Martigne, M., Melin, B., Mahlberg, F., Domingo, N., Chanussot, 
E, Lafont, H., and Hauton, J.C. (1989) Bioehin~ Biophys. Acta 
979, 341-346. 

13. Martigne~ M., Domingo, N., Chanuesot, E, Nalbone, G., Lafont, 
H., and Hauton, J.C. (1988) Proa Soa Exp. BioL 187, 229-234. 

14. Chanuesot, E, Doming~ N., Tuchweber, B., Lafont, H. and Yousef, 
I. (1992) Scand. J. GastroenteroL 27, 238-248. 

15. Heuman, D.H., Hylemon, P.B., and Vlahcevic, 7.1t, (1990) J, Lipid 
Res. 3, 1161-1171. 

16. Jeejeebhoy, K.M., Ho, J., Greenberg, G.R., Phillips, M.J., Bruce- 
Robertson, A., and Sodtke, U. (1975) Biochem. J. 146, 141-155. 

17. Brauer, tLW., Pesso[L R.L., and Pizzolat~ P. (1951) Proa Soc Exl~ 
BioL Med. 7& 174-181. 

18. Berry, M.N., and Friend, D.S. (1969) J. Cell BioL 43, 506-520. 
19. Seglen, P.O. (1962) Met. Cell BioL 13, 29-83. 
20. Hooper, D.C., Redd, R.A., and Peakcoolr, A.C. (1978)Anal BioL 

93, 355-360. 
21. Guillouz~ A~, Beaumont, C., La Rumeur, E., Rissel, M., Latimier, 

M.E, Guguen-Guillouzo, C., and Bourel, M. (1982) Biol. Cell 43, 
163-172. 

22. Domin~  N., Amic, J., and Hauton, J.C. (1972) Clin. Chim. Acta 
37, 399-404. 

23. Amic, J., Lairon, D., and Hauton, J.C. (1972) Clin~ Chim. Acta 
40, 107-114. 

24. Vlahcevic, Z.R., Gurley, E.C., Heuman, D.M., and Hylemon, P.B. 
(1990) J. Lipid Res. 31, 1063-1072. 

25. Crawford, J.M., Berken, C.A., and Gollan, J.L. (1988)J. LipidRes. 
29, 1063-1071. 

26. Chanuesot, E, Lafont, H., Hauton, J.C., Tuchweber, B., and Yousef, 
I. (1990) Biochem~ J. 270, 691-695. 

27. Lafont, H., Chanussot, E, Dupuy, C., LechSne, P., Lairon, D., 
Charbonnier-Augeire, M., Chabert, C., Portugal, H., Pauli, A.M., 
and Hauton, J.C. (1984) Lipids 19, 195-201. 

28. Renston, R.H., Maloney, D.G., Jones, A.L., Hradek, G.T., Wong, 
I~Y., and Goldfine~ I.D. (1980) Gastroenterology 78, 1378-1388. 

29. Sancan, L., and Palade, G.E. (1992) Hepatology 15, 714-721. 

[Received September 28, 1992, and in final revised form July 15, 1993; 
Revision accepted August 3, 1993] 

LIPIDS, Vol. 28, no. 10 (1993) 



On the Syntheses of Branched Saturated Fatty Acids 
Salo Gronowitz a,*, Tomas Klingstedt a,1, Leif Svensson b and UIf Hansson b 
aorganic Chemistry 1, Chemical Center, University of Lund, Lund, Sweden and bKarlshamns AB, S-374 82 Karishamn, Sweden 

889 

In order to investigate the relation between the structure 
of mon~branched saturated fatty acids and their physical 
properties, a three-factor central composite design was 
constructed. For this purpose sixteen different fat ty acids 
were prepared. The synthetic strategy was to use, if possi- 
ble, a few common starting materials for the preparation 
of most of the acids. Thus alkylation and hydrolysis of 
oxazolines were used for the preparation of 2-butylhexa- 
noic acid, 2-methyloctadecanoic acid, 2-hexadecylocta- 
decanoic acid and 2-pentyloctadecanoic acid. A number 
of acids were prepared from thiophene derivatives fol- 
lowed by desulfurization with Raney-Nickel alloy under 
alk~llne conditions. Thus, starting from 3~thylthiophene, 
4~ethyl-2-thiophenecarboxyllc acid and 4-ethyl-2-methyl-5- 
thiophenecarboxylic acid were prepared, which upon de- 
sulfurization gave the desired 4-methylhexanoic acid. 
From ~-bromo-2-methylthiophene, 3~thyl-2-methyl-~thic~ 
phenecarboxylic acid was prepared v/a 3-acetyl-2-methyl- 
thiophene and 3~thyl-2-methylthiophene. Desulfurization 
gave 4-ethyihexanoic acid. Another approach started with 
2-acylthiophenes, which were reacted with Grignard rea- 
gent to yield the appropriate olefins. By metalation and 
reaction with carbon dioxide, these were transformed to 
the corresponding 2-thiophenecarboxylic acids. Upon d e  
sulfurization, the desired fatty acids were obtained. In 
this way 6-propyldecanoic acid, ~hexyldodeeanoic acid, 
~methyldodecanoic acid and ~pentylpentadecanoic acid 
were prepared. The remaining four acids were prepared 
from some of the branched acids described above through 
Kolbe reactions of dioic acids. Thus l~methyloctadeca- 
noic acid and l~methyl-dodeeanoic acid were obtained 
from 4-methylhexanoic acid, l&ethyloctadecanoic acid 
from 4~ethylhexanoic acid and ~pentyloctadecanoic acid 
from ~pentylpentadecanoic acid. 
Lipids 28, 889-897 (1993). 

Branched-chain fatty acids can be found in nature in many 
otis, fats and waxes, although in most cases the levels are 
very low. They also are minor components of many 
bacterial lipids, animal fats and marine oils (1). Bird waxes 
(from the preen gland) and lipids of gram-positive bacteria 
are important exceptions, where branched acids pre- 
dominate (2,3). The preen gland wax of the Shanghai duck 
has a mono- and dimethyl-substituted fatty acid content 
of more than 85% A total of 66 different methyl-branched 
saturated fatty acids have been identified from this 
species (4). 

The industrial use of branched acids is very limited; only 
a few branched acids are produced today. The branching 
is almost exclusively either adjacent to the carboxyl group 
(a-branched) or near the end of the alkyl chain (iso or 

*To whom correspondence should be addressed at Organic Chemistry 
1, Chemical Center, Box 124, 221 00 Lund, Sweden. 
1present address: Astra-Draco AB, Box 34, 221 00 Lund, Sweden. 
Abbreivations: BuLi, butyllithium; EI, electron impact; GC, gas 
chromatography; HPLC, high-performance liquid chromatography; 
IR, infrared; LDA, lithium diisopropylamide; MS, mass spec- 
troscopy; NMR, nuclear magnetic resonance spectroscopy; TMEDA, 
tetramethylethanediamine. 

anteiso compounds). The a-branched compounds can be 
obtained by way of the Koch reaction, the oxo reaction 
or via aldol condensation followed by an oxidation of the 
aldehyde formed (5,6). Isostearic acid is a by-product in 
the dlmerization process of unsaturated Cls fat ty acids 
(7). 2-Ethyl-hexanoic acid, iso-stearic acid and the various 
neo-acids (formed in the Koch process from terminal 
olefins) are among the most important commercial 
branched-chain fat ty acids (8,9). 

The physical properties of branched-chain fat ty acids 
are very different from straight,chain acids. The introduc- 
tion of a branch alters many properties such as the 
melting point, the surface tension and the viscosity. The 
low pour point, low surface tension and the excellent ox- 
idative stability of the acids and their derivatives make 
them useful in many applications. They have found use 
in cosmetics, lubricants, fabric softeners, e ta  (5). 

In order to investigate the relation between the struc- 
ture of mono-branched saturated acids and their physical 
properties, a three-factor central composite design was 
constructed (10). The three factors involved are the length 
of the main chain, the length of the side chain and the 
branching position. This design required the preparation 
of fifteen different fat ty acids. The results of this in- 
vestigation are published in the following paper together 
with a more detailed discussion of the experimental 
design. 

RESULTS AND DISCUSSION 

According to the design discussed, the branched fatty 
acids 1-16 given in Table 1 were needed. Many of these 
acids have been described in the literatur~ However, we 
wanted to prepare these acids from as few starting 
materials as possible 

Therefore two main synthetic strategies were adopted. 
The a-branched acids were synthesized by alkylation of 
the lithium enolate of the dimethyl oxazolidines from the 

TABLE 1 

Branched Fatty Acids and References to Previous Methods 
for Their Preparation 
Number Name Reference 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

2-Methylhexanoic acid 15-21 
2-Butylhexanoic acid 18,22 
4-Methylhexanoic acid 34,37 
4-Ethylhexanoic acid 42 
2-Methyloctadecanoic acid 23-26 
2-Hexadecyloct adecanoic acid 27-29 
16-M ethyloct adecanoic acid 46,47 
16-Ethyloctadecanoic acid New 
6-Propyldodecanoic acid New 
9-Pentyloctadecanoic acid New 
3-Ethylhexanoic acid 40,41 
10-Methyldodecanoic acid 46,47 
2-Pentyldodecanoic acid 31,32 
6-Hexyldedecanoic acid New 
6-Methyldodecanoic acid 43-45 
6-Pentylpentadecanoic acid New 
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proper unbranched acid (11), while the co-2 and the inter- 
nally substituted acids were synthesized v/a Raney-Nickel 
desulfurization of suitably substituted thiophenecarbox- 
ylic acids (12). In some cases the branched acids obtained 
upon desulfurization were chain-extended by use of an 
asymmetrical Kolbe synthesis (13,14). 

Thus, 1 and 5 were prepared by alkylation of the enolate 
from 2-ethyl-4,5-dihydro-4,4-dimethyloxazole (propionic 
acid oxazoline) with butyl bromide and hexadecyl bromid~ 
respectively (Scheme 1). The choice of propionic acid in- 
stead of hexanoic and octadecanoic acid as starting 
material for the oxazolidine synthesis could be motivated 
by the fact that both 1 and 5 might be synthesized from 
the same oxazoline 

However, a more important factor for the choice of the 
short acid is the simplicity gain in the purification of the 
branched oxazolines, especially in the case of 5 where the 
similarity of the product and the starting material would 
make the purification almost impossible Similarly, bep- 
tanoic acid oxazoline and decyl bromide were used for the 
preparation of 13 and not dodecanoic acid oxazoline and 
pentyl bromide Acid 2 was obtained v/a butylation of the 
hexanoic acid oxazoline, and 6 via octadecanoic acid ox- 
azoline and hexadecyl bromide {Scheme D. 

CH 3 I .: 
RCH2COOH H2NCICH3)2CH2OH ~ RCH I/N-~--CH32 ''K'O'2 1) C/HgLi ,,.- 

xylene /X Z) R'-X 

Several methods are available for the preparation of acid 
5. It has been prepared by reacting a-bromooctadecanoic 
acid with methylmagnesium iodide (23), and it has also 
been synthesized by a Kolbe electrolysis of hexadecanoic 
acid and 3~Tanobutanoic acid, followed by hydrolysis (24). 
A third alternative has been reported by Reppe and 
Kr~per (25). They reacted octadecene with carbon monox- 
ide in water in the presence of nickel carbonyl. Acid 5 has 
also been prepared by a dialkylation of diethyl malonat~ 
followed by decarboxylation (26). 

Acid 6 has been prepared by a malonic ester synthesis 
(27,28). It has also been synthesized from 1-hexadecene 
and octadecanoic acid in the presence of t-butyl peroxide 
(29). The method which we have adopted, converting the 
acid to its oxazoline and treating this with butyllithium 
followed by hexadecyl bromid~ has been used before (30). 

Acid 13 has been prepared by dialkylation of ethyl 
malonate followed by decarboxylation (31), and it was also 
synthesized from dodecanoic acid upon heating with t- 
butyl peroxide in the presence of 1-pentene (32). 

It is well known that substituents can be selectively in- 
troduced in the thiophene ring when proper reaction con- 
ditions and reagents are used (33). This in combination 
with Raney-Nickel desulfurization, when the sulfur and 
the double bonds are removed, gives a saturated carbon 
skeleton. In organic synthesis, thiophene can therefore be 
used as a synthon for both straight and branched 4~carbon 
chains. Both of these possibilities have been exploited in 
this work. 

CH 3 
R' N-~CH.~ 6M HCI RI 

R/H"~O ) a /k ~ RCHCO2H 

R R' OXAZOLINE ACID 

CH3 C4H 9 21 I 
C4H 9 C4H 9 22 2 
CH3 C16H33 23 5 
C16H33 C16H33 24 6 
C5Hll CloH21 25 13 

SCHEME 1 

Acid 1 is commercially available There are also a 
number of methods for the preparation of 1. Dialkylation 
of maionic ester followed by decarboxylation has been us- 
ed (15). Acid 1 has been prepared by treating an oxazoline 
with lithium diisopropylamide (LDA) and alkylating the 
anion formed (16). Hexanol treated with a nickel catalyst 
and carbon monoxide gives 1 (17). Alkylation of the dia- 
nion of propionic acid also gives 1 (18). A common route 
is to add carbon monoxide to 1-hexene in the presence of 
a catalyst (19-21). 

Acid 2 has been synthesized by treating the dianion of 
hexanoic acid with butyl bromide (18). It has also been 
prepared by decarboxylation of dibutylated malonic 
acid (22). 

H3CH2C~ 

26 

BuLi-TMEDA = H3CH2~L i 

SCHEME 2 

27 

Our approach for the syntheses of the acid 11 and the 
ko-2)-branched fatty acids was to use 3~thylthiophene (26) 
as a key substance If 26 is treated with one equivalent 
of the butyllithium-N,N,N,N-tetramethylethylenedi~mine 
(TMEDA) complex at room temperatur~ 4-ethyl-2-thienyl- 
lithium (27) will selectively be formed (Scheme 2) (33). 

In the synthesis of 4-methylhexanoic acid (3), the 
lithiated 3-ethylthiophene (27) was treated with carbon 
dioxide to give 4-ethyl-2-thiophenecarboxylic acid (28) in 
69% yield, which, upon Raney-Nickel desulfurization, gave 
3 in 71-89% yield (Scheme 3). 

Acid 3 has previously been synthesized in a number of 
ways. Wolff-Kishner reduction of the unsaturated al- 
dehyde, citronellal yields 2,6-dimethyl-2-octen~ which can 
be oxidatively cleaved by potassium permanganate (34) 
or ozone (35) to give 3. This compound was also prepared 
from 1-bromo-2-methylbutane, formed from the corre- 
sponding alcohol, by treatment with diethyl malonate in 
the presence of sodium ethoxide, followed by decarboxy- 
lation (36). A third option is to use the reaction of suc- 
cinic acid anhydride with ethyl- and methylaluminium 
chloride reagents to form a tertiary lactone~ which can be 
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I. BuLi-THEDA 
2 DMF 

OHC.~ EH2CH3 

2g 

NHzNH2 1 KOH 

H3C~s'~ CH2CH3 

30 

~ CH2CH3 

26 ~ 1. BuLi-TMEDA 

" ~  CH2CH 3 

HO2C'~ ~ 
28 

1. LDA 2equ iv /  
2 . D M F /  Ra-Ni 

32 3 

1. BuLl 
2, CO 2 

EH2CH 3 

H3C~CO2H 
31 

RQ-Ni 

1t 

33 

1 
o 

SCHEME 3 

reductively opened by treatment with an organoaluminum 
halide reagent (37-39). 

3-Ethylhexanoic acid (11) was also synthesized from 26, 
the lithiated derivative 27 reacted with N,N-dlmethyl- 
formamide to give 4-ethyl-2-thiophene aldehyde (29), which 
was reduced to 4~thyl-2-methylthiophene (30). Metalation 
of 30 with butyllithium followed by reaction with carbon 
dioxide gave 3-ethyl-5-methyl-2-thiophenecarboxylic acid 
(31) in 67-76% yield. After Raney-Nickel desulfurization, 
11 was obtained in 73% yield (Scheme 3). 

Acid 11 has previously been synthesized by reacting 
3-bromohexane, synthesized from the corresponding alco- 
hol, with either diethyl malonate (40), or acetic acid oxa- 
zoline (41). 

Attempts to use 26 for the synthesis of 4-ethylhexanoic 
acid (4) via desulfurization of 3-ethyl-2-methyl-5-thio- 
phenecarboxylic acid (33) were not successful. A direct 
lithiation of 28 with two equivalents of LDA followed by 
reaction with N,N-dimethylformamide failed to give 3- 
ethyl-2-formyl-5-thiophenecarboxylic acid (32), which we 
planned to reduce to 33. We then tried to prepare 2-iodo-4- 
ethylthiophene via metalation of 3-ethylthiophene fol- 
lowed by addition of iodine The purpose of this approach 
was to use the iodine substituent as a protecting group, 
and then to be able to selectively introduce a formyl group 
to the 5-position by lithiation of the 2-iodo-4-ethylthio- 
phene using one equivalent of LDA, followed by the ad- 
dition of N,N-dimethylformamide However, 2-iodo-4- 

ethylthiophene was formed in a mixture with 3-ethyl-2- 
iodothiophene 

We therefore prepared 33 from 3-bromo-2-methylthio- 
phene (34} by converting it via halogen-metal exchange 
and reaction with N,N-dimethylacetamide to 3-acetyl- 
2-methylthiophene {35), which through Wolff-Kislmer 
reduction was transformed to 3-ethyl-2-methylthiophene 
{36). Metalation followed by reaction with carbon dioxide 
gave 33, which upon Raney-Nickel desulfurization formed 
4 in 77% yield (Scheme 4). 

0 

1. BuLl NH2NH 2 

CH3 2 H3CCON(CH3) Z 3 KOH 3 
3/. 35 36 

1. BuLi Ro.- Ni 
HO2C ~ HO 

2. CO z 3 
33 ~, 

SCH EME 4 

Acid 4 has previously been synthesized by reacting 
2~ethyl butyraldehyde with malonic acic~ The unsaturated 
acid was then hydrogenated using platinum oxide as 
catalyst (42). It has also been synthesized from succinic 
acid anhydride following the procedure described for acid 
3 (37-39). 

Another very useful starting material for several of the 
desired acids was 2-beptanoylthiophene (37) prepared by 
Friedel-Crafts acylation of thiophene with heptanoyl 
chloride using tin tetrachloride as catalyst (cf. Scheme 5). 
Reaction of this ketone with propyl magnesium bromide 
followed by dehydration gave a mixture of the isomeric 
olefins 38 and 39 in 73% yield. The mixture was metalated 
with butyllithium and reacted with carbon dioxide to give 
a mixture of the acids 40 and 41 in 78% yield, which was 
desulfurized to give 6-propyldodecanoic acid (9). The crude 
product obtained in 79% yield contained small amounts 
of unsaturated product, and was therefore hydrogenated 
over Pd on carbon using ethanol as solvent. As partial 
esterification occurred during the hydrogenation, the prod- 
uct was completely esterified, distilled and then hydro- 
lyzed with sodium hydroxide to give pure 9 in an overall 
yield of 50%. 

The acids 6-hexyldodecanoic acid (14) and 6-methyl- 
dodecanoic acid {15) were prepared in a similar way by 
treating the 2-heptanoylthiophene (37) with hex- 
ylmagnesium bromide and methylmagnesium iodide, 
respectively. The reaction of 2-heptanoylthiophene with 
methylmagnesium iodide gave, as in the first case" a mix- 
ture of the two olefines 44 and 45 in 64% yield. The iso- 
meric distribution of this mixture could be determined by 
1H nuclear magnetic resonance spectroscopy {NMR). It 
was found that the least substituted olefin dominated, 
contrary to what might be expected. The overall yields 
of 6-hexyldodecanoic acid {14) and 6-methyldodecanoic 
acid (15} from heptanoylthiophene were 59 and 78%, 
respectively. 
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~ I / R  t R'MnX = ~ 1  ~ + 
Z. H | R 1 R 1 

0 
R'= CH3, C6H13, R 2 R 2 

C3H7,CsH11 

(37) R = C6H13 R1 = C5H11, R 2 = C2H 5 38 39 
(43) R = C9H19 R1 ---- R 2 = C5H]1 42 

R1 = C5Hll, R 2 = H 44 45 
R1 = C8H17, R 2 ---- C4H 9 49 50 

R1 x 
/CH-- (CHz)m--CO 2 H 

R 2 

Acid R 1 R 2 

HO2C -{CH2In-C02R RI\ ==. 
R : CH 3 , C2H S R ;  T M -  {CflZl~'-+nfO2fH3 

n=3,6,12 

m Acid R 1 R 2 m + n 

3 CzH 5 CH 3 2 

4 C2H 5 C2H 5 2 
16 C9H19 CsH11 4 

7 C2H 5 CH 3 14 

8 C2H 5 C2H 5 14 

10 C9H19 CsH H 7 

12 C2H 5 CH 3 8 

BuL, 

=' + HOzC 
s H ~ H02C R1 R 1 

R 2 R 2 

Rz = CsH1], R 2 = C2H 5 40 41 
RI = R 2 -- C5HII 43 
R] = C5Hll, R 2 = H 46 47 
R1 = C8H17, R2 = C4H 9 51 52 

0 
Ra-Ni 

=' HO R 1 

R 2 

R1 = CsH11, R2 = C2H s 9 
R1 - -  R2 = C5HII 14 
RI = CsH11, R 2 = H 15 

RI = C8H17, R2 = C4H 9 16 

SCHEME 5 

Acid 15 has been synthesized by Weitzel and Wojahn 
{43) using the same strategy as they used in the synthesis 
of 12, i.a, repeated malonlc ester syntheses. An alternative 
treatment of 4-methyl-l-decene with diethyl malonate in 
the presence of t-butyl peroxide gave 4-methyldecyl 
malonate, which upon decarboxylation yielded 15 (44). A 
third approach to 15 has been published by Asano e t  al. 
(45) in which hexyl zinc iodide and adipic acid chloride 
monoethyl ester were reacted to form ethyl 6-keto 
dodecanoate, The barium salt of the corresponding acid 
was treated with methylmagnesium iodide, and the prod- 
uct was dehydrated and reduced to give 15. 

In order to obtain 6-pentylpentadecanoic acid (16), 
which was needed for the prepration of 9-pentylocta- 
decanoic acid (10), thiophene wad acylated with decanoyl 
chloride to give 2-decanoylthiophene (48), which upon reac- 
tion with pentyl-magnesium bromide and dehydration in 
the same way as described above gave a mixture of the 
olefinic thiophenes 49 and 50. After metalation, treatment 
with carbon dioxide and desulfurization, 16 was obtained 
in 32% yield. 

The remaining acids, 7, 8, 10, 12, were prepared by Kolbe 
syntheses (Scheme 6). The acids 7 and 12 were prepared 
by coupling of 3 with the monomethyl esters of tetra- 
decanedioic acid and octadecanedioic acid, and the acid 
8 by coupling of 4 with tetradecanedioic acid monomethyl 
ester. Finally acid 10 was obtained from 16 and the 

S C H E M E  6 

monomethyl ester of glutaric acid. Due to the formation 
of symmetrical coupling products, the yields obtained 
were only about 30%. 

Acid 7 has been prepared in a multistep synthesis start- 
ing from 1-bromo-2-methylbutane By extending the chain 
by repeatedly reacting the organocadmium compounds, 
synthesized from the corresponding halide, with mono 
acid chlorides to form keto esters, which could be reduc- 
ed and converted to new saturated halides, which finally 
gave 7 (46}. Milburn and Truter (47) have, in an approach 
similar to ours, used Kolbe syntheses for the preparation 
of 7. However, in their case 4-methyl hexanoic acid was 
coupled with two diacids in two consecutive steps to give 
7. 

Milburn and Truter (47} have also synthesized 12 by a 
Kolbe synthesis from 3-methylpentanoic acid and methyl 
hydrogen azelate, The 3-methylpentanoic acid was syn- 
thesized in three steps from 2-methyl-l-butanok In another 
route, 12 has been prepared by repeated malonlc ester 
synthesis, where the acids formed were reduced and 
halogenated and used again in new malonic ester syn- 
theses (43). 

MATERIALS AND METHODS 

1H NMR spectra were recorded on a Varian XL-300 spec- 
trometer (Palo Alt~ CA). The infrared IIR) spectrometer 
used was a Perkin-Elmer Model 298 (Norwalk, CT}. Mass 
spectra were recorded on a Finnigan 4021 (San Jose, CA) 
and a Jeol JMFrSX 102 spectrometer (Toky~ Japan}. Gas 
chromatograms were obtained using Varian gas chro- 
matographs models 1400 and 3300. Glass columns (length 
2.0 m, i.d. 2 mm) were used with 10% SP-2340 and 3% OV 
101 on Chromosorb Q 100/120. Careful analyses of the 
acids showed that they were of high purity {>98%}. 

2-Methylhexanoic acid (1) was prepared as described by 
Hersl6f and Gronowitz (30). A 250-mL round-bottom flask 
equipped with reflux condenser was charged with 2- 
methylhexanoic acid oxazoline (10.0 g, 55 mmol) and 6M 
hydrochloric acid (55 mL). The reaction mixture was 
heated to reflux and kept at this temperature for 24 h. A 
hydrolyzed sample from the reaction mixture was ana- 
lyzed by gas chromatography (GC), which showed no 
starting material. The reaction mixture was cooled and 
then poured into dichloromethane (50 mL). The organic 
phase was separated and the water phase was extracted 
twice with dichloromethane The combined organic phases 

LIPIDS, Vol. 28, no. 10 (1993) 



893 

SYNTHESES OF BRANCHED FATTY ACIDS 

were washed three times with 2M sodium hydroxide solu- 
tion, after which the alkaline solution was acidified with 
concentrated hydrochloric acid under cooling. The product 
was dissolved in dichloromethane, and this solution was 
washed with water and dried over magnesium sulfat~ 
Upon removal of the solvent, compound 1 (6.3 g, 88%) was 
obtained. 1H NMR (CDC13) d 0.9 (t, 3H, CH3), 1.2 (d, 3H, 
CHa), 1.25-1.35 (m, 4H, CH2), 1.35-1.50 (rn, 1H, CHH), 
1.65-1.75 (m, 1H, CHH), 2.45 (sext. 1H, CHCO). Mass 
spectroscopy (MS) [electron impact (EI)] m/e (rel. int.): 
115(0.7), 101(3), 87(21), 74(100). Known compound (15-21). 

2-Butylhexanoic acid (2) was prepared as described 
above from 2-butylhexanoic acid oxazoline (10.0 g, 
44 retool) and 6M hydrochloric acid (44 mL). Evaporation 
of the solvent gave compound 2 (6.7 g, 88%). IH NMR 
(CDCIa) d 0.9 (t, 6H, CH3), 1.25-1.40 (m, 8H, CHa), 
1.40-1.55 (m, 2H, CHH), 1.55-1.70 (rn, 2H, CHH), 
2.30-2.40 (m, 1H, CHCO). MS (EI) m/e (rel. int.): 173(1), 
155(0.4), 143(2), 129(7), 116(45), 87(48), 73(100). Known 
compound (18,22). 

4-Methylhexanoic acid (3). A 5-L three-necked round- 
bottom flask was equipped with a mechanical air-driven 
stirrer, the side-necks were equipped with two-necked 
adapters on one side for nitrogen and a funnel with a cork 
The cork could be removed by pulling an iron wire at- 
tached to the cork. The two-necked adapter on the other 
side was equipped with a thermometer and two con- 
secutive condensers. After sweeping the flask for 15 rain 
with a strong stream of nitrogen, the flow was reduced 
and the flask was charged with 10% sodium hydroxide 
solution (2300 mL). During stirring, 4-ethyl-2-thiophene ~ 
carboxylic acid (28) (48) (30.0 g, 0.19 tool) was added. 
When 28 was dissolved, the solution was heated to 90~ 
whereupon Raney-Nickel (240 g) was slowly added by 
means of a spoon through the funnel. It was important 
to add the alloy at a very moderate rate to avoid a too 
vigorous reaction. The temperature of the reaction mix- 
ture was kept at 90-100~ When addition was completed, 
the reaction mixture was stirred at 90 ~ overnight. The 
hot reaction mixture was filtered through a glass filter, 
and the Raney-Nickel was washed twice with 150 mL of 
water. I t  is important that the Rane~Nickel be kept wet, 
since it is pyrophoric. The Raney-Nickel residue was then 
transferred to a glass bottle and covered with water. The 
combined alkaline water phases were cooled in an ice-bath, 
after which they were poured into ice-cooled concentrated 
hydrochloric acid (1500 mL). The acidic water solution was 
divided into two parts, and each part was extracted with 
three 500-mL portions of diethyl ether. The combined 
ether phases were washed with water and dried over 
magnesium sulfate. After evaporation of the solvent and 
distillation (b.p. 109-116~ Hg), compound 3 
(14.7 g, 89%) was obtained. 1H NMR (CDC1 z) d 0.87 it, 
3H, CHa), 0.89 (d, 3H, CH3), 1.10-1.25 (m, 1H, CHH), 
1.30-1.55 (m, 3H, CHH, CHH), 1.65-1.75 (m, 1H, CHH), 
2.25-2.45 (m, 2H, CH2CO). MS (EI) m/e (rel. int.): 131(3), 
113(2), 101(10), 83(15), 73(46), 71(76), 55(82), 41(100). 
Known compound (34,37). 

4-Ethylhexanoic acid (4) was prepared analogously to 
3 from 4-ethyl-5-methyl-2-thiophenecarboxylic acid (33) 
(25.0 g, 0.15 mol), Raney-Nickel (250 g) and 10% sodium 
hydroxide solution (2400 mL). After distillation (b.p. 
126-131~ mm Hg), compound 4 (16.4 g, 77%) was ob- 
tained. 1H NMR (CDC1 a) d 0.85 (t, 6H, CH~), 1.20-1.35 

(m, 5H, CH, CH2), 1.55-1.65 (m, 2H, CH2), 2.30 (t, 2H, 
CH2CO). MS (EI) m/e (tel. int.): 145(1), 115(6), 97(12), 
85(42), 73(51), 69(47), 60(22), 55(49), 43(100). Known com- 
pound (42). 

2-Methyloctadecanoic acid (5) was prepared analogously 
to 1 from 2-methyloctadecanoic acid oxazoline (10.0 g, 
28 rnrnol) and 6M hydrochloric acid (29 mL). As 5 is a solid 
compound, the reaction mixture was transferred to a 
beaker and cooled in an ice-bath, whereupon the product 
separated as a solid phase, which was collected on a glass 
filter and washed twice with water. After recrystalllzation 
from ethanol (m.p. 54.5-56.0~ pure 5 (5.7 g, 68%) was 
obtained. 1H NMR (CDCI 3) d 0.88 {t, 3H, CHz), 1.18 (d, 
3H, CH3), 1.20-1.35 (m, 28H, CH2), 1.35-1.50 (m, 1H, 
CHH), 1.60-1.75 (m, IH, CH/-fl, 2.40-2.50 (m, IH, CHCO). 
MS (El) rrde (tel. int.): 298(5), 255(3), 241(4), 227(2), 199(4), 
185(4), 143(7), 129(7), 87(33), 74(86), 43(100). Known com- 
pound (23-26). 

2-Hexadecyloctadecanoic acid (6) was prepared ana- 
logously to 5 from 2.hexadecyloctadecanoic acid oxazoline 
(30) (10.0 g, 18 retool) and 6M hydrochloric acid (17 mL). 
After recrystMiization from ethanol (m.p. 74.0-76.5~ 
compound 6 (7.5 g, 82%) was obtained. ~H NMR (CDC13) 
d 0.88 (t, 6H, CH3), 1.15-1.35 (m, 56H, CH2), 1.40-1.55 
(m, 2H, CHH), 1.55-1m70 (m, 2H, CHH), 2.30-2.40 (n~ 
1H, CHCO). MS (EI) m/e (rel. int.): 508(6), 409(1), 395(1), 
381(1), 297(7), 284(20), 241(6), 185(8), 129(16), 57(98), 
43(100). Known compound (27-29). 

16-Methyloctadecanoic acid (7). A 500-mL flask, equip- 
ped with a thermometer and a magnetic stirring bar, was 
charged with 4-methylhexanoic acid (3) (5.0 g, 38 mmol), 
monomethyl ester of tetradecanedioic acid (21.0 g, 
77 rnmol) and potassium hydroxide (0.6 g, 11.5 retool) in 
methanol (400 rnI,). A platinum electrode (12 cm 2, as 
anode) and an iron electrode (as cathode) were inserted into 
the solution, which was electrolyzed using a constant 
voltage, The initial current density was 175 mA/cm 2, and 
the temperature of the reaction mixture was kept at 
40-55~ The volume of the reaction mixture was kept 
constant by adding methanol during the reaction. When 
1.1 F/mol had passed through the ceil, the reaction was 
stopped. The reaction mixture was treated with a mixture 
of diethyl ether, dichloromethane and 1M hydrochloric 
acid. The phases were separated and the organic phase 
washed with sodium carbonate solution and water, dried 
over magnesium sulfate and evaporated. The residue 
was distilled (b.p. 136-142~ mm Hg), and methyl 
ester of 16-methyloctadecanoic acid (3.0 g, 26%) was 
obtainech 

In order to hydrolyze the ester, a mixture of ester (3.0 g, 
10 mmol) and sodium hydroxide (3.0 g, 77 retool) in 
ethanol (2 mL) and water (20 mL) was refluxed for 5 b_ The 
reaction mixture was poured into a beaker and cooled to 
room temperatur~ The precipitate formed was treated 
with concentrated hydrochloric acid {7.5 mL) and diethyl 
ether/dichloromethane {1:1, vol/vol). The phases were sepa- 
rated and the organic phase washed with water, dried over 
magnesium sulfate and evaporated, giving pure 7 (2.9 g, 
93%) with Imp. 49.0-50.5~ ZH NMR {CDCI3) d 0.85 it, 
3H, CH3), 0.84 (d, 3H, CH3), 1.05-1.20 (m, 1H, CHH), 
1.20-1.40 (m, 26H, CHH, CH, CH2), 1.58-1.70 (m, 2H, 
CHg), 2.35 (t, 2H, CH2CO). MS (EI) m/e (rel. int.): 298(6), 
281(2), 269(3), 251(4), 199(5), 185(5), 129(10), 71(39), 
43(100). Known compound (46,47). 
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16-Ethyloctadecanoic acid (8) was prepared analogously 
to 7 from 4-ethylhexanoic acid (4) (5.0 g, 35 retool), 
monomethyl ester of tetradecanedioic acid (19 g, 70 mmol) 
and potassium hydroxide (0.6 g, 11.5 mmol) in methanol 
(400 mL). Distillation (b.p. 187-189~ mm Hg) gave the 
ester (3.5 g, 31%), which upon hydrolysis gave 8 (3.2 g, 
96%) with m.p. 51.0-54.0~ 1H NMR (CDC13) d 0.78 (t, 
6H, CHa), 1.10-1.35 (m, 29H, CH2, CH), 1.50-1.65 {m, 
2H, CH2), 2.20 (t, 2H, CH2CO). MS (EI) mh {rel. int.): 
312(6), 294(3), 283(6), 256(6), 242(4), 111(9), 98(13), 84(26), 
71(31), 55(55), 43(100). Calc. for C2oH4002: C, 76.86; H, 
12.90; MW 312.54. Found: C, 74.89; H, 12.60. 

6-Propyldodecanoic acid (9). The first attempt was 
analogous to the preparation of 3 from a 10% sodium 
hydroxide solution (2500 mL), ethanol (1000 mL), a 
mixture of 4-(5"carboxy-2'-thienyl)-3-decene (31) and 
4-(5'-carboxy-2'-thienyl)-4-decene {32) and Raney-Nickel 
(200 g). GC analysis of the crude product showed that 38% 
of the starting material was left. The crude product was 
therefore desulfurized twice, each time using 10% sodium 
hydroxide solution (830 mL), ethanol (330 mL) and Raney- 
Nickel (67.0 g). After this procedure, GC analysis showed 
that the starting material was consumed. However, traces 
of unsaturated compounds were detected. The product 
(17.0 g) was therefore hydrogenated in ethanol (100 mL) 
with hydrochloric acid (3 drops) over palladium on char- 
coal (0.5 g) at 50~ and a hydrogen pressure of 50 psi. 
After 72 h, the reaction was interrupted and the catalyst 
was removed by filtration through celite. The filtrate was 
treated with concentrated hydrochloric acid (2 mL) and 
refluxed for 4 h. The reaction mixture was cooled, poured 
into brine (50 mL), and the product was taken up in diethyl 
ether (3 • 150 mL). The combined ether phases were dried 
over magnesium sulfate and evaporated, whereupon the 
residue was distilled (b.p. 103-108~ mrn Hg) giving 
ethyl 6-propyl dodecanoate (12.2 g, 60%). 

The ester was mixed with water (65 mL), ethanol 
(13 mL) and sodium hydroxide (11.0 g, 0.26 tool), and the 
reaction mixture was refluxed for 5 h. After cooling and 
acidification with concentrated hydrochloric acid, the 
product was taken up in diethyl ether, and the ether solu- 
tion was dried over magnesium sulfate. Evaporation gave 
pure9 (10.2 g, 93%). ~H NMR (CDC13) d 0.87 (~ 3H, CHz), 
0.88 (t, 3H, CHa), 1.15-1.35 (m, 19H, CH2, CH), 1.55-1.70 
(m, 2H, CH2), 2.36 (t, 2H, CH2CO). MS (EI) m/e (rel. int.) 
Si(CH3)3 derivative: 314(4), 299(20), 285(2), 271(5), 299(5), 
180(14), 145(36), 132(45), 117(70), 73(100). Calc for 
ClsH3002: C, 74.32; H, 12.47; MW 242.41. Found: C, 
74.95; H, 12.56. 

9-Pentyloctadecanoic acid (10) was prepared analo- 
gously to 7 from 6-pentylpentadecanoic acid (16), mono- 
methyl ester of pentanedioic acid (37.4 g, 26 retool) (49), 
potassium hydroxide (0.90 g, 16 mmol) and methanol 
(400 mL). After work-up and distillation (184-191~ 
0.7 mm Hg), methyl 9-pentyloctadecanoate (5.9 g, 25%) 
was obtained. The ester was hydrolyzed using water 
(60 mL), ethanol (10 mL) and sodium hydroxide (5.0 g, 
125 retool). After work-up, compound 10 (5.0 g, 89%) was 
obtained. 1H NMR (CDCla) d 0.88 (, 6H, CH3), 1.20-1.40 
(m, 35H, CH 2, CH), 1.57-1.70 (m, 2H, CH2), 2.35 (t, 2H, 
CH2CO). MS (EI) m/e (rel. int.): 355(1), 283(2), 260(2), 
227(4), 209(4), 111(8), 97(13), 85(18), 71(35), 57(75), 43(100). 
Calc. for C23H4002: C, 78.02; H, 13.00; MW 356.62. 
Found: C, 78.14; H, 13.19. 

3-Ethylhexanoic acid (11) was prepared analogously to 
3 from 10% sodium hydroxide solution (2400 mL), 3-ethyl- 
5-methyl-2-thiophenecarboxylic acid (31)(25.0 g, 0.15 mol), 
and Raney-Nicekl (250 g). After work-up and distillation 
(b.p. 120~ mm Hg) 11 (14.8 g, 73%) was obtained. 1H 
NMR (CDC13) g 0.88 (g 6H, CH3), 1.20-1.50 (rn, 6H, CH2), 
1.75-1.90 (m, 1H, CH), 2.28 (d, 2H, CH2). MS (EI) rnle 
(rel. int.): .145(1), 115(5), 101(7), 84(30), 60(90), 43(100). 
Known compound (40,41). 

10-Methyldodecanoic acid (12) was prepared analo- 
gously to 7 from 4-methylhexanoic acid (3) (10.0 g, 76.9 
mmol), monoethyl ester of octanedioic acid (50) (31.1 g, 
154 mmol), potassium hydroxide (1.3 g, 23 mmol) and 
methanol (450 mL). Work-up and distillation (b.p. 
105-110~ mm Hg) gave ethyl 10-methyl dodecanoate 
(7.6 g, 1 mm Hg). The ester was hydrolyzed using water 
(50 mL), ethanol (5 mL) and sodium hydroxide 3.8 g, 95 
mmol). Work-up and evaporation gave 12 (6.0 g, 84%). 1H 
NMR (CDC13) 5 0.88 (d, 3H, CH3), 0.89 (t, 3H, CH3), 
1.05-1.20 (m, 1H, CHH), 1.20-1.45 (rn, 14H, CH, CHH, 
CH=), 1.55-1.70 (rn, 2H, CH~), 2.30 (t, 2H, CH2CO). MS 
(EI) rrde (rel. int.) (Si(CH3) 3 derivative: 286(3), 271(16), 
257(3), 243(3), 227(3), 201(5), 145(4), 132(22), 117(50), 
75(70), 73(100). Known compound (46,47). 

2-Pentyldodecanoic acid (13) was prepared analogously 
to compound 5 from 2-pentyldodecanoic acid oxazoline 
(105.3 g, 0.33 mol) and 6M hydrochloric acid (330 mL). 
After 96 h the reaction mixture was worked up and 13 
(59.4 g, 67%) was obtained. 1H NMR (CDCI 3) d 0.88 (t, 
6H, CHa), 1.20-1.40 (m, 24H, CH2), 1.40-1.55 fin, 2H, 
CHH), 1.55-1.70 (m, 2H, CHH), 2.35 (m, 1H, CHCO). MS 
(EI) m/e (tel. int.): 270(4), 213(6), 143(15), 130(62), 87(71), 
73(100), 43(90). Known compound (31,32). 

6-Hexyldodecanoic acid (14) was prepared analogously 
to 9 from 10% sodium hydroxide solution (2460 mL), 
ethanol (990 mL), 7-(5'-carboxy-2'-thenyl)-6-tridecene (43) 
(20.0 g, 65 retool) and Raney-Nickel (197 g). After work- 
up pure 14 (10.9 g, 59%) was obtained. 1H NMR (CDC13) 
d 0.88 (t, 6H, CH3), 1.15-1.35 (m, 25H, CH2, C/D, 
1.55-1.70 (m, 2H, CH2), 2.36 (t, 2H, CH2). MS (EI) m/e 
(rel. int.): 285(4), 266(3)m, 248(5), 222(22), 199(9), 181(11), 
163(10), 102(25), 57(79), 43(100). Calc. for C18H~602: C, 
75.99; H, 12.76; MW, 284.49. Found: C, 76.19; H, 13.12. 

6-Methyldodecanoic acid (15) was prepared analogous- 
ly to 9 from 10% sodium hydroxide solution (2500 mL), 
ethanol (1000 mL), the mixture of 2-(5'-carboxy-2'-thienyl)- 
1-octen (46) and 2-(5'-carboxy-2'-thienyl)-2-octene (47) 
{20.0 g, 84 retool) and Raney-Nickel (200 g). After work- 
up and distillation (b.p. 131-136~ mm Hg) 15 (14.2 g, 
78%) was obtained. IH NMR (CDCI3) d 0.84 (d, 3H, CH3), 
1.05-1.15 (m, 1H, CHH), 1.20-1.40 (m, 14H, CH2, CH), 
1.55-1.65 (m, 2H, CH2) , 2.36 (~ 2H, CH2CO). MS (El) m~ 
(rel. int.): 215(9), 197(7), 179(6), 152(29), 129(8), 111(7), 
83(39), 55{65), 43{100). Known compound {43-45). 
6-Pentylpentadecanoic acid (16) was prepared analo- 

gously to 9 from 10% sodium hydroxide solution (1500 
mL), ethanol {1000 mL), the mixture of 6-(5'-carboxy-2'- 
thienyl)-6-pentadecene (51) and 6-(5'-carboxy-2'-thienyl)- 
6-pentadecene (52) {30.0 g, 89 retool) and Raney-Nickel 
(120 g). The crude product {17 g) was hydrogenated and 
esterified giving upon distillation {b.p. 177-180~ 
mm Hg) ethyl 6-pentylpentadecanoate (11.6 g, 99%). ~H 
NMR (CDCI 3) d 0.88 (t, 6H, CH3), 1.15-1.35 (m, 29H, 
CH2, C/D, 1.55-1.65 (m, 2H, CH~), 2.36 (t, 2H, CH2CO). 
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MS (EI) m/e (rel. int.) 312(0), 294(6), 276(10), 250(100), 
241(13), 223(15), 185(20), 167(28). Cala for C~0H4002: C, 
76.86; H, 12.90; MW, 312.54. Found: C, 76.64; H, 13.08. 

Propionic acid oxazoline (17) (51) was prepared 
analogously to acetic acid oxazoline (52). A 500-mL round- 
bottom flask equipped with a thermometer, magnetic bar 
and reflux condenser was charged with freshly distilled 
2-amino-2-methyl-l-propanol (178 g, 2.0 tool), and pro- 
pionic acid was added. With stirring the reaction mixture 
was refluxed until the reflux temperature dropped from 
165 to 142~ The oxazoline was distilled azootropically 
at 95-125~ through a Vigreux column. The distillate was 
collected in a receiver containing 300 mL of hexane, in 
which the water separated as a lower layer. The water layer 
was extracted three times with hexane, and the combined 
organic phases were dried over magnesium sulfate. After 
evaporation and distillation (b.p. 130-131~ compound 
17 (177.4 g, 70%) was obtained. 

Hexanoic acid oxazoline (18) was prepared according to 
(30) from hexanoic acid (116 g, 1.0 mol) and 2-amin~2- 
methyl-l-propanol (116 g, 1.3 tool) in xylene (100 mL). The 
flask was equipped with a water estimator and the reac- 
tion mixture was refluxed for 2 h, whereupon the xylene 
was distilled off. The residue was chromatographed on 
neutral alumina (Merck, Darmstadt, Germany) using 
diethyl ether as eluent. After evaporation and distillation 
(b.p. 83-85~ mm Hg) 18 (105 g, 62%) was obtainecL 
Lit. value (30) b.p. 90-92~ mm Hg. 

Octadecanoic acid oxazoline (19) was prepared anal~ 
gously to 18 from octadecanoic acid (284 g, 1.0 mol) and 
2-amino-2-methyl-l-propanol (116 g, 1.3 tool). Distillation 
(138-143~ mm Hg) gave compound 19 (275 g, 
82%). Lit. value (30) b.p. 90-92~ mm Hg. 

Heptanoic acid oxazoline (20) was prepared analogously 
to 18 from heptanoic acid (130 g, 1.0 mol) and 2-amino- 
2-methyl-l-propanol (116 g, 1.3 tool). After reflux for 36 h 
at 180-190~ and work-up followed by distillation (b.p. 
98~ mm Hg), compound 20 (122.6 g, 67%) was ob- 
tained. Lit. value (53) b.p. 96-98~ mm Hg. 

2-Methylhexanoic acid oxazoline (21). A 500-mL round- 
bottom flask equipped with a nitrogen inlet, dropping fun- 
nel and magnetic bar was charged with propionic acid ox- 
azoline (17) (10.0 g, 79 mmol) in tetrahydrofuran (200 mL) 
and cooled to -78~ Butyllithium (58 mL, 1.50 M) in hex- 
ane was added dropwise, and the reaction mixture was 
stirred for 1.5 h. Butyl bromide (10 mL, 94 retool) in 
tetrahydrofuran (120 mL) was then addecL One hour later 
the cooling bath was removed, and the reaction mixture 
was allowed to reach room temperature overnight. The 
mixture was poured into saturated ammonium chloride 
solution, diethyl ether was added and the phases were 
separated. The water phase was extracted twice with 
ether, and the combined organic phases were washed with 
saturated sodium chloride solution and dried over 
magnesium sulfate~ After evaporation and distillation (b.l~ 
110-114~ mm Hg) compound 21 (11.0 g, 76%) was 
obtained. 1H NMR (CDC13) d 0.90 (t, 3H, terminal CH3), 
1.10 (d, 3H, terminal CH3), 1.20-1.35 (m, 10H, CH2, 
ring CHa), 1.40-1.50 (m, 1H, CHH), 1.55-1.70 (m, 1H, 
CHH), 2.43 (seat., 1H, CH), 3.90 (s, 2H, ring CH2). MS 
(EI) rnk (tel. int.) 183(2), 168(13), 154(6), 140(34), 127(100). 
112(18). 

2-Butylhexanoic acid oxazoline (22) was prepared as 
described for 21 from hexanoic acid oxazoline (18) (10.0 g, 

59 mmol) in tetrahydrofuran (150 mL), butyllithium (45 
mL, 1.44 mol) in hexane and butyl  bromide (7.7 mL, 71 
mmol) in tetrahydrofuran {90 mL). After evaporation, the 
residue was flash-chromatographed on silica using hex- 
ane/diethyl ether (9:1, vol]vol) as eluent, and compound 22 
(7.7 g, 58%) was obtained pure 1H NMR (CDCI3) d 0.87 
(t, 6H, terminal CHs), 1.20-1.35 (rn, 14H, CH2, ring CH3), 
1.40-1.60 (n% 4H, CH2), 2.30-2.40 (m, 1H, CH), 3.90 (s, 
2H, ring CH2). MS (EI) m/e (rel. int.) 225(0.4), 210(3), 
196(1), 182(16), 169 (14), 140(24), 126(100). 

2-Methyloctadecanoic acid oxazoline (23) was prepared 
as described for 21 from propionic acid oxazoline (17) 
(10.0 g, 79 retool) in tetrahydrofuran (200 mL), butyl- 
lithium in hexane (58 mL, 1.50 M) and hexadecyl bromide 
(29.0 g, 94 mI,) in tetrahydrofuran (300 mL). After work 
up and distillation (b.p. 136-144~ mm Hg) com- 
pound 23 (17.0 g, 62%) was obtained. IH NMR (CDCI3) 
6 0.88 (t, 3H, CH3), 1.15 (d, 3H, CH3), 1.20-1.35 (m, 36H, 
ring CH3, CH2), 2.37-2.50 (sext., 1H, CH), 3.88 (s, 2H, 
ring CH2). MS (EI) rrde (rel int.) 351(3), 336(2), 322(1), 
308(3), 294(2}, 182(6), 140(31), 127(100}. 

2-Hexadecyloctadecanoic acid oxazoline (24) was pre- 
pared (30) from octadecanoic acid oxazoline (19) (10.0 g, 
30 mmol) in tetrahydrofuran (350 mL), butyllithium in 
hexane (20 mL, 1.50 M) and hexadecyl bromide (11.0 g, 
36 mmol) in tetrahydrofuran (120 mL). Work-up and dis- 
tillation (b.I~ 240-275~ mm Hg) gave compotmd 24 
(12.0 g, 70%). Lit. value (30) m.p. 76.5-78.0~ 

2-Pentyldodecanoic acid oxazoline (25) was prepared as 
described for 21 from heptanoic acid oxazoline (20) 
(120.0 g, 0.65 mol) in tetrahydrofuran (325 mL), butyl- 
lithium in hexane (473 mL, 1.51 M) and decyl bromide 
(161.0 g, 0.73 tool) in tetrahydrofuran (200 mL). Work-up 
and distillation (b.p. 128-142~ mm Hg) gave com- 
pound 25 pure (105.0 g, 50%). 1H NMR (CDCI 3) d 
0.83-0.90 (dr, 6H, termal CH3), 1.20-1.35 (m, 28H, ring 
CH 3, CH2), 1.38-1.61 (rn, 4H, CH2), 2.23-2.29 (m, 1H, 
CH), 3.90 (s, 2H, ring CH~. MS (El) ride (tel int.) 323(5), 
308(4), 226(8), 196(18), 183(20), 126(100), 43(75). 

3-Ethyl-5-methyl-2-thiophenecarboxylic acid (31). A 
500-mL thre~necked flask was equipped with a t w o  
necked adapter, stirrer, condenser with drying tube~ nitro- 
gen inlet and dropping funnel. After flushing with nitro- 
gen, the apparatus was charged with 2-methyl-4-ethyl- 
thiophene (33) (11.9 g, 94 mmol) in anhydrous diethyl ether 
(100 mL). Butyllithium in hexane (68.2 mL, 1.51 M), 
diluted with dry ether (100 mL), was added dropwise at 
room temperatur~ When the addition was complete, the 
reaction mixture was refluxed for 15 min~ after which it 
was poured onto solid carbon dioxide covered with dry 
ether. At 0~ water (200 mL) was added, the phases were 
separated and the ether phase was extracted twice with 
2M sodium hydroxide solutiom The combined aqueous 
phases were acidified with 1M sulfuric acid, and the pre- 
cipitate was filtered off. Recrystallization from ethanol/ 
water gave compound 31 (10.7 g, 67%) with m.p. 
128.0-129.0~ Calc. for C8H1002S: C, 56.46; H, 5.92; 
MW, 170.23. Found: C, 56.31; H, 5.91; MW, 170. 

4-Ethyl-5-methyl-2-thiophenecarboxylic acid (33) was 
prepared analogously to 31 from 3-ethyl-2-methylthi- 
ophene (36) (33) (19.3 g, 153 mmol) in dry diethyl ether 
{100 mL) and butyllithium in hexane (112 mL, 1.50 M) 
diluted with dry ether (100 mL). Recrystallization from 
ethanol/water gave compound 33 (17.7 g, 68%) with m.p. 
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I06-108~ Calc for C8HloO2S: C, 56.46; H, 5.92; MW, 
170.23. Found: C, 56.49; H, 5.94; MW, 170. 

2-Heptanoylthiophene (37) was prepared according to 
Reference 54 from heptanoyl chloride (55) {14.9 g, 0.10 
mol), thiophene (8.40 g, 0.10 mol), toluene (100 mL) and 
stannic chloride {10.4 g, 40 mmol). Distillation {b.p. 
110~ mm Hg) gave compound 37 {10.7 g, 55%) [Lit. 
value (54) 170-171~ mm Hg, 84%1 

7-(2'-Thienyl)-6-tridecene (42). A three-necked flask ( 1000 
mL) was equipped with a dropping funnel, reflux con- 
denser, thermometer and magnetic bar. The flask was 
charged with magnesium {14.9 g, 0.61 mol), a small 
amount of iodine and dry diethyl ether (60 mL). Hexyl 
bromide {100.9 g, 0.61 mol) in dry ether (130 mL) was 
added under stirring at such a rate that gentle reflux was 
maintained. When the addition was complete, the reac- 
tion mixture was refluxed for 20 min, dry ether (100 mL) 
was added and the reaction mixture was cooled in an ice 
bath. 2-Heptanoylthiophene (80.0 g, 0.41 tool) was added 
dropwise for 10 min, and the reaction mixture was refluxed 
for another  15 min, after  which it was poured into a mix- 
ture  of sa turated ammonium chloride solution (800 mL) 
and ice (500 g) and stirred for 15 rain. The product  was 
extracted with ether  (2 • 400 mL), and the combined 
ether phases were washed with water and dried over 
magnesium sulfate. After removal of the ether, the residue 
was t reated with oxalic acid (4.0 g) and a small amount  
of hydroquinone (to avoid polymerization) and heated at 
90~ for 30 rain. The product  was taken up in ether, and 
the ether solution was washed with water and sodium car- 
bonate solution. After drying over magnesium sulfate and 
evaporation, the residue was distilled in an apparatus  
powdered with hydroquinone (b.p. 122~ mm Hg) giv- 
ing compound 42 (54.5 g, 42.5%). 1H NMR (CDC13) d 0.89 
(m, 6H, CH3), 1.20-1.38 (m, 14H, CH2), 2.17 (q, 2H, CH2), 
2.45 (t, 2H, CH2), 5.90 (t, 1H, CH), 6.95 (n~ 2H), 7.08) q, 
1H, J = 4.55 and 1.77 Hz). MS (EI) m/e {rel. int.) 264(8), 
207(13), 179(22), 124(100), 97(57), 41(48). 

7-(5'-Carboxy-2'-thienyl)-6-tridecene (43). Butyl l i th ium 
(116 mL, 1.48 N) was added at room temperature  under 
nitrogen and with magnetic stirring to 7-{2'-thienyl)- 
6-tridecene (42) in dry  diethyl e ther  (350 mL). When the 
addition was complet~ the reaction mixture was refluxed 
for 20 min, after which it  was poured onto dry ice covered 
with dry  ether. Water (560 mL) was added at 0~ the 
phases were separated and the ether phase was extracted 
with sodium hydroxide solution (40 mL, 2N). The com- 
bined alkaline phases were acidified with sulfuric acid (2N) 
while cooling with ice The product was dissolved in ether, 
the ether  phase dried over magnesium sulfate and the 
ether evaporated to give compound 43 as an oil (44.0 g, 
83%). MS after silylation (EI) m/e {rel. int.) 380(3), 295(7), 
240(17), 193(8), 73(100), 43(10). 

4-(2'-Thienyl)-3-decene (38) and 4-(2'-thienyl)-4-decene 
(39) were prepared analogously to 42 from magnesium 
(6.38 g, 0.26 mol) in dry diethyl ether (60 mL), propyl 
bromide (32.2 g, 0.27 mol) in dry ether  (100 mL) and 
heptanoylthiophene (34.3 g, 0.175 mol). Distillation (b.p. 
108-110~ mm Hg) gave compounds 38 and 39 
(24.7 g, 63%). 

4-(5'-Carboxy-2'-thienyl)-3-decene (40) and 4-(5'-carboxy- 
2'-thienyl)-4-decene (41) were prepared analogously to 43 
from 38 and 39 (24.7 g, 0.11 mol) in anhydrous diethyl 
ether  (200 mL) and butyl l i thium (73.5 mL, 1.51 N). After  

evaporation, compounds 40 and 41 were obtained as an 
oil (23.2 g, 78%). 

2-(2'-Thienyl)-l-octene (44) and 2-(2'-thienyl)-2-octene (45) 
were prepared analogously to 42 from magnesium (1.86 g, 
76.4 retool) in dry diethyl ether (20 mL), methyl iodide 
{10.8 g, 76.4 retool) in dry ether (30 mL) and hepta- 
noylthiophene {10.0 g, 50.9 rnmol) in anhydrous ether 
(30 ml,). Distillation (b.lx 92-96~ mm Hg) gave com- 
pounds 44 and 45 {6.90 g, 70%). 

2-(5'-Carboxy-2'-thienyl)-l-octene (40) and 2-(5'-carboxy- 
2'-thienyl)-2-octene (47) were prepared analogously to 43 
from 44 and 45 {8.5 g, 43.5 retool) in anhydrous diethyl 
ether (80 mL) and butyUithium {28.8 mL, 1.51 N). Upon 
acidification, one of the isomers, 46, precipitated as yellow 
crystals (n~pl 65-68~ After evaporation compounds 46 
and 47 were obtained as an oil {5.85 g, 56%). 
Decanoylthiophene (48) was prepared analogously to 37 

from decanoyl chloride (56) (76.3 g, 0.40 tool), thiophene 
{33.6 g, 0.40 tool) in anhydrous toluene (400 mL) and 
stannic chloride {41.7 g, 0.16 mol). Distillation (b.p. 
123~ mm Hg) gave compound 48 {61.7 g, 64%) [Lit. 
value (57) b.p. 205~ mm Hg]. 

6-(2'-Thienyl)-5-pentadecene (49) and 6-(2'-thienyl)-6- 
pentadecene (50) were prepared analogously to 42 from 
magnesium {15.7 g, 0.64 mol) in anhydrous diethyl ether 
(100 mL), pentyl bromide {97.0 g, 0.64 mol) in dry ether 
(120 mL) and decanoylthiophene 102.9 g, 0.43 tool) in 
anhydrous ether (300 mL). Distillation (b.p. 168~ mm 
Hg) gave compound 49 and 50 {70.8 g, 56%). 

6-(5'.Carboxy-2'-thienyl)-5-pentadecene (51) and 
6-(5'-carboxy-2'-thienyl)-6-pentadecene {52) were prepared 
analogously to 43 from 49 and 50 {70.8 g, 0.25 tool) in 
anhydrous diethyl ether (400 mL) from butyllithium (193 
mL, 1.42N). Upon evaporation, compounds 51 and 52 were 
obtained as an oil (78.1 g, 94%). 
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The gel point and the refractive index of monoalkyl 
branched saturated fatty acids were determined and 
related to the structure of the acids. A three-factor cen- 
tral composite face-centered design was constructed 
where the three variables were the length of the main 
chain, the branching position and the length of the side 
chain. Second-arder models were calculated in which the 
two properties were related to the structure. In order to 
confirm the validity of the models, two additional fatty 
acids were analyzed. The gel point was found to be prc~ 
portional to the length of the main chain and the square 
of the branching position whereas the refractive index was 
proportional to the length of both the main and the side 
chain and also to the square of the main chain. 
Lipids 28, 899-902 (1993). 

I t  has long been known tha t  the introduction of a branch 
into fa t ty  acids and their derivatives alters their physical 
properties, e.g., the melt ing point, the density, the refrac- 
tive index and the viscosity (1-10). Many branched fa t ty  
acids, most  of which are methyl  branched, are found in 
nature (11-16). 

In spite of the commercial interest  in branched fa t ty  
acids there has, to our knowledge, only been one previous 
s tudy  in which the relationship between the s t ructure  of 
branched fa t ty  acids and their  physical properties has 
been systematically investigated. This is the s tudy by 
Cason and Winans (9) in which all methyl  branched octa- 
decanoic acids, from 2-methyloctadecanoic acid to 17- 
methyloctadecanoic acid, were synthesized. The melt ing 
points were studied, and it was found tha t  the melt ing 
points were all lower than for octadecanoic acid itself. The 
lowering effect was largest when the methyl  group was 
at tached to carbon number  10 or 11. 

In the present  study, two physical properties, the gel 
point  ("solidification point") and the refractive index (at 
80 ~ of monoalkyl branched saturated fa t ty  acids were 
related to the s t ructur~ A chemometrical  approach was 
used. Polymorphic properties, if any, have not  been 
considered. 

MATERIALS AND METHODS 

Materials. 2-Ethylhexanoic acid was purchased from E. 
Merck (Darmstadt,  Germany). All other  fa t ty  acids were 
synthesized (17). The pur i ty  of the acids were found to be 
>98% by gas-l iquid chromatography (GLC) and/or high- 
performance liquid chromatography (HPLC). 

Measurements. The gel points were determined on a 
Bohlin VOR Rheemeter  (Lund, Sweden) used in the 
oscillation mode  The samples were placed between a cone 

*To whom correspondence should be addressed. 
1present address: Astra-Draco AB, Box 34, S-221 00 Lurid, Sweden. 
Abbreviations: ANOVA, analysis of variance; CCF, central com- 
posite face-centered design; GLC, gas-liquid chromatography; 
HPLC, high-performance liquid chromatography; MODDE, model- 
ing and design (computer software). 

and a plate with diameters of 25 mm and a gap size of 
0.15 mm. The gap was adjusted at 0~ for the samples 
with high gel points (> -10~ and at - 2 5 ~  for the sam- 
ples with low gel points (< -10~ The torsion bar used 
had a torque constant  of 92.3 gcm. The samples were sub- 
jected to an oscillation (frequency 0.500 s -z) in the auto- 
strain mode  This means tha t  the strain was adjusted 
according to the measured torque in such a way tha t  in- 
creased torque led to a decrease in strain. The strain 
amplitude varied between 0.002 and 0.2. The measure- 
ments  were performed in a s tandard low temperature  cell 
cooled by liquid nitrogen. The samples were cooled from 
- 1 0  to -100~  (10 to - 1 0 ~  for the acids with high gel 
points) with a temperature  gradient of -0 .5~ s. The 
results were recorded every 6 s. 

The gel points were determined by means of the tangent 
to the sharply increasing storage modulus (G', the elastic 
component  of a viscoelastic material). This indicates an 
increase in the elastic component  of the sample {a 
solidification). The results are strongly dependent  on the 
temperature gradient chosen, due to the fact tha t  the acids 
show different polymorphic behavior. This method of 
determining the gel point is a modification of the method 
of Bohlin et aL (8). 

The gel points of the acids with very high gel points 
{>10~ were determined simply by agitat ing 2 g of the 
acid contained in a small bottle with a thermometer  using 
the same frequency as in the rheometer. The samples were 
cooled by the surrounding air and, when necessary, with 
an ice-water mixture. The cooling was carried out  in such 
a way as to achieve the same gradient as with the 
rheometer  (--2 ~ C/min). 

The refractive indices were determined at  80~ with an 
Abbd refractometer, Carl Zeiss (Jena, Germany), model A. 

Experimental  design. The structures of the monoalkyl 
branched saturated fa t ty  acids were chosen according to 
a thre~factor central composite design (18). The three fac- 
tors are the length of the main chain (Xl), the branching 
position (X2) and the length of the side chain (X3). As can 
be seen in Table 1, the different levels of variable X2 are 
defined as functions of variable Xl. In a similiar way the 
levels of variable X3 are defined as functions of variables 
X1 and X2. This is due to the fact that ,  e.g., in the case of 
the branching position, level +1 represents a carbon atom 
near the end of the main chain. Depending on the length 
of the main chain, the number of the carbon atom to which 

TABLE 1 

Factor Levels of the Experimental Design 

Level 

Factor - 1 0 + 1 

Length of main chain (X 1) 6 12 18 
Branching position (X 2) 2 X1/2 X 1 - 2 
Length of side chain (X 3) 1 (X 1 - X 2 + 1)/2 X 1 - X 2 
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TABLE 2 

Experimental Design Including Two Control Substances 

Branching 
Length of main position Length of side 

Branched fatty acid chain (Xl) (X2) chain (X3) 

Acids included in the design 
2-Methylhexanoic - 1 - 1 - 1 
2-Butylhexanoic - 1 - 1 + 1 
4-Methylhexanoic - 1 + 1 - 1 
4-Ethylhexanoic - 1 + 1 + 1 
2-Methyloctadecanoic + 1 - 1 - 1 
2-Hexadecyloctadecanoic + 1 - 1 + 1 
16-Methyloctadecanoic + 1 -t- 1 - 1 
16-Ethyloctadecanoic + 1 + 1 + 1 
6-Propyldodecanoic 0 0 -0 .2  
9-Pentyloctadecanoic + 1 0 0 
3-Ethylhexanoic - 1 �9 0 0 
10-Methyldodecanoic 0 + 1 - 1 
2-Pentyldodecanoic 0 - 1 - 0.111 
6-Hexyldodecanoic 0 0 + 1 
6-Methyldodecanoic 0 0 - 1 

Control acids 
6-Pentylpentadecanoic +0.5 -0.273 0 
2-Ethylhexanoic - 1 - 1 -0.333 

the branch is affixed will vary. In the same way the length 
of the branch has an upper limit. If this limit is passed, 
the branch has become the main chain. In the case of the 
branching position, level +1 has been chosen as a posi- 
tion two carbons away from the end of the main chain to 
be able to vary the length of the branch. 
The complete experimental design, including two con- 

trol substances, is shown in Table 2. As can be seen, the 
axial points have been placed one unit away from the 
center instead of the ideal distance of 1.682 units. This 
variant of the central composite design is called central 
composite face-centered design (CCF). 
Statistical analyses. The evaluation of the results was 

made with the help of the software MODDE {MODeling 
and DEsign) version 1.2 (Umetri AB, Ume~, Sweden). All 
measurements were done in a randomized order. Measure- 
ments in the center point of the design were repeated 
twice MODDE uses multiple linear regression to calculate 
a prediction equation for each response (Equation 1): 

Yp = b 0 + blX 1 -b b2X 2 + b3X 3 -b bl2XIX 2 -}- bl3X1X3 

+ b23X2X3 + b, lX~ + b22 x2 + b33X~ [1] 

The est imated coeff icients are then rejected or retained 
d e p e n d i n g  on the i r  probabi l i ty .  T h e  t e s t  is p e r f o r m e d  a t  
a s ignif icance level of a = 0.05. The  s ignif icant  coefficients 
are t hen  r e e s t i m a t e d  to give the  f inal  p red ic t ion  equa t ion .  
Outl iers ,  iden t i f ied  by n o r m a l  p robab i l i t y  p lo t s  of t he  
res iduals  (19), are exc luded  f rom the  mul t ip l e  l inear  r ~  
gression.  

RESULTS AND DISCUSSION 

Gel point. The  coeff ic ients  of  the  f inal  p red ic t ion  equa-  
t ion  of t he  gel  po in t  are shown in Table 3 wi th  correspon-  
d ing  probabi l i t ies  and 95% confidence intervals .  9-Pentyl- 
oc t adecano ic  acid  and  3-e thy lhexanoic  acid have  been  

TABLE 3 

Coefficients from the Final Prediction Equations of the Gel Point 
and the Refractive Index 

Term Coefficient a Probability b 

Gel point 
Constant 
Main chain (xz) 
Branching position (X 2 
(Branching position) 2 (X~) 

Refractive index 
Constant 
Main chain (X 1) 
Side chain {f13). 
Main chain ~ (X~) 

- 7 9  __ 13 0.00 
68 _+ 10 0.00 

0.5 -- 9 0.91 
69 ---- 16 0.00 

1.4271 +_ 0.0018 0.00 
0.0146 +- 0.0015 0.00 
0.0037 +-- 0.0015 0.02 

--0.0075 +_ 0.0024 0.00 

=Values are given with 95% confidence intervals. 
bThe probability that a coefficient is equal to zero. 

identified as outliers (by the technique of normal probabil- 
ity plots) and are consequently excluded from the regres- 
sion calculations. The resulting equation is Equation 2. 

Y~ ge] point ~--- --79 + 68X1 + 0.5X2 + 69X 2 [2] 

According to the prediction equation, the gel point is pro- 
portional to the length of the main chain (X~) and to the 
square of the branching position (X~). Any polymorphic 
properties, if present, have not been considered. Figure 1 
shows a three-dimensional picture of the response surface, 
which has the shape of a long and rising valley. 

The observed  and the  predic ted  gel  po in t s  are compared  
in Table 4. A n  ana lys i s  of va r i ance  {ANOVA) scheme  is 
shown in Table 5. The  coeff ic ient  of mu l t ip l e  de te rmina-  
t ion  is R z = 0.964. The  t e s t  for lack of f i t  ind ica tes  a 
h igh  p robab i l i t y  {40%) t h a t  the  lack of f i t  is due  to pure  
e x p e r i m e n t a l  error. 
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TABLE 4 

Gel Points and Refractive Indices of Monoalkyl Branched Satura ted  F a t t y  Acids 

Branched fatty acid 

Gel point  Refractive index (80~ 

Observed Predicted Observed Predicted 
gel point gel point = Residual refractive refractive 

(~ (~ (~ index index = Residual 

Acids included in the design 
2-Methylhexanoic 
2-Butylhexanoic 
4-Methylhexanoic 
4-Ethylhexanoic 
2-Methyloctadecanoic 
2-Hexadecyloctadecanoic 
16-Methyloctadecanoic 
16-Ethyloctadecanoic 
6-Propyldodecanoic 

9-Pentyloctadecanoic 
3-Ethylhexanoic 
10-Methyldodecanoic 
2-Pentyldodecanoic 
6-Hexyldodecanoic 
6-Methyldodecanoic 

Control acids 
6- Pentylpent  adecanoic 
2-Ethylhexanoic 

--89 --78 • 17 --11 1.3970 1.4014 • 0.0025 --0.0044 
--84 --78 • 17 --6 1.4091 1 . 4 0 8 8 •  0.0003 
--86 --77 • 17 --9 1.4032 1 . 4 0 1 4 •  0.0018 
--57 --77 • 17 20 1.4091 1.4088 • 0.0025 0.0003 

53 57 • 17 --4 1.4292 1 . 4 3 0 5 •  --0.0013 
73 57 • 17 16 1.4391 1.4379 • 0.0029 0.0012 
48 5 8 •  17 --10 1.4319 1.4305 • 0.0025 0.0014 
51 58 • 17 --7 __b 1.4379 • 0.0029 --  

--85 - - 7 9 •  13 --6 1.4273 1 . 4 2 6 4 •  0.0009 
--86 --79 • 13 --7 1.4272 1.4264 • 0.0018 0.0008 
--83 --79 • 13 --4 1.4273 1.4264 • 0.0018 0.0009 
--77 --11 • 17 --66 1.4329 1.4342 • 0.0023 0.0013 
--97 --146 • 17 49 1.4069 1.4051 •  0.0018 

--3 --9 • 13 6 b 1.4234 • 0.0023 --  
--5 - - 1 0 •  13 5 1.4257 1.4267 •  0.0010 

--86 - - 7 9 •  13 --7 1.4280 1.4308 • 0.0025 0.0028 
--53 --79 • 13 26 1.4245 1 . 4 2 3 4 •  0.0011 

--72 - - 4 0 •  13 --32 1.4335 1.4325 •  0.0010 
--83 --78 • 17 --5 1.4011 1 . 4 0 3 8 •  0.0027 

=Values are given together  with  their  95% confidence intervals,  bInsufficient material  to perform the measurements .  
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xx S //J ~/x, S S /J l l 

r 

FIG.  1. Three-dimensionai response surface showing the  gel point 
as a function of the structure for monoalkyl branched saturated fa t ty  
acids. The length  of the main chain (Xl) is given as the  number  of 
carbons (6 to 18) while the  branching position (X 2) is given as coded 
values (--1 to +1). 

The compounds for which the difference between the 
predicted and the observed gel point is largest have in 
common that they are branched near the middle {X2 = 0) 
and that they, at the same time, have main chains which 
are not twelve carbons long. In other words the second 
order model does not give good predictions of the gel 
points of long or short fatty acids branched near the mid- 
d i e  o f  t h e  m a i n  c h a i n .  T h e  l o w e r i n g  e f f e c t  o n  t h e  ge l  p o i n t  
a c h i e v e d  b y  p u t t i n g  a b r a n c h  n e a r  t h e  m i d d l e  s e e m s  t o  
b e  m o r e  p r o n o u n c e d  t h e  l o n g e r  t h e  m a i n  c h a i n .  T h i s  

TABLE 5 

ANOVA Scheme and Residual Sum of Squares Breakdown 
for the Gel Point Prediction Equat ion a 

ANOVA scheme 

Source Sum Degrees Mean 
of variation of squares of freedom square 

Cons tan t  16 138 1 16 138 
Model te rms 52 320 3 17 440 
Residuals 1 956 11 178 

Total  70 414 15 4 694 

Residual sum of squares breakdown 

Pure error 1 463 8 183 
Lack of fit 494 3 165 

=P (lack of fit = pure error) = 0.400. ANOVA, analysis of variance. 

effect cannot be explained by the model However, all other 
types of branched fatty acids, within the experimental do- 
main, are satisfactorily explained. 
The fact that the length of the branch does not influence 

the gel point came as a surprise This is probably due to 
the fact that earlier investigations had been focused on 
methyl branched acids. Almost all naturally occurring 
branched fatty acids found up to now are methyl branch- 
ed ones (2,3,11,14). On the other hand, the influence of the 
square of the branching position is a confirmation and ex- 
tension of the results of the study on methyl branched 
octadecanoic acids by Cason and Winans (9). 

Refractive index (80~ T h e  f i n a l  p r e d i c t i o n  e q u a t i o n  
of  t h e  r e f r a c t i v e  i n d e x  r e s u l t e d  i n  t h e  c o e f f i c i e n t s  s h o w n  

LIPIDS, Vol. 28, no. 10 (1993) 



902 

L. SVENSSON E T  AL. 

FIG. 2. Three-dimensional response surface showing the refractive 
index (at 80~ as a function of the structure for monoalkTl branch- 
ed saturated fatty acids. The length of the main chain (X1) is given 
as the number of carbons (6 to 18) and the length of the side chain 
(X3) is given as coded values (--1 to +1). 

in  Table 3 (with c o r r e s p o n d i n g  p robab i l i t i e s  a n d  95% con- 
f idence  in tervals) .  The  e q u a t i o n  is E q u a t i o n  3. 

Yp, refractive index (80~ ~--" 1.4271 + 0.0146X 1 + 0.0037X 3 -- 0.0075Xl 2 

[3] 

I n  t h i s  c a se  t h e  b r a n c h i n g  p o s i t i o n  does  n o t  in f luence  
t h e  r e s p o n s ~  The  re f rac t ive  index  is i n s t e a d  p r o p o r t i o n a l  
to  t h e  l e n g t h  of b o t h  t h e  m a i n  a n d  t h e  s ide  cha in  and  to  
t h e  s q u a r e  of  t h e  l e n g t h  of t h e  m a i n  chain.  

F i g u r e  2 shows a t h r e e - d i m e n s i o n a l  p i c tu r e  of t h e  
r e s p o n s e  s u r f a c ~  T h e  conc lus ion  is  t h a t  t h e  l a rge r  t h e  
molecule ,  t h e  h ighe r  t h e  r e f rac t ive  index.  T h e  o b s e r v e d  
a n d  t h e  p r e d i c t e d  va lues  are  c o m p a r e d  in  Table 4. A n  
A N O V A  scheme  is s h o w n  in Table 6. The  coef f ic ien t  of 
m u l t i p l e  d e t e r m i n a t i o n  is  R 2 = 0.980, which  is even bet-  
t e r  t h a n  in  t h e  gel  p o i n t  c a s ~  T h e  t e s t  for l ack  of  f i t  shows 
a h i g h  p r o b a b i l i t y  (44%} t h a t  t he  l a ck  of f i t  is  due  to  pu re  
e x p e r i m e n t a l  error. 
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TABLE 6 

ANOVA Scheme and Residual Sum of Squares Breakdown 
for the Refractive Index Prediction Equation a 

ANOVA scheme 

Source Sum Degrees 
of variation of squares of freedom Mean square 

Constant 30.2983 1 30.2983 
Model terms 0.0022 3 0.0007 
Residuals 0.0000 11 0.0000 

Total 30.3005 15 2.0200 

Residual sum of squares breakdown 

Pure error 2.24 X 10 -5 5 4.49 X 10 -6 
Lack of fit 2.29 X 10 -5 6 3.81 X 10 -6 

ap (lack of fit = pure error) = 0.439. ANOVA, analysis of variance. 
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3-Carboxy-4-nitrophenyl.dithio.l,1 ',2.trisnorsqualene: A Site.Directed 
Inactivator of Yeast Oxidosqualene Cyclase 
Gianni Balliano, Giorgio Grosa, Paola Milla, Franca Viola and Luigi Cattel* 
istituto di Chimica Farmaceutica Applicata, 10125 Torino, Italy 

The role and location of essential thiol groups in 2,3- 
oxidosqualene cyclase from Saccharomyces cerevisiae 
was examined (i) by comparing inactivation properties of 
two known thiol reagents, 5,5'-dithiob/s(2-nitrobenzoic 
acid) (DTNB) and 2-nitro-5-thiocyanobenzoic acid (NTCB), 
with 3-carboxy-4*nitrophenyl~lithio-l,l',2-tr/snorsqualene 
(CNDT-squalene), a new thiol reagent designed as a site- 
directed inactivator of oxidosqualene cyclase and (ii) by 
testing the ability of the substrate to protect the enzyme 
against inactivation by the reagents. All reagents gave 
a time-dependent inactivation following pseudo-first order 
kinetics. DTNB and CNDT-squalene showed comparable 
inactivation ability (Ki = 0.67 and 1.21 mM), whereas 
NTCB was less effective (Ki = 15.6 mM). Strong dif- 
ferences between the two most active inhibitors, DTNB 
and CNDT-squalene, were observed when the enzyme was 
saturated with substrate prior to incubation with the thiol 
reagent. While substrate did not protect the enzyme 
against the inactivation caused by DTNB, a reduction in 
the inactivation ability of CNDT-squalene was observed 
under protection conditions. The data suggest that the 
squalene-like inactivator modifies a thiol group located 
at the active site of the enzyme. 
Lipids 28, 903-906 (1993). 

Squalene and oxidosqualene cyclizing enzymes play a cen- 
tral role in the biosynthesis of steroid-like molecules, as 
they catalyze the conversion of acyclic precursors into 
tetra- or pentacyclic compounds (1,2). In recent years, 
several research groups have focused their efforts on the 
characterization and purification of these cyclizing en- 
zymes from both prokaryotic and eukaryotic organisms 
(3-11). The evolutionary connection between these two 
classes of enzymes has been hypothesized on the basis of 
the ability of prokaryotic squalene cyclases to cyclize 3R- 
and 3S-2,3-oxidosqualene, in addition to their natural 
substrate, squalene {12). An important property shared 
by prokaryotic and eukaryotic cyclizing enzymes is their 
sensitivity to thiol reagents, p-Chloromercuribenzene~ 
sulfonic acid and N-ethyl maleimide strongly inhibit 
squalene-hopene cyclase from Bacillus acidocaldarius (13) 
and oxidosqualene-lanosterol cyclase from yeast (9) and 
hog liver (6). In the latter work cited, the authors demon- 
strated that  a sulfhydryl group is essential for the activ- 
ity of mammalian liver cyclase, using inactivation ex- 
periments with N-ethyl maleimide as a modifying agent. 
However, the presence of a reactive thiol group at the ac- 
tive site of the enzyme could not be proven, as no protec- 
tion against inactivation was observed when experiments 
were repeated in the presence of a competitive inhibitor 
as a protecting agent (6). 

*To whom correspondence should be addressed at Istituto di Chimica 
Farmaceutica Applicata, Corso Raffaello 31, 10125 Torino, Italy. 
Abbreviations: CNDT-squalene, 3-carboxy-4-nitrophenyl-dithi~ 
1,1',2-tr/snorsqualene; DTNB, 5,5"-dithiobis(2-nitrobenzoic acid}; 
NTCB, 2-nitr~5-thiocyanobenzoic acid; TNB, thionitrobenzoate. 

The search for more specific inactivators of yeast ox- 
idosqualene cyclase, which would be able to enter and 
modify the active site of the enzyme, led us to design new 
thiol modifying agents with squalene-type substituents. 
In the present paper we desdribe a chemical modification 
of yeast oxidosqualene cyclase by 3-carboxy-4-nitrophenyl- 
dithio-l,l',2-tr/snorsqualene (CNDT-squalene) (Scheme 1), 
a new thiol reagent designed as a site-directed inactivator. 
Properties of the new reagent were compared with those 
of the two known thiol reagents, 5,5'-dithiobis(2-nitro- 
benzoic acid} (DTNB}, the Ellman's reagent and 2-nitro- 
5-thiocyanobenzoic acid (NTCB}, which inactivates pro- 
teins by cyanylating thiol groups {14). Protection ex- 
periments, performed with the new reagent, provided the 
first evidence of the existence of an essential thiol group 
within the active site of the enzyme. 

S~S~coo H 
NO 2 

SCHEME 1 

MATERIALS AND METHODS 

Chemicals. Nonidet P-40, Tween 80, NTCB and DTNB 
were obtained from Sigma Chimica (Milan, Italy). 2,3- 
Oxidosqualene and [3-3H]2,3-oxidosqualene (44 X 106 
dpm]~nol} were synthesized as reported {15). CNDT- 
squalene was synthesized (16) by an exchange reaction 
between 5,5'-dithiobis(2-nitrobenzoic acid} and 
1,1',2-tr/snorsqualene thiol (17). 

Solubilization of 2,3-oxidosqualene cyclase from yeast 
microsomes. Saccharomyces cerevisiae (ATCC 12341} was 
cultured as previously described {18}. The yeast 
homogenate, obtained by sonication of washed cells in 1 
vol of 0.1 M NaJK phosphate buffer (pH 7.1) (10,18), was 
cleared up by low-speed centrifugation (10,000 X g for 15 
min) and then centrifuged at 150,000 X g for 90 rain. The 
pellet was resuspended in 0.1 M phosphate buffer (pH 7.1) 
at 4~ and a solution of Nonidet P-40 in the same buffer 
was added dropwise to arrive at a final concentration of 
protein and detergent of 2 and 1 mg/mL, respectively. The 
solution was gently stirred for 60 min at 4~ and then 
centrifuged at 150,000 X g for 60 min. Solubilized proteins 
{0.25 to 0.35 mg/mL) had a specific activity ranging from 
40 to 60 nmol lanosterol/h]mg protein. At 35 ~ spontane ~ 
ous decay of enzyme activity from different preparations 
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ranged from 80 to 60% of the original activity within 
30 min. 

2,3-Oxidosqualene cyclase assay. The assay procedure 
used was essentially as previously reported (10). Briefly, 
the reaction mixture containing [3H]2,3-oxidosqualene 
(70,000 dpm), Tween 80 0.2 mg/mL and solubilized 
microsomes (0.3 mg prot/mL) in 0.1 M Na]K phosphate 
buffer (pH 7.1), was incubated for 30 min at 35~ The 
nonsaponifiable extract was separated by thin-layer chro- 
matography, and bands co-migrating with 2,3-oxido- 
squalene and lanosterol were monitored by liquid scintilla- 
tion counting. 

Time~lependent inactivation,, general procedure The en- 
zyme solubilized from microsomes with detergent in 0.1 
M phosphate buffer, pH 7.1, was incubated at 35~ with 
different concentrations of reagent. After the preincuba- 
tion period, the inactivator was removed by 10-fold dilu- 
tion of the enzyme preparation or by direct neutralization 
of the thiol reagent with dithiothreitol or mercaptoethanol 
(both ineffective on oxidosqualene cyclase at up to 20 
mM). Enzyme activity was then assayed as described 
above. Either way of removing the inactivator after the 
preincubation gave similar results. Differences in the spon- 
taneous decay of the enzyme activity can be observed 
dependent on the conditions under which the inhibitors 
were solubilized. 

Protein deterrninatior~ Proteins were determined by the 
method of Lowry, as modified by Peterson, using bovine 
serum albumin as a standard (19). 
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FIG. 1. Time-dependent inactivation of yeast oxidosquaiene cyclase 
by 3-carboxy-4-nitrophenyl~dithio-l,l',2-tr/snorsqualene. The enzyme 
solub'flized from micresomes with Nonidet P-40 was incubated (0.3 mg 
protein/mL, 0.1 M K/Na phosphate buffer, pH 7.1, containing 1 
mg/mL Nonidet P-40) at 35~ with 0.0 (e), 0.1 (V), 0.5 (D) and I mM 
(A) reagent. At time intervals, 50 beL-aliquots were withdrawn and 
diluted with 450/~L 0.1 M K/Na phosphate buffer, pH 7.1, contain- 
ing 0.5 mg/mL Nonidet P-40, 0.2 mg/mL Tween 80, 
[3H]2,3-oxidesquaiene (50,000 dpm) and 2,3-oxidosquniene (25 pM). 
The mixture was then incubated for 30 min at 35~ to determine 
the residual activity, which is expressed as percentage of control (no 
reagent). 

RESULTS AND DISCUSSION 

Imzctivation of yeast o:ddosqu~zl, ene ~ci~se by CNL~- 
squalen~ NTCB and DTNB. The ability of CNDT- 
squalene, NTCB and DTNB to inactivate yeast oxido- 
squalene cyclase was evaluated by measuring the enzyme 
activity solubilized from microsomes after exposure to 
each of the thiol reagent at different concentrations. In 
all cases, a time-dependent inactivation following pseudo- 
first order kinetics was observed (Figs. 1 and 2). The simi- 
larity of the kinetic patterns was also apparent by com- 
parison of the reciprocal plots of the pseudc~first order 
rate constants vs. the reagent concentratons (Figs. 3 and 
4). All reagents showed saturation kinetics indicating that 
an enzyme/reagent reversible complex is formed prior to 
the inactivation event (20). Apparent binding constants, 
K i (raM), and inactivation rate constants at saturation, 
kappm~ (min-1), for each reagent were calculated from 
the slope and intercept of the linear plot, respectively 
{Table 1). CNDT-squalene and DTNB inactivated oxidos- 
qualene cyclase faster than did NTCB (Table 1). 

Effect of the substrate on the rate of inactivation by 
CNDTsqualen6 NTCB andDTNB. In order to localiTe the 
thiol groups involved in the inactivation of oxidosqualene 
cyclase, substrate protection experiments were perform- 
ed in the presence of the three inactivators of the enzyme 
In the only reported attempt to protect an oxidosqualene 
cyclizing enzyme against thiol reagents, no protection was 
observed (6}. In the cited work, the authors reacted the 
pig liver enzyme with N-ethyl maleimide in the presence 
of a competitive inhibitor of oxidosqualene cyclas~ The 
lack of protection suggested that the sulfhydryl group 
modified by the inactivator was not directy involved in 
the catalytic process, but played a role in the maintenance 
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FIG. 2. Time-dependent inactivation of yeast oxidosqualene cyclase 
by 5,5"-dithiob/s(2-nitrobenzoic acid) (DTNB). Treatment of the en- 
zyme and incubation conditions were as described in the legend for 
Figure 1. DTNB concentrations during inactivation time: 0.0 (e), 
0.1 (V), 0.3 (r-l), 0.5 (A) and 0.6 mM (0). 

of an active enzyme conformation. In our experiments, 
done with substrate as protecting agent, considerable dif- 
ferences were observed among the three inactivators. The 
substrate did not protect at all against inactivation caused 
by DTNB IFig. 5), whereas a weak protection seemed to 
be detectable in experiments with the less powerful in- 
hibitor NTCB. So far, however, data obtained with this 
weak inhibitor are not sufficient to conclude that the small 
and uncharged cyanogroup of the reagent modifies a thiol 
group within the active site of the enzyme Better evidence 
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FIG. 3. Double reciprocal plot of the apparent pseudo-fL'st~rder rate 
constants (kapp) of inactivation v s .  3-carboxyJ,-nitrophenyl-dithio - 
1,1',7~tr/snorsquaiene concentrations; kapp were obtained from graph 
in Figure 1. 
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FIG. 4. Double reciprocal plot of the apparent pseudo-fLrst~rder rate 
constants (kapp) of inactivation vs. 5,5'~Uthiob/s(2-nitrobenzoic acid) 
concentrations; kapp were obtained from graph in Figure 2. 

for the existence of a thiol group directly involved in the 
catalytic process came from protection experiments in the 
presence of CNDT-squalene: substrat~ at a saturating con- 
centration, clearly protected the enzyme against inactiva- 
tion (Fig. 6). As CNDT-squalene molecules differ from the 
Ellman's reagent (DTNB) by a squalenoid residue in place 
of a nitrobenzoic residue we suggest  tha t  the squalene 
moiety of the CNDT-squalene acted as a "delivery moie- 
ty:' able to lead the modifying agent into the active site 
of the enzyme. The results were confirmed by following 
photometrical ly the release of TNB during the inactiva- 
tion of the enzyme by DTNB and CNDT-squalene (21). 
While the release of TNB from DTNB was not  affected 
by saturat ing substrate  concentrations, there was a 
significant reduction of release of TNB from CNDT- 
squalene under the same conditions {Fig. 7). Other CNDT- 
derivatives, bearing different alkyl (aliphatic or isoprenic) 
moieties are at the moment  under investigation for their 
inactivation properties. Preliminary results indicate tha t  
replacement of a squalene residue by a dodecane residue 

TABLE 1 

Inactivation of Yeast Oxidosqualene Cyclnse by CNDT-squalene, 
DTNB and NTCB 

Apparent binding Inactivation rate 
constant a constant = at ill = oo 

Inactivator K i ( r a M )  kappmax-(min -1) 

CNDT-squalene 1.21 0.220 
DTNB 0.67 0.093 
NTCB 15.60 0.067 
~ and kappmax were calculated from graphs similar to those shown 
in Figures 3 and 4. Values were corrected for the spontaneous decay 
of the enzyme. Abbreviations: CNDT-squalene, 3-carboxy-4-nitrc~ 
phenyl-dithic~l,l',2-tr/snorsquaiene; DTNB, 5,5"-dithiobis(2-nitro- 
benzoic acid}; NTCB, 2-nitro-5-thiocyanobenzoic acid. 
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FIG. 5. Lack of protection by oxidosquaiene {suhstrate) against 
5,5'~iithiob/s(2-nitrobenzoic acid) (DTNB) inactivation of yeast ox- 
idosqualene cyclase. The enzyme solubilized from microsomes with 
Nonidet P-40 was pre-equilibrated (0.3 mg proteinJmL, 0.1 M K/Na 
phosphate buffer, pH 7.1, containing I mg/mL Nonidet P~I0 and 0.2 
mg/mL Tween 80) at 35~ with substrate at a saturating concentra- 
tion (0.5 raM) for 15 min. After addition of 0.0 (@), 0.1 (V) and 0.5 
mM (I )  DTNB in ethanol solution, the experiment proceeded under 
conditions similar to those described for a normal inactivation ex- 
periment (see legend to Fig. 1). The residual activity was determined 
at 50 pM substrate. In control experiments performed without pro- 
tection [inactivator concentrations: 0.1 (V) and 0.5 mM (D)], snbstrate 
(50 /~VI) was added just before determination of the residual 
activity. 

makes the inhibitor less specific and less active (G. 
Ballianr personal communication). 

Results obtained with CNDT-squalene are consistent 
with the hypothesis of the existence of a cysteinyl residue 
essential for catalysis at the active site of yeast oxido- 
squalene cyclase. This residue could act as a protonating 
group in the acid-catalyzed opening of the oxirane ring 
of squalene-oxide Further insights in the different classes 
of thiol groups of the yeast oxidosqualene cyclase should 
be achieved when it will be possible to repeat inactivation 
experiments with the enzyme purified to homogeneity. 
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substrate (0.5 raM) as a protecting agent, and 0.1 (V) and 0.5 mM (D) 
in experiments with no substrate as protecting agent. 
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Screening for resistance to fenpropimorph was under- 
taken in order to isolate yeast mutants affected in the 
regulation of the ergosterol pathway. Among the mutants 
isolated, one bearing the recessive fen1-1 mutation was 
characterized by a 1.~fold increase in the ergosterol level 
and a general resistance to sterol biosynthesis inhibitors. 
The fenl-I mutation was linked to MATlocus on chromo 
some III. The measurement of enzyme activities involved 
in the ergosterol pathway revealed that isopenteuyl di- 
phosphate (IPP) isomerase activity was specifically in- 
creased 1.5~fold as compared to the wild type strain. 
However, overexpression of IPP isomerase in the wild 
type strain was not by itself sufficient to lead to sterol 
increase or resistance to sterol biosynthesis inhibitors, 
showing that IPP isomerase is not a limiting step in the 
pathway. The fen1-1 mutation permits viability in aerc~ 
biosis of yeast disrupted for sterol-14 reductase in absence 
of exogenous ergosterol supplementation, whereas the co~ 
responding strain bearing the wild type FEN1 allele grows 
only in anaerobiosis. This result shows that ignosterol is 
able to efficiently replace ergosterol as bulk membrane 
component and that the fen1-1 mutation eliminates the 
specific ergosterol requirement in yeast. 
Lipids 28, 907-912 (1993). 

The sterol biosynthetic pathway is the target of power- 
ful fungicides. Among them, the most commonly used 
against pathogenic fungi are azoles and morpholine 
derivatives. Azoles, such as ketoconazole, flusilazol or 
LAB 170250 F, inhibit the C-14 lanosterol demethylase 
step (1-3) through the binding of the fungicide's hetero- 
cyclic nitrogen atom to the protohaem iron of cytochrome 
P450 lanosterol demethylase (4). Morpholines block two 
later steps downstream in the ergosterol pathway, /114 
sterol reductase and As-h 7 sterol isomerase (5). These 
compounds, which are likely to be protonated at physio- 
logical pH, share some structural and electronic similari- 
ties with the sterol carbocationic high energy intermedi- 
ates involved in the A TM sterol reductase and/ls-A 7 sterol 
isomerase reactions (6). 

Ergosterol plays a specific role in yeast which has been 
described as regulatory (7), synergistic (8) or as sparking 
effect (9). In addition to ergosterol, a few ergosterol precur- 
sors have also been described to fullfil the sparking func- 

*To whom correspondence should be addressed at Laboratoire de 
Biochimie et G6ndtique des Microorganismes, Institut de Biologie 
Moldculaire et d'Ing6nidrie Gdndtique, Universit6 de Poitiers, 40, 
avenue du Recteur Pineau, 86022 Poitiers Cedex, France. 
Abbreviations: ATP, adenosine triphosphate; cM, centimorgan {unit 
of map distance for gene-gene linkage); DMF, dimethyl formamide; 
HMG-CoA, hydroxymethylglutaryl-coenzyme A; IPP, isopentenyl 
diphosphate; FAD, flavine adenine dinucleotide; FPP, farnesyl 
diphosphate; GC, gas chromatography; GPP, geranyl diphosphate; 
MIC, minimal inhibitory concentration; MVA, mevalonic acid; PCR, 
polymerase chain reaction; pDD1 plasmid carrying yeast IPP 
isomerase gene; SBI, sterol biosynthesis inhibitor(s}. 

tion (10). We have shown recently that fenpropimorph in- 
hibits cell growth by leading to a specific drop in erge~ 
sterol level below the level required for the sparking func- 
tion (11). 

Regulation mechanisms of ergosterol biosynthesis in 
yeast are not well understood. Although hydroxymethyl- 
glutaryl-coenzyme A (HMG-CoA) reductase is probably 
implicated in the regulation (12), there is no definitive 
evidence that this enzyme is regulated by the ergosterol 
level. Specific activities of acetoacetyl-CoA thiolase, 
HMG-CoA synthase, squalene synthase and squalene 
epoxidase have been shawn to be dependent on the sterol 
needs of the cells (13,14), but it is unlikely that ergosterol 
itself is the regulatory molecule {13). An approach to find 
out the limiting step or the key regulatory step in a path- 
way is the isolation and the characterization of mutant 
strains that  overproduce the end product. The isolation 
of mutants resistant to an inhibitor specific for the path- 
way studied has been shown to be a valuable approach 
(15}. In this report, we describe a mutant strain of Sac- 
charornyces cerevisiae that  was isolated and shown to be 
resistant to fenpropimorph. The main features of this 
strain are an overproduction of ergosterol and a strong 
resistance to a large number of sterol biosynthesis in- 
hibitors. This paper describes a study on the mechanism 
of resistance displayed by this strain and its relation to 
ergosterol biosynthesis. 

EXPERIMENTAL PROCEDURES 

Strains and growth conditions. The strains used were 
derived from S. cerevisiae FL100 (ATCC 28383} haploid, 
a mating type, or from an isogenic strain FL200 (ATCC 
32119) haploid, a mating type Saccharomyces cerevisiae 
strain DD21 is a derivative of the Gal + strain (16) 
W303-1B (a mating type, leu2-3, 112, his3-11, 15, trpl-1, 
ura3-52, ade2-1, canl-lO0). 

Culture conditions and media were those previously 
described (1D. 

Stock solutions of fungicides were prepared as follows: 
fenpropimorph and fenpropidin (BASF, Agrochemical Sta- 
tion, Limburgerhof, Germany} and SF 86327 (Sandoz 
Forschungsinstitut, Wien, Austria}, in ethanol (the final 
solvent concentration in the culture medium did not ex- 
ceed 1%, vol]vol), ketoconazole (Janssen Pharmaceutica 
Berse~ Belgium), fluzilasol (Du Pont de Nemours and Co., 
Wilmington, DE) and LAB 170250 (BASF, Agrochemical 
Station) in sterile water. Amphotericin B and nystatin 
(Laboratoires Squibb, Paris, France) in sterile water con- 
tainlng 20% (vol]vol) dimethylformamide (DMF). 

For the determination of MIC values (minimum in- 
hibitory concentration inhibiting growth completely after 
48 h incubation at 28~ of drugs, approximatively 106 
cells were spotted on solid media which contained vary- 
ing concentrations of the drug being tested. 

Strain DD21 construction. A polymerase chain reaction 
(PCR) was carried out on yeast genomic DNA with two 
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oligonucleotide primers derived from the yeast isopentenyl 
diphosphate (IPP) i somerase gene sequence (17). The PC R 
product was purified, digested with EcoRI and BarnHI 
and ligated into the EcoRI/BarnHI site of pYeDP1/8-2 
(yeast replicative vector carrying pGALIO-CYC1 pro- 
moter/PGK terminator 16). The resulting IPP isomerase 
expression vector (pDD1), recovered after propagation in 
E. coli strain 71/18, was used to transform yeast strain 
W303-1B giving DD21. 

Total sterol extraction and analysis. Freeze-dried cells 
were saponified by the method of Molzahn and Woods (18). 
Sterols were extracted and analyzed by gas chromatog- 
raphy {GC) as described (11 }. Sterols with 5,7-diene system 
and 8.14-diene system were identified and quantified by 
their specific absorption spectra (19L 

Separation of free and esterified sterols. The free sterol 
and steryl ester fractions were extracted from freeze-dried 
cells by a procedure adapted from Taylor and Parks (20}. 
Free sterols and steryl esters were separated on a column 
of alumina {neutral, grade 1; Sigma Chimie, UIsle 
D'Abeau, France) washed with n-hexane Steryl esters were 
eluted with dichloromethane, then free sterols with 
ethanol. 

Determination of radioactive [UC-methyl] methionine 
incorporation into sterols. Cells (logarithmic growth 
phase) were cultured in minimum medium; aliquots (0.2 
mL, approximately 3 X 107 cells) of the cultures were in- 
cubated with [14C-rnethyl]methionine (0.15 mCi]mmol, 
0.67 mM final concentration; Amersham, Les Ulis, 
France). Incubation was stopped by addition of 1 mL of 
40% KOH {wt/vol). This mixture was heated at 60~ for 
1 l~ Nonsaponifiable llpids were extracted with n-heptane 
After concentration under nitrogen, an aliquot was 
assayed for radioactivity by liquid scintillation counting. 
Incorporation of radioactivity was linear during 1 h. 

Incorporation of [uC]mevalonic acid (MVA) or [uC]IPP 
in vitro. Cells were harvested during the exponential 
growth phase and washed thrice in ice~cold 0.05M Tris- 
HC1, pH 7.4, and then disrupted in the same buffer con- 
t~ining 1 mM dithiothreitol. The standard mixture con- 
tained in a final volume of 0.2 mL 10 mM MgC12, 20 mM 
adenosine triphosphate (ATP), 0.5 mM NADPH, 1 mM 
glucose-6-phosphate, 2 units glucose-6-phosphate dehydr~ 
genase, and [2A4C](R)MVA (37.5 ~M, 66.6 ~Ci]mmol; 
Amersham) or [1-14C]IPP (40 wM; 1 mCi/mmol, Amer- 
sham); ATP was omitted in the incubation with IPP. In- 
cubation temperature was 37 ~ One volume of methanol 
was then added. Proteins were precipitated by heating at 
65~ for 5 rain and separated from the supernatant by 
centrifugation. Radioactivity in the supernatant [MVA 
to farnesyl diphosphate {FPP)] and in the pellet (non- 
saponifiable fraction) was measured on aliquots. Reaction 
products in the pellet were identified by thin-layer chrc~ 
matography using silica gel G plates developed with 
dichloromethane The major compound was squalene, as 
expected, since flavine adenine dinucleotide (FAD) r~ 
quired for squalene epoxidase reaction was omitted. In- 
corporations were linear for 1 h in the range of protein con- 
centration used (100-400 ~g). 

Enzyme preparatio~ Cells were harvested during the 
exponential phase of growth and washed with ice-cold 
0.1M Tris-HC1 buffer, pH 7.4. Cells were disrupted in the 
same buffer containing 5 mM dithiothreitol for IPP 
isomerase and squalene synthease,  or 5 mM 

iodoacetamide for FPP synthase A 12,000 X g superna- 
tant  was used as a crude extract. In studies of squalene 
synthase, we used a 105,000 • g microsomal fraction. 

Protein concentration was determined by the biuret pro- 
cedure using crystonine bovine serum albumin as a 
standard. 

IPP isornerase assay. The standard mixture (21) con- 
tained in a final volume of 0.2 mL 100 mM Tris-HC1, pH 
7.4, 2 mM MgC12, and crude extract. The assay was in- 
itiated with 60 ~Vl [1-14C]IPP {1 mCi]mmol) and in- 
cubated for 5 rain at 37~ The sample was chilled on ice 
and 1 mL pentane was added, followed by 0.6 mL HC1, 
0.33N. The mixture was shaken during 15 min at 37~ 
After vigorous mixing, the two phases were allowed to 
separate. An aliquot 10.1 mL) of the pentane layer was 
assayed for radioactivity by liquid scintillation counting. 
Specific activity was expressed in nmoles IPP incor- 
porated into acid-labile products per min per mg protein. 
Product formation at 37~ was proportional to protein 
amounts within 20-200 ~g and to time within 2-8 min. 

FPP synthase assay. The enzyme activity was assayed 
as previously described (22) with geranyl diphosphate 
(GPP} as the second substrate. Specific activity was ex- 
pressed in nmol IPP incorporated into acid-labile products 
per rain per mg protein. 

Squalene synthease assay. The standard assay was the 
same as described by M'Baya et al. (14). Squalene syn- 
thase activity was determined as the radioactivity in the 
squalene fraction and expressed in nmol of FPP converted 
per rain per mg protein. 

RESULTS 

Isolation of the fen1-1 mutation. We isolated one spon- 
taneous and seven ultraviolet (UV)-induced mutants resis- 
tant to fenpropimorph. Genetic analysis showed that  all 
mutations were recessive and belonged to seven com- 
plementation groups. Among them we studied the mutant 
strain FD49, bearing the fen1-1 mutation, which showed 
a strong fenpropimorph resistance and an increased 
ergosterol level. On the contrary, all the other mutants 
showed a sterol composition similar to that  of the wild 
type strain. 

Phenotypic analysis. The MIC of different drugs was 
determined for the wild type strain and the mutant strain 
FD49. Table 1 shows that the mutant strain FD49 resists 
up to 66 ~Yl fenpropimorph, while the wild type strain 
is inhibited by 0.3 ~ fenpropimorpl~ A strong resistance 
to fenpropidin (piperidineL to SF 86327 (allylamineL to 
Lab 170250E to ketoconazole and to fiusilazol {azoles) was 
also observed. Nevertheless the FD49 mutant strain ex- 
hibited the same sensitivity as the wild type strain to 
various growth inhibitors such as polyene antibiotics 
(nystatin and amphotericin B), allylic alcohol, copper and 
cycloheximide This result strongly suggests that the 
cross resistance of FD49 is specific to ergosterol biosyn- 
thesis inhibitors and therefore is not the result of a 
decrease in membrane permeability. 

Genetic analysis. The heterozygous diploid obtained by 
crossing FD49 with the wild type strain was sensitive to 
fenpropimorph showing that the fen1-1 mutation is 
recessive Tetrad analysis showed a 2:2 segregation of 
resistance to sensitivity. The two resistant spores always 
showed a 40% increase in the level of sterols with a 
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TABLE 1 

Effects of Growth Inhibitors on the Wild Type Strain 
and the Mutant  Strain FD49 a 

Strains 

Inhibitor FL100 FD49 

Fenpropimorph 0.3 :>66 
Fenpropidin 0.3 :>66 
SF86327 340 :>680 
Lab170250F 1.6 >16 
Ketoconazole 6 >28 
Flusflazol 3 >50 
Nystatin 1 1 
Amphotericin B 0.3 0.3 
Copper 4800 4800 
Cycloheximide 71 71 
Allylic alcohol b 4370 4370 

aThe concentration of inhibitor which prevented growth on com- 
plete medium after 48 h of incubation was designated as the 
minimum inhibitory concentration and expressed in ~M. 
bGlycerol is the carbon source instead of glucose. 

5,7-diene sys t em (Table 2). These resul ts  show t h a t  a single 
m u t a t i o n  confers a t  the  same  t ime  res i s tance  to fen- 
p rop imorph  and  an  increase  in  the  sterol  level. 

Fur the rmore ,  i t  should  be no ted  t h a t  r e c o m b i n a n t s  
bea r ing  the  fen1-1 m u t a t i o n  exhibited~ as did FD49,  a 66% 
increase  in  genera t ion  t ime  as compared  to  the  wild t y p e  
s t r a in  (Table 2). Tetrad ana lys i s  revealed t h a t  the  fen14 
m u t a t i o n  was l inked to the  MAT locus (Table 3). To 
es tab l i sh  a genet ic  map,  crosses were made  wi th  a s t r a in  
bea r i ng  a thr4 m u t a t i o n  localized a t  22 cM from M A T  
locus  (23). Resu l t s  (Table 3) showed t h a t  the  fen1-1 mut a -  
t ion  is loca ted  on chromosome I I I ,  a t  6.6 cM from M A T  
and  30 cM from thr4. 

Sterol analysis. Sterols from bo th  the  FD49 m u t a n t  and  
the  wild t ype  s t r a in  were ana lyzed  by  GC to assess  the  

TABLE 2 

Tetrad Analysis of Diploid FD49/FL100 

Tetrad MAT a Phenotype b Ergosterol leveF Mgt d 

1 sporeA a + 1.00 2.5 
sporeB a 0 0.70 1.5 
sporeC a 0 0.72 1.5 
sporeD a + 0.97 2.5 

2 sporeA a + 1.00 2.5 
sporeB a + 0.98 2.5 
sporeC a 0 0.72 1.5 
sporeD a 0 0.74 1.5 

3 sporeA a + 1.00 2.5 
sporeB a 0 0.71 1.5 
sporeC a 0 0.72 1.5 
sporeD a + 0.96 2.5 

4 sporeA a 0 0.68 1.5 
sporeB a + 1.02 2.5 
sporeC a + 1.07 2.5 
sporeD a 0 0.71 1.5 

aMating type. 
bphenoytype: growth {+), or absence of growth (0), in medium con- 
taining 30 uM fenpropimorph. 
CErgosterol level is expressed as % of cell dry weight {mean of two 
independent determinations). 
dMgt: mean generation time in hours is approximate (+_15 rain). 

TABLE 3 

Genetic Mapping of fen1-1 Mutation = 

Ascus type Map distance 
Interval PD NPD T (cM) 

fenl-MAT 46 0 7 6.6 
fenl-thr4 12 0 18 30.0 
MAT-thr4 14 0 16 26.7 

~Tetrads were isolated by ascus dissection, followed by mating type 
and phenotype determinations; cM, centimorgan (unit of map 
distance for gene-gene linkage); PD, parental ditype; NPD, nonparen- 
tal ditype; T, tetratype. 

effect of the  fen1 allele on sterol  syn thes i s  in  the  absence  
and  presence of fenpropimorpl~ F i r s t  we s tudied  the  sterol 
compos i t i on  of b o t h  s t r a ins  in  the  absence  of the  sterol  
b iosyn thes i s  inhib i tor  (SBI). The  resul ts  showed {Tables 4 
and  5) t ha t  the high level of sterols wi th  a 5,7-diene sys tem 
in  FD49  is due to a specific increase in  the ergosterol level. 
T r e a t m e n t  of wild type  cells w i th  inc reas ing  concen- 
t r a t i o n s  of f enprop imorph  induced  a modi f ica t ion  of 
the  sterol  profile (Table 4} c o n s i s t i n g  in  a progress ive  

TABLE 4 

SteroI Composition of Fenpropimorph-Treated Wild Type  Strain a 

Fenpropimorph (uM) 

Sterol b 0 0.066 0.660 

Zymosterol 9.3 14 4.2 
Ergosterol 57.1 16.6 c 
Fecosterol 4.3 10.9 -- 
Ignosterol -- -- 48.8 
Ergost-8~enol -- 57.6 31.0 
Ergosta-5,7-dienol 26.6 -- -- 
Lanosterol 2.7 0.9 15.5 

=Cells were cultured for 15 h in complete medium containing dif- 
ferent concentrations of fenpropimorph. 
bWhe sterols were quantified by gas chromatography using the area 
method and expressed as % of total sterols. Cholesterol was used 
as internal standard. 
c , Not detected. 

TABLE 5 

Sterol Composition of Fenpropimorph-Treated FD49 
Mutant  Strain a 

Fenpropimorph (~r 

Sterol b 0 0.066 0.660 

Zyrnosterol 4.8 14.6 2.9 
Ergosterol 73.3 1.4 c 
Fecosterol 4.4 -- -- 
Ignosterol -- 56.4 78.1 
Ergost-8-enol -- 25.2 16.0 
Ergosta-5,7-dienol 14.2 -- -- 
Lanosterol 3.3 2.4 3 

~ells were cultured for 15 h in complete medium contoining dif- 
ferent concentrations of fenpropimorph. 
bThe sterols were quantified by gas chromatography using the area 
method and expressed as % of total sterols. Cholesterol was used 
as internal standard. 
c , Not detected. 
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disappearance of ergosterol and in an accumulat ion of 
unusual  sterols, such as ergost-8-enol and ergesta-8,14- 
dienol (ignosterol). At  a 0.066 ~M fenpropimorph concen- 
tration, which does not  inhibit  cell growth, the  ergosterol 
content  in cells was lowered by about  75%, and the major  
sterols were ergost-8-enol and fecosterol. At  a concentra- 
t ion of 0.660 ~M, cell growth was s t rongly inhibited, 
ergosterol was no longer detected and ignosterol accumu- 
lated in addit ion to ergost-8-enol (Table 4). The same pro- 
gressive inhibition of ergosterol format ion was observed 
in FD49 (Table 5), but,  surprisingly, ignosterol levels in- 
creased s imultaneously with ergost-8-enol levels at  a fen- 
propimorph concentration as low as 0.066 wM. In contrast, 
the wild type  strain accumulated ignosterol only a t  a 
much higher drug concentration (i.a, 0.660 ~M). Treatment 
with fenpropimorph induces an accumulation of the same 
sterols in FD49 and the wild type  strain. Therefore, 
resistance mechanisms,  such as failure in drug  uptake, 
drug  expulsion, detoxification, or a decrease in affinity 
of the ta rge t  enzymes for the inhibitor, can be ruled out. 
I t  has been suggested (24,25) tha t  antifungal  act iv i ty  of 
morpholines and piperidines is directly related to the ac- 
cumulat ion of ignosterol; i ts  integrat ion into membranes  
is thought  to disorganize membrane  s t ructure  due to the 
presence of the 8,14-diene system. Since only free sterols 
are incorporated into membranes  while esterified sterols 
are largely stored as lipid droplets (20,26), an increased 
degree of esterification of unnatura l  sterols could result  
in resistance to fenpropimorph. We measured free and 
esterified sterol levels in FD49 and FL100 in order to 
check this hypothesis.  The results  (Table 6) showed tha t  
bo th  strains displayed the same s t rong degree of 
esterification of the atypical  sterols, ergosta-8-enol and 
ergosta-8,14-dienol, while ergosterol essentially existed in 
the free state. Therefore, esterification does not  explain 
the resistance propert ies  of FD49. Moreover, since the 
levels of free ignosterol and ergost-8-enol are similar in 
bo th  strains, the toxici ty of fenpropimorph could not  be 
due to the presence of these sterols in membranes.  This 
also agrees with the hypothesis  (11) tha t  specific 

TABLE 6 

Analys i s  of  Free and Esterified Sterols in the Mutant Strain FD49 
and in the Wild Type Strain as Function of Fenpropimorph 
Concentration a 

Ergosterol Ergost-8-enol Ignosterol 
Fenpropimorph b Free Ester Free Ester Free Ester 

Wild type strmn 
0 69 31 c _ _ _ 
0.066 100 0 34 66 -- -- 
0.66 100 0 15 85 19 81 

Mutant strmn FD49 
0 65 35 . . . .  
0.066 100 0 10 90 21 79 
0.66 100 0 0 100 15 85 

~The cells were grown for 48 h (complete medium) in the presence 
of different concentrations of fenpropimorph. The free sterols were 
separated from the esters as described in the Experimental Pro- 
cedures section. The results are expressed for each sterol in % of 
the total sterols. 
bFenpropimorph concentration is expressed in ~M. 
c , Not detected. 

ergosterol s ta rva t ion  is a t  the basis  of cell growth inhi- 
bition by morpholines. Consequently, the resistance mech- 
anism might  be directly related to the increase of 
ergosterol observed in FD49. 

Ergosterol metabolism in FD49 and wild type strains. 
In  vivo measurement  of ergosterol biosynthesis  using 
[14C-methyl]methionine showed, as expected, t ha t  the 
rate  of sterol biosynthesis  is increased about  1.6-fold in 
the mutan t  strain FD49 in comparison with the wild type  
strain (Table 7). In  order to identify enzymat ic  s teps 
responsible for this increase, we measured the in vitro 
t ransformat ion  of bo th  MVA and I P P  into nonsaponifi- 
able lipids; t ransformations of the two intermediates were 
again increased 1.5-fold in FD49 in t e rms  of specific ac- 
t iv i ty  as shown in Table 6. This result  clearly shows tha t  
a specific enzyme activity, downst ream from I P P  forma- 
tion, is increased in FD49, as compared to the wild type  
strain. We measured the specific activit ies of I P P  
isomerase, F P P  synthase  and squalene synthase.  Table 
8 shows tha t  I P P  isomerase specific act iv i ty  is enhanced 
1.5-fold in FD49 when compared with the wild type strain, 
whereas F P P  synthase  and squalene synthase  specific ac- 
tivities were similar in both  strains. Therefore the increase 
in the ergosterol level observed in FD49 could be 
specifically related to the enhancement  of I P P  isomerase 
specific activity, suggest ing t ha t  I P P  isomerase is a 
l imiting step in the ergosterol pa thway in yeast .  

The I P P  isomerase gene (17) was amplified by PCR and 
inserted in an expression vector  under  the control of 

T A B L E  7 

Rate of Sterol Biosynthes is  in the Wild Type Strain 
and in the Mutant Strain FD49 

Substrate FL100 FD49 

[14C-methyl]methionine a 0.34 +- 0.03 (3) 0.57 + 0.03 (2} 
[14C]MVAb 0.20 +- 0.01 (3) 0.32 • 0.01 (3) 
[14C]IPPb 0.14 • 0.02 (5) 0.22 • 0.01 (2) 
aCells were grown in minimum medium in the presence of radioac- 
tive methionine. Incorporation of radioactivity into nonsaponifiable 
lipids was determined. Results are expressed in tanoles per rain per 
mg protein • SD (number of independent experiments}. 
bin vitro transformation of labelled substrates into nonsaponifiable 
lipids. Results are expressed in nmoles squalene per min per mg pro- 
tein • SD (number of independent experiments). MVA, mevalonic 
acid; IPP, isopentenyl diphosphate. 

TABLE 8 

Enzyme Specific Activit ies  in the Mutant  Strain FD49 
and in the Wild Type Strain a 

Ipp b FPP b Squalene c 
isomerase synthase synthase 

FL100 4.4 + 0.7 (7) 5.0 + 0.1 (3) 0.58 + 0.02 (2} 
FD49 6.4 + 0.4 (3) 5.0 • 0.1 (2) 0.57 + 0.02 (2) 

aGrowth medium was complete medium. 
bSpecific activity is expressed as nmoles [14C]isopentenyl diphos- 
phate (IPP) incorporated per min per mg protein + SD (number of 
independent experiments). 
cSpecific activity is expressed as nanomoles [14C]farnesyl diphos- 
phate (FPP) converted into squalene per rain per mg protein __ SD 
{number of independent experiments). 
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GALI~CYC1 inducible promoter (16). The transformed 
strain DD21 grown on galactose as carbon source showed 
a tenfold increase in IPP isomerase (23.3 nmol min -1 mg 
prot. -1) specific activity when compared with glucose 
grown cells (2.4 nmol min -1 mg prot.-~). In spite of this 
tenfold increase, no apparent increase in ergosterol level 
was noted (data not shown). In addition the strain DD21 
did not show any increased resistance to fenpropimorph 
on galactose medium (data not shown). Thus, it can be 
concluded that  the increase in IPP isomerase activity in 
FD49 is not, in itself, cause of both ergosterol enhancm 
ment and general resistance to inhibitors. 

The fenl-1 mutation suppresses the specific ergosterol 
requirement of yeast. If one assumes that the toxic effect 
of the SBI is directly related to the starvation in "spark- 
ing" ergosterol, some mutations could by-pass this 
ergosterol requirement. We have shown that strains bear- 
ing a disrupted allele of sterol 14-reductase are unable to 
grow in aerobiosis unless they carry mutations such as 
erg12-2 or aux30 (27) allowing sterol uptake In either case 
they are able to grow in the presence of a sparking 
ergosterol supplement (27). In order to check whether fen1 
allele relieves the specific ergosterol requirement, we con- 
strncted the recombinant strain, CM59, bearing the fen1 
allele in addition to a disrupted sterol 14-reductase allele 

Strain CM59 (14str:.rfRP1, fen1) was able to grow in 
aerobiosis, without the need of exogenous ergosterol 
(Fig. 1), unlike the parent strain defective in sterol 
14-reductase. The nonsaponlfiable lipid fraction of CM59 
analyzed by GC contained ignosterol (70%), lanosterol 
(19%), squalene (10%) and zymosterol (1%), but ergosterol 
was not detected. These results show that  ignosterol can 
efficiently replace ergosterol as a bulk membrane compo- 
nent and that  the fen1-1 mutation can overcome the 
specific ergosterol need of yeast cells. 

E 2O 
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/.-o 

f-e 
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21 26 40 
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FIG. 1. Growth curves of FD49 (fenl-1), and CM59 (14str:.q'RP1, 
fen1-1). Cells were inoculated in complete medium at 28~ The ab- 
sorbance of the culture was measured after overnight growth; O, 
FD49 (fen1-1); e ,  CM59 (14str::TRP1, fen1-1). 

DISCUSSION 

The screening for fenpropimorph resistance allowed us to 
isolate a yeast mutant showing a pleiotropic phenotype, 
consisting of an enhancement of the ergosterol content 
and cross-resistance to numerous SBI. 

The genetic analysis showed that this phenotype is link- 
ed to a unique recessive mutation, located on chromosome 
III, that we named fen1-1. The general resistance to SBI 
strongly suggests a mechanism of resistance linked to a 
common feature of the SBI, that  is the generation of 
ergosterol starvation. The accumulation of the same in- 
termediate sterols (ergost-8-enol and ignosterol) in the 
presence of fenpropimorph in fen1-1 mutant and in the wild 
type strains excludes mechanisms of resistance such as 
loss of sensitivity of the target enzymes (28), diminution 
of drug concentration inside the cells related either to in- 
creased excretion of the fungicide (29) or reduced uptake 
of fungicide by the mutant strain (30), or a detoxication 
of products accumulated by fungicide treatment as it has 
been reported for azole-resistant mutants defective in 
sterol 5(6)-desaturation (31). We show here that there is 
no detoxication of the atypical sterols by esterification 
in FD49. Moreover the mutant strain remains sensitive 
to growth inhibitors independent of the sterol pathway 
(e.g., cycloheximide" allyl alcohol, or copper) allowing one 
to exclude resistance due to a general loss of membrane 
permeability. 

The increased ergosterol level in FD49, however, sug- 
gested another mechanism of resistance linked to the 
ergosterol overproduction. The 1.5-fold specific increase 
in IPP isomerase specific activity observed in vitro may 
by itself explain the ergosterol enhancement. However this 
hypothesis was ruled out since a high level of IPP 
isomerase in a wild type strain, obtained by gene overex- 
pression, did not increase the amount of cellular ergosterol 
and the resistance to SBI. 

An alternate explanation for the general resistance to 
SBI is that the fen1-1 mutation exempts the cells from 
the need of the sparking ergosterol. This hypothesis could 
be tested by the construction of strains disrupted in sterol 
14-reductase Such strains require a sparking ergosterol 
amount for aerobic growth, but if in addition they carry 
the fen1 allele, the need for ergosterol is no longer 
observed. 

Dahl et aL (32) reported that a protein kinase, probably 
involved in the exit from the G1 phase, is stimulated by 
very low levels of ergosterol. The functional product of the 
FEN1 gene could correspond to a protein linking ergo- 
sterol to cell proliferation, but since the fen1 allele is 
recessive, it cannot correspond to the structural gene of 
this protein kinase In fact a mutant gene encoding a 
constitutively-stimulated protein kinase would be domi- 
nant. This leads us to assume that  the functional FEN1 
allele most likely encodes a negative transcriptional regu- 
lator of a gene, the product of which is involved in the con- 
trol of the G1 phase exit; transcription of this gene could 
take place if ergosterol binds to the FEN1 gene product. 
The fen1 allele might encode a defective protein leading 
to constitutive expression of the hypothetical gene in- 
volved in G1 phase exit; in this case ergosterol would no 
longer be required. In addition, the fen1 allele would lead 
to an increased flux in sterol biosynthesis suggesting that 
the protein encoded by FEN1 is also implicated in the 
regulation of the ergosterol pathway. 
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The effect of dietary lipid levels on the levels of choles- 
terol and the activities of the major cholesterogenic en- 
zymes of the Hver has been studied in the European eel. 
An increase in hepatic total cholesterol was observed 
when the dietary lipid levels increased from 12 to 20%, 
while protein levels were maintained at 30%. This change 
paralleled an increase in mevalonate 5-pyrophosphate 
decarboxylase activity, while ~hydroxy-3-methylglutaryl- 
CoA reductase, mevalonate kinase and mevalonate 5- 
phosphate kinase were not affected by changes in diet 
composition. These results suggest that the decarboxy- 
lase may be a rate-limiting enzyme in cholesterogenesis 
in eel liver. 
Lipids 28, 913-916 (1993). 

Little is known about cholesterol metabolism in fresh- 
water fish. In studies with northern pike (1) and carp (2), 
a small portion of radioactivity recovered in tissue lipids 
after injection of [~4C]acetate was associated with steryl 
esters. It also has been reported that the nutritional state 
of the animals did not affect the incorporation of 
[14C]acetate into sterols by liver slices from European eel 
(31. More recently, it has been shown that  the rate of 
cholesterol synthesis in trout hepatocytes is related to the 
glycogen content of the liver from which the hepatocytes 
were prepared (4). 

Although the pathway of cholesterol synthesis in fish 
has not been examined in great detail, it can be assumed 
that  the conventional mammalian route via 3-hydroxy- 
3-methylglutaryl-CoA (HMG-CoA) is operative (5). In 
mammalian liver and other tissues, HMG-CoA reductase 
is the rate-limiting enzyme in cholesterogenesis (6). 
Changes in the activity of this enzyme correlate with 
changes in cholesterol synthesis in response to different 
experimental conditions (7,8). Nevertheless, the existence 
of secondary regulatory sites in cholesterol biosynthesis 
after HMG-CoA reductase has also been proposed (9-11). 
Results from our laboratory on the evolvement of chick 
mevalonate 5-pyrophosphate (MVAPP) decarboxylase 
during embryonic (12) and postnatal (13) stages, as well 
as the MVAPP decarboxylase changes in response to 
changing nutritional conditions (14,15), may suggest the 
importance of this enzyme in the regulation of cholesterol 
biosynthesis. 

Until now, the enzymes responsible for cholesterogene- 
sis in fish had not been characterize~ In the present study 
we have investigated the effect of the lipid content of the 
diet on the main cholesterogenic enzymes in eel liver. Our 
results show that  HMG-CoA reductas~ mevalonate 
(MVA) kinase and mevalonate 5-phosphate (MVAP) kinase 

*To whom correspondence should be addressed at the Department 
of Biochemistry and Molecular Biology, Faculty of Sciences, Univer- 
sity of Granada, Fuentenueva s/n, 18071 Granada, Spain. 
Abbreviations: CoA, coenzyme A; HMG-CoA, 3-hydroxy-3-methyl- 
glutaryl-CoA; MVA, mevalonate; MVAP, mevalonate 5-phosphate; 
MVAPP, mevalonate 5-pyrophosphate. 

were not affected by changes in dietary lipid composition, 
while MVAPP decarboxylase activity was increased when 
dietary lipid content was increased from 12 to 20%. Thus, 
MVAPP decarboxylase activity may be related to the in- 
creases in hepatic cholesterol levels observed after such 
dietary manipulation. 

MATERIALS AND METHODS 
3-Hydroxy.3-methyl[3-14C]glutaryl-CoA and [1-~4C]- and 
[2-3H]mevalonic acid lactone were supplied by Amer- 
sham International (Amersham, United Kingdom). All 
other reagents were analytical grade Fish oil was supplied 
by Afansa (Vig~ Spain). 

Wild European eels (AnguiUa anguilla) f ~ m  the coastal 
marshes in southwest Spain were weight-selected and ac- 
climated to fresh water for at least 3 wk by keeping them 
in 350-L fiberglass tanks at a constant photoperiod (12 h 
light/12 h dark) prior to the experiments. Temperature was 
maintained at 25~ to obtain a faster growth (16). Aera- 
tion was continuously provided and water flow was main- 
tained at about i L/min. Each experiment was comprised 
of 50 young fish in the fattening stage with an initial 
weight of about 50 g each. 

Experimental diets were prepared as shown in Table 1 
using three lipid levels (12, 16 and 20% per dry matter) 
and 30% of protein. The amount of herring meal used in 
all diets contained 4.91 g of lipid and 30 g of protein. 
Because of this, fish off was added in the amounts 
necessary to reach the desired levels {7.5, 10.0 and 12.5 g). 

TABLE 1 

Composition of Experimental Diets (% of dry matter) 
Diets a 

30112 30/16 30/20 

Herring meal protein 30.00 30.00 30.00 
Herring meal oil 4.91 4.91 4.91 
Herring meal others 9.87 9.87 9.87 
Fish oil 2.59 5.09 7.59 
Corn oil 4.50 6.00 7.50 
Vitamin mixture b 2.00 2.00 2.00 
Mineral mixture c 7.00 7.00 7.00 
Sodium alginate 2.50 2.50 2.50 
Cr203 0.50 0.50 0.50 
Cooked starch 23.00 23.00 23.00 
Cellulose 13.13 9.13 5.13 
a30/12, 30% protein/12% lipid; 30/16, 30% protein/16% lipid; 30/20, 
30% protein/20% lipid. 
bVitamin mixture (mg/100 g feed): calcium pantothenate, 6; thi- 
Rrniue, 2; riboflavin, 5; pyridoxine, 1.5; inositol, 40; biotin, 0.05; folic 
acid, 0.5; choline chloride, 120; nicotinic acid, 10; cyanocobalamin, 
0.01; ascorbic acid, 40; vitamin A, 2; menadione, 1; vitamin E, 0.3; 
vitamin D, 0.4; cellulose, 1771. 
CMineral mixture (rag/100 g feed): Ca(PO4H2) 2. H20, 1500; CaCO 3, 
1400; KH2PO 4, 1000; KC1, 100; NaCl, 600; MnSO4~ O, 35; 
FeSO4"7H20, 150; MgSO 4, 500; KI, 2; CuSO4"5H20, 5; 
ZnSO4"7H20, 25; CoSO 4, 3; Na2MoO 4, 0.8; Na2SeO3*H20, 0.2; 
A12(SO4)3"lSH20, 2; cellulose, 1677. 
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Corn oil was added in the amounts necessary to reach a 
fish oil/corn off ratio of 1.66 in all diets. Fish were fed twice 
a day by placing the diets in submerged baskets with free 
access to the fish for 15 min. Each diet was fed to two 
groups during the experimental period of 60 c/Each group 
consumed a similar amount of each diet. Weight gain was 
maximal in the animals fed the 30% protein/20% fat 
(30/20) diet. 

At the end of the experimental period, the fish were 
weighed, killed, and the livers excised. The weighed livers 
were homogenized in 4 vol of 50 mM phosphate buffer (pH 
7.4) containing 30 mM ethylenediaminetetraacetic acid, 
250 mM NaC1 and 1 mM dithiothreitol. The broken cell 
preparation was centrifuged at 5,000 • g for 15 rain to 
remove nuclei and cell debris. The resulting supernatant 
was centrifuged at 15,000 X g for 15 min to sediment 
mitochondria. Microsomes were obtained by centrifuga- 
tion of the 15,000 • g superuatant fraction for 60 min 
at 105,000 X g. All operations were done at 4~ 

HMG-CoA reductase activity was measured essentially 
as described by Shapiro e t  al. (17), with the modifications 
described by Alejandre e t  al. (18). Reductase activity was 
expressed as pmol of MVA synthesized per min per mg 
protein. MVA phosphorylation and decarboxylation was 
measured as previously described (11) using the 105,000 
• g supernatant and [1-14C]MVA as substrat~ Total 
MVA kinase activity was measured by adding the MVAP 
and MVAPP formed during the reaction to the CO2 
formed. Similarly, MVAP kinase activity was measured 
by adding MVAPP and CO2 formed. MVAPP decarbox- 
ylase activity was considered as the CO2 forme& Specific 
activities were expressed as pmol per min per mg protein. 
ProteAn contents were determined by the method of Lowry 
e t  aL (19) using bovine serum albumin as standard. 

Lipids were extracted with chloroform]methanol (2:1, 
vol]vol) as described by Folch e t  al. (20). Total and free 
cholesterol contents were determined by enzymatic]col- 
or imetr ic  methods  using the "Test-Combination 
Cholesterol" or the "Test-Combination Free Cholesterol" 
kits from Boehringer Malmheim GmbH (Mannheim, Ger- 
many). The fatty acid composition of the different diets 
was determined according to Morrison and Smith (21) 
using gas chromatography as previously described {22). 
Methyl esters were analyzed using a Hewlett-Packard 
(Palo Alt~ CA) 5880 A gas chromatograph equipped with 
a fiame~ionization detector and a glass column (4 m X 
2 ram) containing 12% SP 2340 on chromosorb WAW 

(100-120 mesh). The column temperature was kept at 
180~ for 8 rain and then raised by 5~ per min to a final 
temperature of 260~ The nitrogen carrier gas flow rate 
was 30 mL/min. The column was standardized by injec- 
tion of a standard mixture of fatty acid methyl esters, and 
unknown fatty acid methyl esters were identified by com- 
paring their retention times with those of standards. Peak 
areas were determined by electronic integration and ex- 
pressed as relative percentage of total fat ty acids. 

RESULTS 

The effect of different experimental diets on the 
cholesterol content of eel liver was measured after 60 d 
of treatment. As can be seen in Table 2, feeding a 30% 
protein]20% fat (30/20) diet increased total hepatic 
cholesterol when compared with the 30/12 and 30/16 diets. 
This increase was mainly due to an increase in free 
cholesterol, a fraction that represented about 80-85% of 
liver cholesterol in all the experimental treatments. 

In order to investigate the relationship between the 
changes in cholesterol content and the major regulatory 
enzymes in cholesterogenesis, we measured the effect of 
the diets on the specific activities of hepatic HMG-CoA 
reductase, MVA kinas~ MVAP kinase and MVAPF decar- 
boxylase The results in Table 3 show that  no significant 
differences were observed in HMG-CoA reductase specific 
activities upon any of the dietary manipulations. Simi- 
larly, MVA kinase and MVAP kinase did not change when 
the fat content of the diet was altered. Differences ob- 
served in 14CO2 production from [1-14C]MVA could be 
related only with MVAPP decarboxylase. Feeding the 
30/20 diet produced a large increase in decarboxylase ac- 
tivity which was correlated with the total and free 
cholesterol content measured in the same tissue 

In order to correlate the changes in hepatic cholesterol 
content and enzyme activities with the different ex- 
perimental diets, we analyzed the fatty acid compositions 
of these diets. Table 4 shows that no major differences 
were observed in the percentages of total saturated and 
unsaturated fatty acids. No significant differences were 
found in the levels of total polyunsaturated fatty acids 
in each diet, as well as in the percentages of r and r 
fat ty acids. The saturated/unsaturated and saturated/ 
polyunsaturated fatty acid ratios were essentially the 
same in the diets assayed. Similarly, no significant dif- 
ferences were observed in the ~3/~6 ratio. 

TABLE 2 

Effect of Experimental Diets on Cholesterol Content (mg/g wet tissue) of Eel Liver a 

Diets b 

30/12 30/16 30/20 

Total cholesterol 3.02 • 0.12 2.98 • 0.07 4.62 +- 0.05 c 
Free cholesterol 2.48 • 0.11 2.39 • 0.13 3.89 • 0.04 d 
Esterified cholesterol 0.54 • 0.10 0.59 • 0.14 0.73 • 0.06 e 
aResults are expressed as means + SEM of three determinations carried out with pools 
of five animals. 
b30/12, 30% proteird12% lipid; 30/16, 30% protein]16% lipid; 30/20, 30% proteird20% 
lipid. 
cp < 0.0005; dp < 0.005; ep < 0.05 with respect to 30/12 diet. 
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TABLE 3 

Effect of Experimental Diets on Cholesterogenlc Enzyme Activities in Eel Liver a 

Specific activit ies Dietsb 
(pmol/min/mg protein) 30/12 30/16 30/20 

HMG-CoA reductase 36.9 • 2.2 35.5 • 5.9 34.8 • 2.2 
MVA kinase 582.3 • 18.3 638.3 + 17.7 569.7 • 5.7 
MVAP kinase 199.2 • 8.3 236.0 • 8.0 201.6 • 2.7 
M V A P P  decarboxylase 3.9 + 0.3 6.7 • 0.6 c 12.1 • 1.08 

aResults are expressed as means __ SEM of three determinat ions carried out  with  pools 
of five animals. HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; MVA, mevalonate; 
MVAP, MVA 5-phosphate; MVAPP,  MVA 5-pyrophosphate. 
b30/12, 30% protein]12% lipid; 30/16, 30% protein/16% lipid; 30/20, 30% protein]20% 
lipid. 
cp < 0.05; ap < 0.001 with respect to 30/12 diet. 

TABLE 4 

Fatty Acid Composition of Experimental Diets (% of total fatty acids) a 

Diets b 

Fa t ty  acid 30/12 30/16 30/20 

14:0 3.0 - 0.4 3.1 + 0.2 3.3 - 0.3 
16:0 20.6 • 1.7 19.5 • 2.2 18.3 • 1.9 
16:1c07 4.9 • 0.6 5.9 + 0.7 5.7 • 0.8 
18:0 2.9 • 0.4 2.2 • 0.3 2.6 • 0.4 
18:1w9 21.2 • 1.9 19.6 • 1.7 21.4 • 1.8 
18:20J6 17.2 • 2.1 20.8 • 2.3 20.3 - 2.2 
18:3c03 2.9 • 0.2 2.6 • 0.3 2.6 • 0.4 
18:4w3 2.0 • 0.2 2.2 • 0.3 2.3 +- 0.2 
20:0 0.3 • 0.t  0.3 • 0. t  0.3 • 0.1 
20:1co9 6.1 • 0.8 5.5 • 0.6 5.4 • 0.5 
20:4co6 1.3 • 0.1 1.0 • 0.2 1.3 • 0.1 
20:5co3 8.1 • 0.9 8.2 • 0.9 8.0 • 0.8 
22:4co6 0.3 • 0.1 0.4 • 0.1 0.4 • 0.1 
22:5co3 1.3 • 0.2 1.2 +_ 0.2 1.4 _ 0.2 
22:6co3 7.2 • 0.6 7.0 • 0.7 6.0 • 0.8 
Others  0.8 • 0.1 0.5 • 0.1 0.8 • 0.1 

Total  sa tura ted  26.8 -- 1.8 25.0 ___ 2.2 24.4 • 1.9 
Total unsa tura ted  72.4 • 3.2 74.4 • 3.2 74.8 • 3.2 
Total  polyunsatura ted  40.3 • 2.4 43.2 • 2.6 42.3 • 2.5 
Total co3 21.5 • 1.1 21.2 • 1.2 20.3 • 1.2 
Total  co6 18.8 +- 2.1 22.2 +_ 2.3 22.0 - 2.2 

Sa tura ted /unsa tura ted  0.37 • 0.02 0.34 _ 0.03 0.33 + 0.02 
Satura ted/polyunsatura ted  0.66 • 0.05 0.68 • 0.06 0.58 --- 0.05 
co31a)6 1.14 ----- 0.14 0.96 • 0.11 0,92 • 0.10 

~Results are expressed as means • SEM of three determinations.  
b30/12, 30% protein]12% lipid; 30/16, 30% proteird16% lipid; 30/20, 30% proteird20% 
lipid. 
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DISCUSSION 

I n  a p r e v i o u s  s t u d y ,  w e  h a v e  s h o w n  t h a t  t h e  d i e t a r y  pro-  
t e i n  c o n t e n t  ( 3 5 - 5 5 % )  d i d  n o t  a f f e c t  t h e  t r i g l y c e r i d e  a n d  
p h o s p h o l i p i d  c o n t e n t  of  ee l  l i v e r  w h e n  t h e  l i p i d  l eve l  of  
t h e  d i e t  w a s  m a i n t a i n e d  a t  a b o u t  1 2 %  (23). H o w e v e r ,  
f e e d i n g  a h e r r i n g  m e a l  5 5 %  d i e t  i n c r e a s e d  t h e  t o t a l  cho -  
l e s t e r o l  c o n t e n t  in  eel  l iver,  w h i l e  f e e d i n g  a w h i t e  f i s h  m e a l  
5 5 %  d i e t  d i d  n o t  c a u s e  s i g n i f i c a n t  c h a n g e s  i n  h e p a t i c  
c h o l e s t e r o l  (24). G i v e n  t h a t  t h e  co3/w6 f a t t y  a c i d  r a t i o  w a s  
m a n i f e s t l y  l o w e r  i n  h e r r i n g  m e a l  5 5 %  d i e t ,  d i f f e r e n c e s  i n  
t h e  h e p a t i c  c h o l e s t e r o l  c o n t e n t  m a y  h a v e  b e e n  r e l a t e d  t o  
t h e  f a t t y  a c i d  c o m p o s i t i o n  a n d  n o t  t h e  p r o t e i n  c o n t e n t  
o f  t h e  d i e t .  I n  t h e  p r e s e n t  s t u d y ,  w e  o b s e r v e d  a s u b s t a n -  

tial increase in hepatic cholesterol content when the lipid 
level of the diets was increased from 12 to 20%, while the 
protein level was maintained at 30%. 

It is generally accepted that the relationship between 
cholesterol content and the activities of cholesterogenic 
enzymes can be used as a measure to assess the impor- 
tance of a given enzyme in cholesterol metabolism. How- 
ever, no significant differences were observed in HMG- 
CoA reductase activity after any of the dietary treat- 
ments. By contrast, hepatic MVAPP decarboxylase 
drastically increased with increasing lipid content of the 
diet paraUelling the increase in liver cholesterol content. 
This suggests that decarbexylase may be the rate-limiting 
enzyme in cholesterogenesis in eel liver, as it has been 
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repor ted  in o ther  animal  species under  var ious  physio- 
logical condit ions (9-15). Since the  f a t t y  acid composi t ion 
was  essent ial ly  the  same  in all the  diets  assayed,  the  in- 
creased cholesterol  con ten t  and  increased M V A P P  decar- 
boxylase  ac t iv i ty  appear  to be related to  the  increased fat 
con ten t  of  these  diets. 
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The purpose of this study was to investigate the effects 
of temperature, oxidation time, presence of water, pH, type 
of buffer and form of substrate used on cholesterol oxida- 
tion. Microcrystalline cholesterol f}lm~, both solid and 
melted, and aqueous suspensions of film fragments were 
used as suhstrates. Use of dispersing agents was avoided. 
Quantitative analysis of the unaltered substrate and the 
products 6f its autoxidation was carried out by gas chr~ 
matography over the course of oxidation. Solid cholesterol 
films were found to be resistant to autoxidation in the dry 
state. However, when heated at 125~ a sudden increase 
in oxidation rate occurred at a point coinciding with the 
visible melting followed by a plateau of the oxidation rate. 
All of the autoxidation products formed underwent ful~ 
ther decomposition. Film fragments of cholesterol oxidized 
at a faster rate in aqueous suspensions than when oxidized 
in the dry state. In aqueous suspensions, the differences 
in the resistance of cholesterol to oxidation were not signifi- 
cant within the pH range 6.0-7.4, except for the early 
stages of oxidation. The 7-ketocholesterolN-hydroxycho- 
lesterol ratio dropped significantly with increasing pH. 
However, at all pH levels tested, this ratio remained 
relatively constant during the 6 h of heating. While the 
7/~-hydroxycholesterolNa-hydroxycholesterol ratio was not 
affected by pH in the range of 6.0-7.4, at pH 7.4 a high 
preference was observed for the cholesterol ~ p o x i d e  over 
its a-isomer. The/3/a~epoxide ratio decreased with time of 
heating and with decreasing pH. The data show that the 
physical state of the substrate exerts a major influence on 
the oxidative behavior of cholesterol. 
Lipids 28, 917-922 (1993). 

The products of cholesterol oxidation and the mechanisms 
for their formation have been reviewed (1-3). In general, the 
epimeric 3/J-hydroxycholest-5~en-7a- and 7~-hydroperoxides 
(7a- and 7fl-hydroperoxides) are recognized as the initial pr~ 
ducts, with the 7~-hydroperoxides being produced more 
abundantly than the a-isomers (1,4-6). Thermal decomposi- 
tion of the hydroperoxides gives rise to the isomeric ch~ 
lest-5~ne-3~,7a-diol(7a-hydmxycholesterol) and cholest-5- 
ene-3~,7~-diol(7~-hydroxycholesterol), the 5,6a- and the 5,6/3- 
epoxy-5a-cholestan-3~ls (cholesterol a~epoxide and chc~ 
lesterol ~-epoxide) and 3~-hydroxycholest-5-en-7-one 
(7-ketocholesterol), with the latter being a major product. 

Studies on cholesterol oxidation .that have been reported 
differed with regard to the form of the substrate used, with 
sample preparatior~ with oxidants and with the methods 
of analysis. Only few studies have been reported in which 
the oxidizing systems were examined over the entire course 
of the autoxidation process. Consequently results varied, 

*To whom correspondence should be addressed at Department of Food 
Science, Chenoweth Laboratory, University of Massachusetts, Am- 
herst, MA 01003. 
Abbreviations: BSTFA, N, OLb/s{trimethylsilyl}trifluoroacetamide; GC, 
gas chromatography; HPLC, high-performance liquid chromatog- 
raphy; TEA, triethanolamine; TMCS, trimethylchlorosilane; Tris, 
tr/s{hydroxymethyl)aminoethane. 

qualitatively and quantitatively, and the effects of various 
treatment conditions on cholesterol oxidation were often ill- 
defineZ Oxidation products were also different when col- 
loidal dispersions of cholesterol were used rather than when 
solid cholesterol was oxidized, and in suspensions dispersed 
with sodium stearate rather than when other dispersing 
agents were used (1,4,7-9). The dispersing agent itself can 
influence the course of oxidation or the profile of oxidation 
products. 

The purpose of the present work was to study the effects 
of temperature, oxidation time, presence of water, pH and 
type of buffer on oxidizing cholesterol in different physical 
states (dried film, melted form, aqueous suspensions of film 
fragments) without the interference of dispersing agents. 

EXPERIMENTAL PROCEDURES 

Materials. Cholesterol tris(hydroxymethyl)~minomethane 
(Tris) and triethanolamine (TEA) were purchased from 
Sigma Chemical Ca (St. Louis, MO). Cholesterol contained 
less than 0.9% contaminants including 7-ketocholesterol, 
7/3-hydroxycholesterol, cholesterol a- and/3-epoxides and 
cholesta-3,5-dien-7-one Other steroid standards [7-keto- 
cholesterol, 7-hydroxycholesterols, cholesterol epoxides, 
20- and 25-hydroxycholesterols, 5a~holestane-3~,5,6~-triol 
(3~,5a,6g-triol), cholesta-3,5-diene, cholesta-3,5-dien-7-one, 
eta] were from Steraloids Inc (Wilton, NH). N,O-bis(tri- 
methylsilyl)trifiuoroacetamide (BSTFA) plus 1% tri- 
methylchlorosilane (TMCS) was obtained from Pierce 
Chemical Ca (Rockford, IL). Solvents including water were 
high-performance liquid chromatography (HPLC) grade 
from various sources. 

Sample treatment. Solutions of cholesterol in chloroform 
(1 mgin 100 FL) were pipetted into vials (15 mm diameter, 
45 mm long), and the solvent evaporated on a rotary 
evaporator. This resulted in the formation of a thin film 
on the bottom of each vial. Under the microscope, these 
preparations appeared as thin films of needle-shaped 
microcrystals, 10-40 ~n  in length. Some more dense 
regions appeared to consist of several such layers while 
other regions appeared amorphous. For studies with dry 
cholesterol, the vials containing 1 mg of the cholesterol 
film were placed in an oven at preset temperature and 
heated for specified periods of t ime For the aqueous 
samples, 1 mL of water or buffer solution was added to 
test tubes (16 mm diameter, 125 mm long), containing 1 
mg of cholesterol film, prepared as described above, and 
sonicated (Branson Ultrasonic Ca, Danbury, CT) for I min 
to detach and break the cholesterol film into suspended 
small fragments. Under the microscope these fragments 
appeared as multilameUar structures suspended through- 
out the aqueous medium. Preliminary tests by gas chro- 
matography (GC) showed that sonication did not generate 
detectable amounts of cholesterol oxides. The aqueous 
samples were incubated with shaking at 75~ for up to 
6 d or at 37~ up to 30 d. 

Cholesterol analysis. Analyses of cholesterol and its ox- 
idation products were carried out as described previously 
(10). Dry samples were silylated with 0.5 mL BSTFA plus 
1% TMCS at 80~ for 1 h. For aqueous samples, 
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cholesterol and its oxidation products were extracted once 
with 3.5 mL of CHC13/MeOH solvent mixture (2:1, 
vol/vol). The extraction yields (relative to the internal stan- 
dard) of cholesterol, 7-hydroxycholesterols, 5,6-epoxides, 
7-ketocholesterol and 3/3,5a,6/3-triol were 98.3% (SD = 
3.4%), 99.3% (SD = 4.3%), 105.5% (SD = 14.7%), 95.8% 
(SD -- 5.0%) and 99.0% (SD = 4.2%), respectively. The 
extract was dried under a nitrogen stream and sflylated. 
The sflylated samples were analyzed by GC (Varian 3700; 
Palo Alto, CA) using an Ultra-1 capillary column (50 m 
• 0.2 mm • 0.33 pm, Hewlett-Packard, Avondale" PA). 
GC parameters were as follows: sample size" 0.2 ~L; con- 
centration, 0.5% (wt/vol); split ratio, 30:1; carrier gas flow 
rate, 0.3 mL He/min at 305 ~ Oven temperature was pro- 
grammed from 105 to 305~ at 10~ 3/3-Acetoxy-5a- 
androstan-17-one was used as an internal standard. GC 
peaks were identified by their retention times and by com- 
parison of their mass spectra with those of authentic com- 
pounds. A Hewlett-Packard Model 5985 B gas chromato- 
aph/mass spectrometer system was used. 

RESULTS AND DISCUSSION 

Effect  of  temperatura In general, solid cholesterol showed 
high resistance to oxidation. At 110 and 120~ where 
cholesterol remained solid, less than 10% was oxidized 
after 80 h of heating (Fig. 1). At 125 ~ a temperature ap- 
proximately 20 ~ below the melting point, cholesterol re- 
mained in the solid state for 20 h during which oxidation 
was slow. Beyond this point, melting became visible and 
a sudden increase in oxidation rate occurred. The melting 
of heated cholesterol below its melting point probably 
reflects the effect of trace amounts of oxidation products 
formed on the melting point. After approximately 40 h 
of heating, the sample was completely melted and the rate 
of oxidation decreased. It is not clear why such a decrease 
in the oxidation rate occurred, although the accumulation 
of oxidation products may have an inhibitory effect on the 
oxidation rate (1,5). The same phenomenon was also 
observed at 130~ and to a lesser degree at 135~ At 
higher temperatures, e.g., 150 and 180 ~ cholesterol was 
in the liquid state from the beginning of heating, and more 
than 80% of the initial cholesterol disappeared within 1 
h of heating. The remaining cholesterol levels after 30 min 
at 150~ and after 20 min and 40 rain at 180~ were 24.4, 
28.3 and 16.4%, respectively. 

The oxidation products that  were detected in the pre- 
sent study were those known to result from cholesterol 
oxidation: for example, 7-ketocholesterol, and 7a- and 7/3- 
hydroxycholesterols from 7-derivatization; cholesterol a- 
and/3-epoxides and 3/3, 5a, 6/3- triol from epoxidation; 20- 
and 25-hydroxycholesterol from side-chain derivatizations; 
and cholesta-3,5-diene, cholesta-3,5-dien-7-one and several 
other ketones from elimination reactions. Other products, 
e.g., volatiles (1), relatively high molecular weight com- 
pounds (Vajdi, M., and Nawar, W:W., unpublished data) 
and other minor oxides, may have also been formed but 
could not be detected by the methods used in this study. 
Only traces of side-chain derivatives, i.e., 20- and 25-hy- 
oxycholesterols, and triols were detected in the dry-state 
oxidation. 

Figure 2 shows the relationship between heating time 
and amounts of cholesterol decomposition products 
formed. The top line represents the total amounts of 
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FIG. 1. Effect  of temperature (average of two determinations) on 
the oxidation of dry cholesterol films, 1 mg each, prepared by plac- 
ing chloroform solutions of cholesterol into vials (15 mm diameter, 
45 mm long) and evaporating the solvent.  Samples were heated in 
air in an oven at preset temperatures. Remaining unaltered cho- 
lesterol was determined by gas chromatography and is expressed as 
percent of initial substrate. 

altered cholesterol. The bottom line represents that por- 
tion of the altered cholesterol which was observed as 
specific products, i.e., 7-ketocholesterol, the 7-hydroxy- 
cholesterols, the cholesterol epoxides, cholesta-3,5-diene 
and cholesta-3,5-dien-7-on~ The region d, which is the dif- 
ference between total altered cholesterol and the sum of 
the 7-derivatives, epoxides and elimination products, 
represents other compounds not detected and measured 
in this study. Polymers and/or other compounds of rela- 
tively high molecular weight may constitute a major por- 
tion of such compounds. When cholesterol heated for 1 
h at 180~ was subjected to size exclusion chromatog- 
raphy, a fraction amounting to 21.1% of the initial 
cholesterol represented material of higher molecular 
weight than the substrate (Vajdi, M. and Nawar, W:W., un- 
published data). 

Figure 3 illustrates the relationship between heating 
time and amounts of 7-ketocholesterol formed, one of the 
major products detected in the early stage of cholesterol 
oxidation. Obviously, 7-ketocholesterol, and other pro- 
ducts as well, undergo further decomposition during 
heating;, the amount of 7-ketocholesterol at any given time 
represents the net balance between formation and decom- 
position. As expected, the higher the temperature, the 
faster the production and decomposition of the oxides. 

.The amounts of 7-ketocholesterol produced in the course 
of heating at different temperatures (Fig. 3) are consis- 
tent with the oxidative behavior of cholesterol discussed 
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FIG. 2. Production of cholesterol decomposition products in dry 
cholesterol f i lms heated in air at 140~ (average of two determina- 
tions). Samples, I mg each, were prepared by placing chloroform solu- 
tions of cholesterol into vials, 15 m m  diameter X 45 mm long, and 
evaporating the solvent. Remaining unaltered cholesterol and decom- 
position products were determined by gas chromatography; O----O, 
total amount of altered cholesterol; �9 - -  � 9  sum of oxidation pre~ 
ducts detected; region d, sum of undetected products. 

previously (Fig. 1). At 110 and 120~ the rates of 7-keto- 
cholesterol production were slow and not too different 
from each other. However, 7-ketocholesterol formation was 
markedly increased at 125~ when cholesterol melting 
was seen. 

To illustrate the effect of heating on the products of 
cholesterol oxidation, and the effect of these on cholesterol 
oxidation, several heating experiments were carried out 
with pure compounds. When dry film of 7-ketocho- 
lesterol, prepared in the same manner as described above 
for cholesterol, was heated alone at 150~ after 10 h of 
heating 83% of the initial amount remained unchanged. 
However when mixed with pure cholesterol before heating, 
64% of the initial 7-ketocholesterol and 33% of the initial 
cholesterol remained. When a mixture containing equal 
amounts, 1 mg each, of 7-ketocholesterol, 7~-hydroxycho- 
lesterol, cholesterol/3-epoxide and 3/3, 5a,5a,6/~-tril were 
similarly heated, the amounts found after 10 h heating 
were 53, 6, 5 and 16%, respectively. These results confirm 
the decomposition of 7-ketocholesterol upon heating and 
the difference in stability of the various oxidation prod- 
ucts when heated while exposed to air. Not only do these 
products influence the oxidation of cholesterol, but also 
the oxidation of each other. 

Figure 4 shows formation of the 7-hydroxycholesterols 
in the dry system during autoxidation for 30 h at 140~ 
While most studies show approximately equal yields of 
the 7a- and the 7/~-hydroxycholesterol isomers (4,5,11}, 
the reported fJ/a ratios of the epoxides varied widely 
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FIG. 3. Effect of temperature on the production of 7-ketocholesterol 
in dry cholesterol films (average of two determinations). Samples, 
1 mg each, were prepared by placing chloroform solutions of 
cholesterol into vials, 15 m m  diameter X 45 m m  long, and 
evaporating the solvent. Samples were heated in air in an oven at 
preset temperatures, and 7-kctocholesterol was monitored by gas 
chromatography of their silyl derivatives. 
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FIG. 4. Effect of heating time on the levels of 7-hydroxycholesterols 
in dry fi lm fragments at 140~ (average of two determinations). 
Samples, I mg each, were prepared by placing chloroform solutions 
of cholesterol into vials, 15 m m  diameter X 45 m m  long, and 
evaporating the solvent. The 7a- and 7~hydroxycholesterols were 
monitored by gas chromatography of their silyl derivatives. 
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FIG. 5. Effect  of medium on cholesterol oxidation at 75~ (average 
of three determinations). Samples were prepared by adding I mL of 
water or buffer to test  tubes, 16 mm diameter X 125 mm long, con- 
tianiug I mg of cholesterol film and sonicating for I min. Remain- 
ing unaltered cholesterol was  determined by gas chromatography 
of its silyl  derivative and is expressed as percent of initial substrate. 
Tris; tr/s(hydroxymethyl)aminoethane; Dist., distilled. 
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FIG. 6. Effect  of pH on cholesterol oxidation in fi lm fragments 
suspended in tris buffer, 75~ (average of three determinations). 
Samples were prepared by adding 1 mL of buffer solution to test  
tubes, 16 mm diameter X 125 mm long, containing I mg of cholesterol 
film and sonicatin~ for I min. Remaining unaltered cholesterol was 
determined by gas  chromatography of its si lyl  derivative and ex- 
pressed as percent of initial substrate. 

depending on conditions (4,12-14). In our work with dry 
films, the level of 7-hydroxycholesterols reached 1.8% of 
the initial amount of cholesterol after 3 h heating, then 
decreased to 0.5% after 30 h (Fig. 4). The/3/0.hydroxy- 
cholesterol ratio reached a maximum of 8 at the early 
stage of heating then dropped rapidly and leveled at a 
ratio of approximately 1 as has been reported for studies 
with colloidal dispersions. Formation of the 5,6-epoxides 
was similar (data not shown). Their level reached about 
7% of initial cholesterol after 3 h then decreased to 3% 
after 30 h of heating. The/3/a ratio of the epoxides was 
1.3 after 3 h, then dropped to a relatively constant ratio 
of around 0.3 after 6 h. This decrease in/3/a ratios during 
heating probably reflects a faster degradation of the/3- 
epoxides than of their a-isomers. Below 130~ the/3/0- 
epoxide ratio did not exceed 1.0 (data not shown),. At lower 
temperature, the overall rate of formation was reduced, 
but degradation of ~epoxide may not be as sensitive to 
temperature change as degradation of the a-form. 

Effect of water. Cholesterol oxidation was faster in the 
presence of water than in the dry state, and faster in Tris 
buffer (10 mM) than in distilled water (Fig. 5). Several 
workers have reported that  in aqueous dispersion the ox- 
idation of cholesterol occurred in the early stage of incuba- 
tion with no further change after 70-75% substrate had 
been consumed. Smith et al. (7) defined this phenomenon 
as the apparent product inhibition of the cholesterol ox- 
idation reaction, while Maerker (3) suggested that  this 
plateau may be caused by changes in micelle structure due 
to the presence of the oxidation products. In the present 
study, such a plateau was also observe& The phenomenon, 

however, may be due to factors other than those in aque ~ 
ous dispersions. Since dispersing agents were not used, 
cholesterol existed not in micellar structure but as film 
fragments suspended in the aqueous mediurm Cholesterol 
oxidation is likely to occur on the surface of these frag- 
ments (15) whereas their inside may remain inert caus- 
ing the plateau. Any treatment which influences the struc- 
ture of the fragments may thus have a significant effect 
on the oxidation in the latter stages. 

The profiles of cholesterol oxidation products formed 
at 75~ in the absence and presence of water were com- 
pared {data not shown}. Because of the slow oxidation at 
75~ the dry cholesterol film did not accumulate high 
amounts of oxidation products even after 40 d, but a 
number of products were detected. In contrast, in the 
presence of water the products were relatively few, i.e., the 
7-derivatives and the epoxides were the only major pro- 
ducts detecte~ The levels of detectable oxidation products 
were much higher in the presence of water than those 
observed in the dry state. Therefore, in aqueous systems, 
7-peroxidation and 5,6-epoxidation showed greater effects 
on cholesterol decomposition than in the dry state~ 

Effect of p H  and buffer. Significant differences in cho- 
lesterol stability were observed within the pH range of 
6.0-7.4, but only in the early stages of incubation {Fig. 
6). After one day in 10 mM Tris-HC1 buffer at 75~ the 
remaining unaltered cholesterol amounted to 90% of the 
initial cholesterol at pH 6.3, 55% at pH 6.9 and 43% at 
pH 7.4. Between the second and sixth day, the remaining 
cholesterol was about the same for all pH values show- 
ing a plateau at 40-50%. 
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FIG. 7. Effect of pH on ~/~epoxide ratio in cholesterol film fragemts 
suspended in tris buffer, 75~ {average of three determinations). 
Samples were prepared by adding 1 mL of buffer solution to test  
tubes, 16 mm diameter X 45 mm long, containing 1 mg of cholesterol 
film and sonicating for I min. The a- and/~-epoxycholesterols were 
monitored by gas chromatography of their silyl derivatives. 
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FIG. 8. E[fect of different buffer systems on cholesterol oxidation 
in aqueous suspension of film fragments at 75~ (average of three 
determinations). Samples were prepared by adding 1 mL of water 
or buffer solution to test tubes, 16 mm X 45 mm long, containing 
1 mg of cholesterol film and sonicating for 1 rain. Remaining un- 
altered cholesterol was determined by gas chromatography of its silyl 
derivative and expressed as percent of initial substrate. TEA, 
triethanolamine. See Figure 5 for other abbreviation. 

Ratios of 7-keto/7-hydroxycholesterol have been reported 
to be around 2 in aqueous media (6,5,10,13). In the pre- 
sent work the 7-keto/7-hydroxycholesterol ratio was ap- 
proximately 7 at pH 6 and dropped with increasing pH 
reaching about 3 at pH 7.4. This trend was expected. 
Dehydration of the 7-hydroperoxide to yield 7-ketocho- 
lesterol occurs readily at lower pH, whereas the latter is 
particularly sensitive to alkaline conditions (3,16-18). At 
all pH levels tested, the 7-ketocholesterol/7-hydroxycho- 
lesterol ratios remained relatively constant during the 6-h 
heating period. 

The stereoselectivity in 7-hydroxylation was not af- 
fected by pH in the range of 6.0-7.4, but as shown in 
Figure 7 higher ~a-epoxide ratios were observed at pH 7.4. 
Maerker and Bunick (4) found no significant change in 
the /3/a-epoxide ratio 3-5 during the oxidation of cho- 
lesterol in aqueous dispersions at pH 8 and 12. However 
at pH 5.5, large changes in the all3 ratio.were observed, 
and the/3-epoxide was more labile than its a-isomer by a 
factor of 2.5. 

Figure 7 shows that  at all pH levels tested, the/Y~- 
epoxide ratios were highest after one day of heating (the 
point where the total epoxide level reached a maximum) 
and then decreased with time of heating. It is also clear 
that the/Y~repoxide ratios were markedly decreased as the 
pH was reduced, reflecting the instability of the/3-isomer 
in acidic media (4). 

The effects of various buffer systems, 10 mM tris-HC1 
pH 6.0-7.4, 50 mM tris-HC1 pH 6.3, 10 mM potassium 
phospshate pH 7.4, and 10 mM triethanolamine (TEA) 
HC1-NaOH pH 6.7, on cholesterol oxidation are shown in 
Figure 8. Phosphate and TEA buffers did not show any 

difference from the distilled water control, while tris buf- 
fer showed a destructive effect within the pH range of 
6.0-7.4. The concentration of tris buffer (10 mM and 50 
mM) did not influence cholesterol oxidation. Tsai and 
Smith (19) reported that the phosphate group and quater- 
nary amine showed no effect on the oxidation of methyl 
linoleate while protonated primary amines accelerated 
lipid oxidation. In this study, TEA buffer, which has a 
quaternary amine and phosphate buffer, did not show any 
difference from the distilled water control while tris buf- 
fer, which has a protonated primary amine, accelerated 
cholesterol oxidation. The effect of such ionic species on 
free radical reactions remains unclear. Since the pH of tris 
buffer was adjusted with HC1, there was a possibility of 
a higher level of iron contamination than in other media. 
This possibility, however, is unlikely in view of the fact 
that  the lower pH buffers, which would provide more Fe 
contamination, showed less cholesterol oxidation at the 
early stage of incubation. Also, increasing concentration 
of the tris buffer did not show a significant effect. 

Distilled water, phosphate and TEA buffer produced 
similar product profiles and ~.]a ratios of epoxides and 
7-hydroxycholesterols. Only in tris buffer, the/3/o~epoxide 
ratio was higher than 1, and hydroxylated side-chain pro- 
ducts, ~g., 20-hydroxycholesterol and 25-hydroxycho- 
lesterol, were observed. 

At 37~ the variation among observations was very 
high (SD - 0.17-22%, average SD = 8%). The difference 
between the effects of tris and phosphate buffers at pH 
7.4 was not as pronounced as that  observed at 75~ As 
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in the case of tris buffer in the early stage of incubation 
at 75~ (Fig. 6), cholesterol was more stable at pH 6.3 
than at  pH 7.4 in phosphate buffer at 37~ 

The experimental work detailed above was designed to 
provide basic information as part  of an ongoing s tudy on 
oxidation interactions of cholesterol with other com- 
ponents  in more complex systems. For example" the ap- 
proach used here allows the s tudy  of cholesterol/phos- 
pholipid co-oxidation without  interference from dispers- 
ing agents. Such interactions will be discussed in a later 
report. 

Cholesterol oxidation is system dependent. The pro- 
ducts of cholesterol oxidation and their relative amounts  
vary depending on temperature, oxidation time, presence 
of water, pH, type of buffer and form of substrate. The 
effects of these parameters on the rate and products of 
oxidation appear to be largely manifested through their 
effects on the physical state of the substrat~ 
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Cholesterol and 25-Hydroxycholesterol Retention in Specimens 
of Liver and Aorta Prepared for Electron Microscopy. I. Standard 
Fixation Methods and Metabolism of the Labeled Sterols 
E. Fomas*, J. Renau-Piqueras, A. Fortea, F. Mayordomo and E. Alborch 
Centro de Investigaci6n, Hospital "La Fe", 46009 Valencia, Spain 

In the present work, several preparatory procedures com- 
monly  used for electron microscopy (EM) were evaluated 
as to  their ability to preserve cholesterol (CHO) and CHO 
derivatives in tissue. We also determined in several rat 
tissues to  what  extent  the sterols used as tracers are 
metabolized. Sprague-Dawley rats were injected intraperi- 
toneally with [la,2a(n~3H]cholesterol ([3H]CHO) and 25- 
hydroxy-[26,27-SH]cholesterol ([3H]25-OH~HO). Lipids of 
the fiver, aorta and brain were extracted one and five days 
after injection, and the distribution of the labeled lipids 
was followed by thln-layer chromatography. When labeled 
CHO was injected as tracer, most  of  the radioactivity re  
mained associated with the CHO fraction. When 25-hy- 
droxycholesterol {254)H-CHO} was used, we found that it 
was  mostly metabolized to yield more polar compounds. 
Our results show that the loss of CHO and CHO deriva- 
tives from tissues depends not only on the preparatory pro 
cedure used for EM, but also on the type of tissue studied. 
Lipids 28, 923-928 (1993). 

Lipids usually constitute about half of the membrane mass, 
and in most mammalian plasma membranes cholesterol 
(CHO) is present at an about equimolar ratio with phosph~ 
lipids. Changes in CHO content affect membrane fluidity, 
permeability, electrical resistanc~ integral functions and 
hydration properties (1). 

Conventional procedures used for the preparation of 
biological specimens for electron microscopy (EM) involve 
extensive loss of lipids from the specimer~ Several ap  
proaches have been proposed to minimize this loss (2). Most 
previous studies have mainly been concerned with the fate 
of total lipid~ and little information is available on how EM 
preparatory procedures affect the CHO content of plasma 
membranes {2). The retention of CHO as cell membrane com- 
penent is desirable both to preserve membrane structural 
integrity and for the ultrastructural localization of these 
components. 

Controversy also exists in regard to the types of lipid 
losses that occur during conventional EM preparatory pr~ 
cedums (2-4), and differences exist between the type of lipid 
losses that occur after fixation with aldehydes as compared 
to 0s04, the two fixatives most commonly usecL Whereas 
aldehydes do not prevent lipid loss in most tissues, there 
is evidence that OsO4 may minimize the loss of some types 
of lipids (2). It is also not clear how CHO metabolites are 
affectect 

*To whom correspondence should be addressed at Centro de Investiga- 
cidn, Hospital "La Fe," Avenida de Campanar, 21, 46009 Valencia, 1 
Spain. 2 
Abbreviations: CHO, cholesterol; [3H]CHO, [1,a2a{nJ-3H]cholesterol; 5 7 EM, electron microscopy; F, formaldehyde; G, ghtaraldehyde; 25-OH- 13 
CHO, 25-hydroxycholesterol; [aH]25-OH-CHO, 25-hydroxy- 
[26,27-3H]cholesterol; dpm, disintegrations per minute; Lp., intraperi- 
toneal; PB, 0.1 M phosphate buffer (pH 7.3, 2 mM MgCI2); TA, tan- 
nic acid; TLC, thin-layer chromatography. 

In the present study we determined to what extent vari- 
ous labeled tracers are metabolized, and we followed the loss 
of the labeled lipids during the fixation procedures. The 
radioactive components present in the tissues before fixa- 
tion were extracted and analyze~ We also determined the 
extent to which CHO and 25-hydroxycholesterol (25-OH- 
CHO) were lost from rat aorta and fiver in the course of 
various standard procedures used for the preparation of 
animal tissues for conventional EM and CHO cytochem- 
istry. 

MATERIALS AND METHODS 

Animals and tracers. Sprague-Dawley rats weighing 150- 
200 g were used. Animals were injected intraperitoneaUy 
(i.p.) with 1 mCi of [3H]CHO, 40-60 Ci]mmol (Amersham 
International, Amersham, England), or [3H]25-OH-CHO, 
75-87 Ci]mmol (New England Nuclear, Boston, MA) 1 and 
5 d prior to being sacrificed. Both products were prepared 
for injection by the method described by Baranowsky et 
aL (5). After evaporation of the toluene from the original 
vial containing the tracer, the labeled sterol was redis- 
solved in 0.5 mL of ethanol. One mL of saline was added 
and most of the ethanol was evaporated by a stream of 
nitrogen. The resulting sterol suspension was injected i.p.. 

The optimum sampling time for fixation and for thin- 
layer chromatography (TLC) of the lipid extracts was 
determined by measuring the specific activity [disintegra- 
tions per minute (dpm)/g] in aortic tissue of rats 1, 2, 5, 
7 and 13 d after i.p. injection of 0.125 Ci of [3H]CHO or 
[3H]25-OH-CHO per 100 g of animal weight. Maximum 
activity (dpm/g) was found at 5-7 d when [3H]CHO was 
injected, and at 5 d when the tracer was [3H]25-OH-CHO 
(Table 1). A sampling time of 5 d was therefore used for 
the present study. An additional sample was taken on the 
first day for TLC analysis to document the metabolic 
changes with t ime 

Rats were kept under pentobarbital anesthesia when 
removing tissue After cannulating the aorta, saline was 

TABLE 1 

Radioactivity Found in Aortic Tissue 1, 2, 5, 7 and 13 Days After 
i.p. Injection with [3H]CHO or [3H]25-OH-CHOa 

Tracer injected 
Days after [3H]CHO [3H]25-OH-CHO 
i.p. injection dpm/g dpm/g 

4 757 8 646 
6 945 15 233 

11 118 29 335 
13 122 10 229 
6 389 5 408 

=For details, see Materials and Methods Abbreviations: i.p., intra- 
~eHritoneal; dpm, disintegrations, per minute; [3H]CHO, [la,2a(n)- 

]cholesterol; [3H]25-OH-CHO, 25-hydroxy[26,27-3H]cholesterol- 
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infused for one rain at 100 mm Hg pressur~ Immediately 
thereafter, aliquots of tissue from aorta and liver were 
taken for each of the fixation procedures. Samples of aorta, 
liver and brain were also taken to measure radioactivity 
and to extract lipids. 

Lipid extraction and chromatography. Liver homogen- 
ates (2 g liver and 5 mL saline} and aortas were extracted 
with chloroform/methanol (2:1, vol/vol} by the Folch 
method (6}. After evaporation of the chloroform phase, 
lipids were separated by TLC on a Kieselgel 60 plate 
{Merck, Darmstadt, Germany) with two developments in 
n-heptane/ethyl acetate (1:1, vol/vol). On the same plate 
and in parallel chromatograms, the following standards 
were used: CHO linoleate {Sigma, St. Louis, MOI; CHO 
(Sigma}; 5-cholestene-3~, 25-diol (Steraloids, Wilton, NH} 
and cholestane-3~, 5a, 6~-triol (Steraloids). The standards 
were made visible with iodine vapor, and the chromato- 
grams were divided into nine areas, one containing the ori- 
gin and four others containing the areas corresponding 
to the standards. The scraped areas were extracted with 
chloroform/methanol (2:1, vol/vol) and radioactivity logs 
counted after evaporation of the solvent. 

Counting techniques. Radioactivity of the residual li- 
quids of the individual steps of the fixative procedures 
was measured. As the chemical composition of the dif- 
ferent samples varied greatly, the counting efficiency of 
the samples was determined using an internal standardi- 
zation method, and the counts were converted into dpm. 
Special care was required to measure the samples contain- 
ing osmium because of especially low counting efficien- 
cies. The original dpm of the tissues to be fixed was deter- 
mined by dissolving aliquots of the same type of tissue 
in Nuclear Chicago Solubilizer IChicag~ IL) and counting 
as described before. A toluene/Triton X-100 liquid scintil- 
lator (Scharlau, Barcelona, Spain} and LKB 1219 Rack- 
beta counter (LKB, Turku, Finland) were used. Results are 
the mean of three experiments; three animals were injected 
with each tracer, and two samples of tissue per animal 
were fixed independently in each of the fixative procedures 
studied. 

Preparation of tissues for EM by Procedure G + Os. 
Aliquots of tissue from aorta and liver (1 mm 3) were im- 
mersed (7) in 1% glutaraldehyde (G) in 0.1 M phosphate 
buffer (PB) (pH 7.3, 2 mM MgC12) for 24 h at room temp- 
erature in the dark. Effective osmolarity of the fixative 
solution (300 mOsm) was determined as described (8,9). 
Purity of G (Merck) was determined by measuring the 
relative values of ultraviolet absorbance between 210 and 
310 nm (8,10,11). The ultraviolet absorbance spectra show- 
ed a peak only at 280 nm. After a brief washing in PB, 
the tissues were postfixed with 2% OsO~ containing 1.8% 
potassium ferrocyanide in PB for 2 h in the dark at room 
temperature (296 K). 

Samples were dehydrated by 5-rain immersions into eth- 
anol (60, 80 and 95%)/water (vol]vol), and by two 5-min im- 
mersions into 100% ethanol; all immersions were at 273 K. 

Epon 812 (Polysciences, Warrington, PA) consisted of 
21 mL Poly/Bed 812, 13 mL dodecenyl succinic anhydride, 
11 mL nadic methyl anhydride and 0.7 mL DMP-30, which 
was added just before use. Samples were placed in mix- 
tures of Epon 812 and ethanol at concentrations of 25, 
50 and 75% (60 min, room temperature). Then the samples 
were placed in 100% Epon 812 overnight at 277 K, and 
cured during a second night at 333 K. 

Both CaC12 and MgC12 are known to decrease the loss 
of lipid during fixation of a variety of tissues (12). In the 
present work, MgC12 was chosen instead of CaC12 to 
avoid the formation of calcium phosphate precipitates. 
Osmium potassium ferrocyanide mixtures are increasingly 
popular as a secondary fixative in both conventional EM 
and in several cytochemical procedures because they com- 
bine selective fixation and enhance staining of membrane 
systems, giycocalix and glycogen (13-15}. 

Preparation of tissues by Procedure G + F. Samples 
were place in 0.8% formaldehyde (F) and 0.8% G in 0.075 
M phosphate buffer, pH 7.2, for 1 h in darkness at 277 
K. Samples were then washed for 2 h in PB at 277 K, 
which was followed by the dehydration and embedding 
procedures described in Procedure G + Os. 

Preparation of tissues by Procedure G + TA + Os. 
Tissues were fixed in 1% G and 2 mg/ml tannic acid {TA} 
in PB for 30 min at room temperature in darkness. A brief 
washing in PB and 20-rain post-fixation in 1% osmium 
tetroxide in PB at room temperature in the dark were 
followed by the same dehydration and embedding pro- 
cesses described in Procedure G + Os. 

RESULTS 

In our experiments, rats were injected i.p. with [3H]CHO 
or [3H]25-OH-CHO and the total radioactivity in the 
tissue and the fluids of the various steps of the different 
preparatory procedures was measured by liquid scintilla- 
tion counting. 

G, F and OsO4 were used as fixatives and were applied 
according to standard procedures. However, our interest 
was mainly focused on the OsO4 procedure, because OsO4 
or osmium, in combination with other agents such as TA 
or ferrocyanide" can reduce loss of some lipids in the course 
of dehydration and embedding steps. 

Lipid metabolism. Lipid extracts of the liver and brain 
were analyzed by TLC one and five days after i.p. injection 
of [3H]CHO. Most radioactivity was found in the TLC 
area corresponding to CHO (Figs. i and 2}; between 6 and 
10% was found in the area corresponding to sterol esters. 

Nevertheless when the tracer injected was [3H]25-OH- 
CHO, little radioactivity was found in TLC in the area cor- 
responding to this compound (Figs. I and 2). One day after 
i.p. injection, radioactivity was found in all the scraped 
TLC areas and particularly in the region corresponding 
to the CHO standard {more than 20% in both aorta and 
brain). However, in the area corresponding to the labeled 
compound injected, less than 5% radioactivity was ob- 
served. When lipids were extracted five days after i.p. in- 
jection, practically all the radioactivity was at the origin 
in TLC. Evidently, the injected compound was converted 
into more polar products. 

The percentage of tritium in the aqueous phase of the 
lipid extracts was also determined. In animals injected 
with [3H]CHO, the percentage of tritium in liver and 
brain was 6 and 9%, respectively. When the tracer 
[3H]25-OH-CHO was used, 53 and 43% of tritium was 
found in liver and brain, respectively, which suggests that 
[3H]25-OH-CHO was metabolized to more polar com- 
pounds. 

Radioactivity loss in the fixation procedures: 
[3H]CHO. The total radioactivity loss in the procedures 
studied are summarized in Figures 3-6. 
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FIG. 1. Thin-layer chromatography profile of lipid extracts of liver 
one and five days after intraperitoneal injection with [la,2a(n}-3H]- 
cholesterol ([3H]CHO) or 25-hydroxy[26,27-3H]cholesterol ([3H]2~ 
OH~HO) .  Values are percent of total radioactivity. The scraped areas 
corresponding to the four standards used are indicated as: TRI (cho- 
lestane-3/3,5a,6fi-triol), 25HC (cholestene-3/~,25-dioD, CHO (cholesterol} 
and LIN (cholesteryl linoleate); the areas corresponding to the origin 
and other positions are indicated as ORI and P-3 to P-8. Results are 
given as percentage of radioactivity found in each of the scraped 
areas, when the sum of all is taken to be 100%. 

To simplify the charts, the radioactivity loss measured 
in the pre-fixation, fixation, post-fixation and washing li- 
quids are given in bulk as FIXAT, the sum of radioactivi- 
ty losses in the dehydration fluids is given as DEHYD; 
and the losses for the different embedding steps are given 
together as EMBED. 

None of the procedures studied prevented radioactivi- 
ty loss in the liver {Figs. 3-6). The minimum loss observ- 
ed was approximately 65% in the first two procedures, and 
essentially 100% in the third one Radioactivity was lost 
mainly during the dehydration and embedding steps (k), 
while there was almost no loss of radioactivity during 
fixation. 

By comparison, when aortic tissue was used, the per- 
centage of radioactivity lost was 24 and 16% in the first 
two procedures, respectively, and 45% in the third one 
Thus, there was a big difference between the results ob- 
tained for the liver (all procedures over 60% loss) and those 
obtained for the aorta (one of the procedures showed more 
than 80% retention of radioactivity). 

Radioactivity loss in the fixation procedures: [aH]25- 
OH-CHO. When [3H]25-OH-CHO was used, the total loss 
of radioactivity in the three procedures was less than 20%; 
the results for the two types of tissue did not vary great- 
ly. The loss of radioactivity in the fixation steps was much 
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FIG. 2. Thin-layer chromatography of lipid extracts of brain one and 
f ive  days  after  intraperitoueal  injection with [3H]CHO or 
[3H]25-OH-CHO. Values are  percent of total  radioactivity. The 
scraped areas corresponding to the four standards used are indicated 
as: TRI (cholestane-3~,5a,6~-triol), 25HC (cholestene-3~,25-diol), CHO 
{cholesterol) and LIN (cholesteryl linoleate); the areas corresponding 
to the origin and other positions are indicated as ORI and P-3 to 
P-8. Results are given us percentage of radioactivity found in each 
of the scraped areas, when the sum of all is taken to be 100%. Ab- 
breviations as in Figure 1. 

higher than with CHO, which is consistent with the con- 
version of the tracer into more polar compounds. The low 
loss of the polar radioactive metabolites during the 
dehydration and embedding steps is also consistent with 
the detected increase in polarity of the tritiated molecules. 

D I S C U S S I O N  

During the last few years, special emphasis has been plac- 
ed on EM preparatory procedures which retain functional 
properties of proteins throughout the fixation, dehydra- 
tion and embedding steps (16). Conservation of protein 
functional features is part icularly important  in 
postembedding immunocytochemistry, which makes 
possible the analysis of the distribution, and in some cases 
the amount, of antigenic sites in tissues {17). Although 
the loss of lipids during preparatory procedures has been 
found not to affect the immunochemical technique, several 
functional properties of proteins depend on their lipid en- 
vironment (18,19}. In addition, loss of lipid& including 
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FIG. 3. Fixation procedure G "1- Os. Loss of radioactivity percentage 
during fixation of liver and aortic tissues five days after in- 
traperitoneal injection with [3H]cholesterol (CHO} or [3H]25-OH- 
CHO. The radioactivity losses during pre-fixation, fixation, post- 
fixation and washing are given in bulk as FIXAT, the losses in the 
dehydration fluids are given as DEHYD; the losses in the embed- 
ding steps are given as EMBED, and the sum of the radioactivity 
losses are given as TOTAL. Abbreviations as in Figure 1. 

FIXAT 

DEHYD i 

EMBED I 

TOTAL 

i 

0 

Liver 

J 

I i i i i 

20 40 60 80 100 

F I XAT 

DEHYD 

EMBED 

TOTAL 

Aor ta  

Procedure G + F 

[Z3  CHO 

25-OH-CHO 

i i i 

0 20 4o 60 8o ~00 

FIG. 4. Fixation procedure G -F F. Loss of radioactivity percentage 
during fixation of Hver and aortic tissues five days after in- 
traperitoneal injection with[3H]cholesterol (CHO} or [3H]2~OH- 
CHO. The radioactivity losses during pre-fixation, fixation, post- 
fixation and washing are given in bulk as FIXAT, the losses in the 
dehydration fluids are given as DEHYD; the losses in the embed- 
ding steps are given as EMBED, and the sum of the radioactivity 
losses are given as TOTAL. Other abbreviations as in Figure 1. 

CHO and CHO metabolites, during these preparatory pro- 
cedures constitutes a disadvantage in studies on cell struc- 
tures containing these molecules, such as plasma mem- 
branes. However, there are additional problems of CHO 
localization due to the ubiquitous presence of different 
chemical forms or the sterols in the cells. Free CHO forms 
part of the plasma membrane structure in mammalian 
cells, but CHO is typically stored as its ester and, finally 
is converted from its free form to other steroids. Our 
results indicating that  both CHO and 25-OH-CHO are 
metabolized in tissues including liver and brain agree with 
those reported by Taylor and Kandutsch (20). 

Most of the CHO loss from liver tissue occurred dur- 
ing the dehydration and embedding steps, whereas in aor- 
tic tissue the losses took place mainly during dehydration; 
very little radioactivity was lost in either tissue during 
the embedding steps. In contrast, the loss of 25-OH-CHO 
took place during fixation, which reflects the higher po- 
larity of the tritium labeled metabolites of 25-OH-CHO 
as compared to those of CHO, as was demonstrated by 
TLC. The results suggest the need for alternative pro- 
cedures to minimize the loss of both sterols. 

Since dehydration at 277 K or partial dehydration was 
reported to reduce lipid loss {21,22}, we analyzed in a 
preliminary study the effect of low temperature dehydra- 

tion and embedding procedures on [3H]CHO and [3H]25- 
OH-CHO loss in liver and aortic tissues five days after 
i.p. injection of the tracers. The hydrophilic embedding 
medium Lowicryl K4M {Polysciences, Inc., Warrington, 
PA) was used for this purpose The results show that this 
technique, used widely for immunocytochemistry, also 
significantly reduces the loss of both sterols. The total loss 
of CHO in liver and aortic tissues was 23 and 7%, respec- 
tively, while 6 and 4% of 25-OH-CHO metabolites were 
lost in liver and aortic tissues, respectively. Therefore, low 
temperature procedures recommend themselves as 
superior alternatives to standard EM procedures. How- 
ever, other more recent techniques, such as cryofixation, 
also need to be investigated. 

Our results further show that the loss of CHO differs 
from that of CHO derivatives, such as 25-OH-CHO. For 
this reason, the results obtained for CHO fixation cannot 
be extrapolated for other steroids. Moreover, there is no 
standard procedure for preventing the loss of CHO from 
different mammalian tissues during EM preparation. The 
loss of CHO appears to depend on several factors, in- 
cluding its chemical form in which it is present in these 
tissues. 

The role of OsO4 in the retention of lipids during fixa- 
tion remains unclear. Whereas in some studies it has been 
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FIG. 5. Fixation procedure G + TA + Os. Loss of radioactivity 
percentage during fixation of liver and aortic tissues five days after 
intraperitoneal injection with [~ (CHO) or [3H]25-OH- 
CHO. The radioactivity losses during pre-fixation, fixation, post- 
fixation and washing are given in bulk as FIXAT, the losses in the 
dehydration fluids are given as DEHYD; the losses in the embed- 
(ling steps are given as EMBED, and the sum of the radioactivity 
losses are given as TOTAL Other abbreviations as in Figure 1. 

FIG. 6. Total losses of radioactivity percentage during fixation of 
liver and aortic tissues by Procedures G + Os, G + F and G + TA + 
Os, five da~vs after intraperitoneal injections with [3H]cholesterol 
(CHO) or [OH]25-OH-CHO. Other abbreviations as in Figure 1. 

shown tha t  this fixative minimizes lipid loss (2), x-ray dif- 
fraction analyses indicate tha t  fixation with this com- 
pound is not  enough to prevent the loss of CHO during 
dehydration {23}. 

The staining system osmium ferrocyanide is widely 
used to enhance staining of membranes and the sarcoplas- 
mic reticulum. There is an equilibrium between the dif- 
ferent oxidation states, Os(VII) and Os{VI), where Os is 
immobilized at  the chelation sites of the macromolecular 
matr ix  of the substrate  (13). Lit t le  is known about  this 
process, but  it seems tha t  while the bilayer lipids disap- 
pear, remnants  of the former s t ructure  {probably de- 
natured proteins} remain, al though much of the protein 
is also lost {24}. 

Inclusion of osmium in the fixation process does not af- 
fect the structures visualized, and the effect on proteins 
is the same whether  there has been prefixation or not. 
Making proteins insoluble with TA also does not  signifi- 
cant ly prevent protein loss {24}. In fact, there seems to 
be no relationship between the proposed mechanisms for 
osmium staining and the loss of CHO in the fixation pro- 
cedures s tudie~ Our data  on CHO retention in liver tissue 
show that  the use of OsO4/K4Fe{CN)6 {Procedure G + Os) 
gave the same result as Procedure G + F {0.8% F + 0.8% 
G, without osmium treatment}. The best results with aor- 
tic tissue were obtained with Procedure G + F. The loss 
of CHO was the highest  in both  liver and aortic tissues 
with Procedure G + TA + Os (TA in the fixative solution 
and OsO4 treatment}, even though TA is a chelating 
agent  for osmium {13}. 

When 25-OH-CHO was used as tracer, the loss of tri- 
t ium was lower than when CHO was used, and the use 
of osmium did not  increase metabolite retention. 

In summary, our results show tha t  the degree of CHO 
and 25-OH-CHO loss does not  depend only on the pro- 
cedures used for EM but  also on the type of tissue. This 
is in substantial  agreement with previous studies tha t  
have focused on total  lipids (2,21). 

ACKNOWLEDGMENTS 
The authors thank J. Llorens for technical assistanc~ This work was 
supported by grants FISSS 89/0763 and CAICYT SAL91-0020. 

REFERENCES 
1. Gomperts, B.D. (1977)The Plasma Membrane" Models for Struc- 

ture and Functions, Academic Press, New York, 
2. Hyat, M.A. (1981) Fixation for Electron Microscopy, ptx 166-168, 

Academic Press, New York. 
3. Ashwortl~ CT., Leonard, J.S~, Eigenbrodt, E.H., and Wrightsman, 

F.J. (1966)J. Cell BioL 31, 301-308. 
4. Morgan, T.E., and Huber, G.L. (1967) J. Cell BioL 32 757-762. 
5. Baranowsky, A., Adams, C.W.M., Bayliss High, O.B., and Bowyer, 

D.B. (1982) Atherosclerosis 41, 255-266. 
6. Folch, J., Lees, M., and Sloane Stanley, G.H. (1957)J. BioL Chem. 

226, 497-509. 
7. David, H., and Uerling, I. (1983) ExptL PathoL 23 131-141. 
8. Mathieu, O., Claassen, H., and WeibeL E.R. (1978)J. Ultrastruct. 

Res. 63 20-34. 
9. Renan-Piqueras, J., MigueL A., and Knecht~ E. (1980) Mikroscopie 

36, 65-80. 
10. Fahimi, H.D., and Drochmans, P. (1965) J. Microsa (Paris) 4, 

725-735. 
11. Guillet, R., and Gull, K. (1972) Histochemie 30 162-167. 
12. Hayat, M.A. (1970) Principles and Techniques of Electron 

Microscopy, VoL I, pIx 5-107, Van Nostrand Reinholt Ca, New 
York. 

13. White, D.L., Mazurkiewicz, J.E., and Barrnett, R.J. (1979)J. 
Histochem. Cytochem. 27, 108-109. 

14. Hustaert, C.E., Kalicharan, D., and Hardonk, M.J. (1983) 
Histochemistry 78, 71-79. 

LIPIDS, Vol. 28, no. 10 (1993) 



928 

E. FORNAS ET AL. 

15. Renau-Piqueras, J., Miragall, F., Marquis, A., B&guena-Cervellera, 
R., and Guerri, C. (1987) J. Histochem. Cytochem. 35, 221-228. 

16. Carlemalm, E., Garavit~ R.M., and Villiger, M. (1982} J. 
Microscopy 126, 123-143. 

17. Bendayan, N., Nancy, A., and Kan, F.W.K. (1987) J. Histochem. 
Cytochem. 35, 983-986. 

18. Ross, D.H., Garrett, I~M., and Cardenas, H.L. (1985)Neurochem. 
Res. 10, 283-288. 

19. 3hraschi, T.F., and Rubin, E. (1985) Lab. Invest. 52, 120-131. 

20. Taylor, ER., and Kandutsch, A.A. (1989) J. LipidRes. 30, 899-905. 
21. Ildeman, S. (1964) J. Microsa (Paris) 3, 715-722. 
22. Ildeman, S. (1965) Histochernie 5, 18-23. 
23. Moretz, R.C., Akers, C.K., and Parsons, D.F. (1969) Biochim. 

Biophys. Acta 193, 1-7. 
24. SjSstrand, F.S. (1989)J. Ultrastr. Mol. Struct. Res. 102, 1-8. 

[Received September 6, 1991; accepted July 9, 1993] 

LIPIDS, VoI. 28, no. 10 (1993) 



Cholesterol and 25-Hydroxycholesterol Retention in Specimens 
of Liver and Aorta Prepared for Electron Microscopy, 
II. Effect of Filipin, Osmium, Digitonin and Saponin 
E. Fomas*, J. Renau.Piqueras, A. Fortea, F. Mayordomo and E. Alborch 
Centro de Investigacibn, Hospital "La Fe," 46009 Valencia, Spain 

929 

Spragu~Dawley rats were injected intraperltoneally with 
[la,2a{n)-3H]eholesterol or 2~hydroxy-[26,27-3H]choles- 
terol, and one and five days later fiver and aortic tissues 
were fixed. The extent to which these sterols were lost 
from the tissues during preparation for electron micrc~ 
scopy (EM) was examined utilizing different fixation 
procedures and various protective agents. Radioactive 
tracers, scintillation counting and standard EM tech- 
niques were used. Although most of the procedures ex- 
Amlned caused major lipid losses, useful fixation pro- 
cedures that allow retention of cholesterol or 2~hydroxy- 
cholesterol in fiver and aortic tissues were found and are 
described here. 
Lipids 28, 929-935 (1993). 

Lipids usually constitute one of the major components 
of cell membranes, and in most mvmmalian membranes 
cholesterol (CHO) is present at an about equimolar ratio 
with phospholipids. One of the limiting factors in plasma 
membrane studies using electron microscopy (EM) is that 
the conventional procedures for preparing biological 
material for EM lead to extensive loss of lipids (1). In the 
preceding paper we examined the loss of CHO and of 
25-hydroxy-cholesterol (25-OH-CHO) from rat aorta and 
liver tissues during conventional EM preparatory pro- 
cedures (2). The procedures included aldehyde fixation 
with or without osmium tetroxide postfixation, dehydra- 
tion in ethanol, and embedding in Epon 812. We found 
that  the radioactive tracer 25-hydroxy-[26,27-3H]choles - 
terol ([3H]25-OH-CHO), when injected intraperitoneally 
(i.p.), was metabolized to more polar compounds. When 
the tracer injected was [la,2a(n)-3H]cholesterol ([3H]CHO), 
about 90% of the radioactivity of the lipid extracts was 
associated with the CHO fraction, and about 10% was 
converted to steryl esters. The calculated increases in 
CHO present in liver and aortic tissues upon injection of 
the tracer were 5.3 • 10 -4 and 3.6 • 10-4%, respectively. 
Under these conditions loss of CHO significantly differs 
from that of its derivatives. Our results showed, moreover, 
that CHO loss from mammalian tissues cannot be avoided 
when conventional EM procedures are used. This appears 
to be due to several factors, including the different 
chemical forms into which CHO is converted in a par- 
ticular tissue Our results also pointed out the importance 
of finding alternative procedures which would make it 
possible to analyze by EM cell structures containing CHO. 

The aim of the present work was to compare various 
procedures used in CHO cytochemistry and to examine 

*To whom correspondence should be addressed at Centro de In- 
vestigaciSn, Hospital "La Fe," Avenida de Campanar, 21, 46009 
Valencia, Spain. 
Abbreviations: CB, cacodylate buffer; CHO, cholesterol; [3H]CHO, 
[la,2a(n)-3H]cholesterol; EM, electron microscopy; F, formaldehyde; 
G, glutaraldehyde; i.p., intraperitoneal(ly); 25-OH-CHO, 

3 3 25-hydroxycholesterol; [ H]25-OH-CHO, 25-hydroxy-[26,27- H]cho- 
lesterol; PB, 0.1 M phosphate buffer (pH 7.3, 2 mM MgC12). 

how CHO and 25-OH-CHO loss and total lipid loss can 
be prevented during the preparation of the biological 
specimens for EM. The procedures we examined include 
addition of digitonin~ saponin or filipin to the fixative solu- 
tions in an attempt to preserve CHO in its native loca- 
tion. The experiments were carried out by giving rats i.p. 
injections of [sH]CHO and [3H]25-OH-CHO and by 
measuring the radioactivity present in the residual fluids 
of the various steps of the preparatory process. 

MATERIALS AND METHODS 
Animals and tracers. Sprague-Dawley r a t s  weighing 
150-200 g were used. One and five days prior to being 
sacrificed, animals were injected intraperitoneally with 
5 mCi of [3H]CHO, 40-60 CJ/vnmol (Amersham Interna- 
tional, AmershAm, England), or 2 mCi of [3H]25-OH- 
CHO, 75-87 Ci/mmol {New England Nuclear, Boston, 
MA). Both products were prepared for injection as de  
scribed by Baranowsky et aL (3). After evaporation of the 
toluene from the original vial containing the tracer, the 
labeled sterol was redissolved in 0.5 mI. of ethanol, 1 mlJ 
of saline was added to this solution and most of the 
ethanol was evaporated in a stream of nitrogerL The 
resulting sterol suspension was injected i.p. 

For removal of the tissues, the rats were kept under 
pentobarbital anesthesia, and after cannulating the aorta, 
saline was infused at 100 mm Hg for one minut~ Im- 
mediately thereafter, aliquots of tissue from aorta and 
fiver were taken for each of the fixation procedures, which 
were started immediately. Aliquots of aorta and liver were 
also taken to measure radioactivity per tissue 

Counting techniques. Radioactivity of the residual 
liquids of the individual steps of the fixative procedures 
was measured. As the chemical composition of the 
samples varied greatly, the counting efficiency for each 
type of sample was determined based on internal stan- 
dards, and the counts were converted into disintegrations 
per min (dpm). Special care was required to measure the 
samples containing osmium, which had especially low 
counting efficiencies. The original dpm of the tissues to 
be fixed was determined by dissolving aliquots of the 
same type of tissue in Nuclear Chicago Solubilizer 
(Chicag~ IL) and counting as described befor~ A toluene/ 
Triton X-100 liquid scintillator (Scharlau, Barcelona, 
Spain) and LKB 1219 Rackbeta counter (LKB, ~trku, 
Finland) were used. Results are the mean of three ex- 
periments; three Animals were injected with each tracer, 
and two samples of tissue per animal were fixed in- 
dependently for each of the fixative procedures studied. 

Radioactivity was measured in each of the fluids used 
in all the processes, but in order to simplify the charts, 
the radioactivity losses measured in the pre-fixation, fix- 
ation, post-fixation and washing liquids are given in bulk 
as FIXATION, the sum of radioactivity losses in the 
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dehydration fluids is given as DEHYDRATION, and the 
losses in the different embedding steps are given together 
as EMBEDDING. 

Radioactivity calculations. Since the weight of the ali- 
quots of tissue to be fixed (and consequently their total 
radioactivity) was not uniform, they were weighed and 
their radioactivities calculated using the values given in 
Table 1. The radioactivity losses are given in percentages 
to facilitate comparison of the different fixation processes. 

The radioactivity remaining in the fixed aliquots of 
tissue is taken to be the difference between the total 
radioactivity of the aliquot (calculated) and the sum of 
radioactivity losses measured in the fluids. The embedded 
aliquots were then used to obtain representative electron 
micrographs. 

Preparation of tissues for EM. General procedure. Ali- 
quots of tissue from aorta (3-4 mg) and liver (1-4 mg) were 
immersed for different periods of time (4) into 0.1 M 
phosphate buffer (PB) (pH 7.3, 2 mM MgC12) or in 
cacodylate buffer (CB) (pH 7.3, 2 mM MgC12) containing 
1% glutaraldehyde (G) following the specific procedures 
described below. Effective osmolarity of the fixative solu- 
tion (300 mOsm) was determined as described in the 
literature (5,6). The purity of G (Merck, Darmstadt, Ger- 
many} was determined by measuring the relative 
ultraviolet absorbances between 210 and 310 nm (5,7,8); 
the spectra showed a peak only at 280 nm. After brief 
washing in PB, the tissues were postfixed with 2% 0sO4 
containing 1.8% potassium ferrocyanide in PB for 2 h in 
the dark at room temperature (296 K). 

Samples were dehydrated by 5-min immersions into 
ethanol (60, 80 and 95%)/water (vol/vol), and by two 5-min 
immersions into 100% ethanol; all immersions were at 273 
K. Use of propylene oxide was not considered necessary. 

Epon 812 (Polysciences, Warrington, PA) consisted of 
21 mL Poly/Bed 812, 13 mL dodecenyl succinic anhydride, 
11 mL nadic methyl anhydride and 0.7 mL DMP-30, which 
was added just before use. Samples were placed into mix- 
tures of Epon 812 and ethanol at concentrations of 25, 
50 and 75% (60 min, room temperature}. Then the samples 
were placed in 100% Epon 812 overnight at 277 K, and 
cured during a second night at 333 K. 

Both CaC12 and MgC12 are known to decrease the loss 
of lipid during fixaton of various tissues (9). In the pres- 
ent work, MgC12 was used instead of CaC12 to avoid 

formation of calcium phosphate precipitates. Osmium/ 
potassium ferrocyanide mixtures are increasingly popular 
as a secondary fixative in both conventional EM and in 
various cytochemical procedures because they combine 
selective fixation and enhanced staining of membrane 
systems, glycocalix and glycogen (10-12}. 

Preparation of tissues for EM. Specific procedure. CHO 
was localized in membranes by using saponin, digitonin 
or polyene antibiotics such as filipin (13,14}. The latter 
reagent forms large complexes with CHO that  are visible 
in freeze-fracture replicas as distinct ondulations in thin 
sections or protuberances. Use of filipin is the method of 
choice for cytochemical localization of sterols (14) and is 
also used in studies that  require blocking of membrane 
steroids (15,16). 

We therefore examined the ability of these substances 
to retain CHO or 25-OH-CHO in the course of the EM 
preparatory procedures in the tissues. The G fixation step 
is the only one studied here that is relevant to freeze- 
fracture preparations (14). The other steps are required 
in the preparation for thin-sectioning. 

Filipin treatment (Procedures i and 2). Unfractionated 
filipin (Upjohn Co., Kalamazoo, MI) was added to the G- 
based fixatives in CB (see general procedure section} at 
concentrations of 0, 2, 5, 10, 20, 60 and 100 ~g/mL. Filipin 
was first dissolved in dimethyl sulfoxide and then added 
to the fixative (final concentration of dimethyl sulfoxide 
was 1% in all solutions). Fixation was for 24 h at room 
temperature in the dark. Samples were then processed for 
EM as described in the general procedure In the pre~treat - 
ment with filipin (Procedure 2), tissues were incubated 
before fixation for 2 h at room temperature and in the dark 
in CB containing filipin at concentrations of 100, 10 and 
0 ~g/mL. Thereafter, the general procedure was followed. 

The ability of filipin to form complexes with/3-hydroxy- 
sterols had been tested in a previous study (17) using 
freeze-fracture on synaptosomes isolated from cerebral 
cortex of rats. 

Osmium tetroxide treatment (Procedure 3). Since mix- 
tures of aldehydes and Os have been recommended for dif- 
ferent types of tissues, isolated cells and cells in mono- 
layers (2,18,19}, samples were fixed in 1% osmium tetrox- 
ide, 0.8% formaldehyde (F) and 0.8% G in 0.075 M PB, 
pH 7.2 for i h in the dark at 277 K. A similar fixative but 
without osmium tetroxide was used in parallel, and the 

TABLE 1 

Radioactivity in Liver and Aortic Tissues Five Days After i.p. Injection with [3H]CHO or [3H]25-OH-CHOa 

dpm/mg tissues mmol [3H]CHO/mg % CHO increase 
Animal number Liver Aorta Liver Aorta Liver Aorta 

Tracer: [3H]CHO 
1 6 030 
2 2 551 
3 9 340 
Means 5 973 

Tracer: [3H]25-OH-CHO 
4 1 973 
5 1 082 
6 1 128 

7 740 
1 686 
1 300 
3 575 

9 550 
813 
890 

5.4 • 10 -11 3.2 X 10 - 4  5.3 • 10 -4 3.6 • 10 -3 

aValues of [la,2a(n)-3H]cholesterol ([3H]CHO) in mmol/mg of tissue and the cholesterol (CHO) increases were estimated as described in 
Counting Techniques. 25-Hydroxy-[26,27-3H]cholesterol ([3H]25-OH-CHO) values were not calculated, as this tracer is rapidly metabolized. 
i.p., intraperitoneal. 
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two procedures are identified as 3-Osmium and 3-Osmium 
Blank. Samples were then washed for 2 h in PB at 277 K, 
and dehydrated and embedded as described in the general 
procedure 

Digitonin treatment (Procedure 4). A partial dehydra- 
tion method, similar to the one described by Darrah et aL 
(20), was followed. Samples were fixed for 1 h in 2.5% G 
and 0.2% digitonin in PB at 277 K, and in the correspond- 
ing fixative without digitonin. The two procedures are 
identified as 4-Digitonin and 4-Digitonin Blanl~ After one- 
hour post-fixation in Dalton's chrome/osmium tetroxide, 
the tissueswere dehydrated at 273 K, 5 min each step, 
in two 70% ethanol steps, and in two 95% ethanol steps. 
This was followed by four embedding steps with 100% 
Epon 812 at 277 K. The first three were for one hour each 
and the last one continued overnight. Finally the sample 
was embedded in Epon 812 for 90 min at 310 K and cured 
at 333 K overnight. 

Saponin treatment (Procedure 5). Tissues were fixed in 
1% G, 2 mg/mL tannic acid and 0.5 mg/mL saponin in PB 
for 30 min in the dark at 293 K. A corresponding control 
without saponin was also used. The two procedures are 
identified as 5-Saponin and 5-Saponin Blank. A brief 
washing in PB and 20-min post-fixation in 1% osmium 
tetroxide in PB at room temperature in the dark were 
followed by dehydration and embedding as described in 
the general procedure 

RESULTS 

Table I gives the radioactivities found in fiver and aortic 
tissues, the values in mmol of the tracer [~H]CHO and 
the estimated CHO increase due to the tracer. CHO in- 
creases (5.3 • 10-4% for fiver and 3.6 • 10-3% for aorta) 
were calculated using 3.9 g/kg and 1.0 g/kg for the CHO 
contents of liver and aortic tissues, respectively (21). In- 
creases in [3H]25-OH-CHO were not evaluated, as this 
tracer is rapidly metabolized and the radioactivity found in 
the tissues corresponds to other, more polar compounds (2). 

Treatment of tissue with osmium tetroxide (Procedure 
3 and the corresponding blank procedure) resulted in pr~ 
tection against loss of CHO (13 and 14%, respectively) and 
25-OH-CHO and its metabolites (1 and 1.4%, respectively) 
from aortic tissue (Figs. 1 and 2). However, in the fiver 
only 25-OH-CHO and its metabofites (9.2 and 9.0% 
radioactivity loss, respectively) were preserved when this 
treatment was used (Figs. 3 and 4). 

When the specific cytochemical procedures were used, 
i.e., with inclusion of fifipin, digitonin or saponin, the re- 
sults varied greatly. None of the filipin procedures pr~ 
vented CHO loss from the fiver, and in all cases losses were 
over 60% (Fig. 5). In all the fifipin procedures, in fact, the 
results were quite similar to those of the controls, which 
shows that  filipin provides little protection. When filipin 
was used in the first step (but without G) to fix CHO or 
25-OH-CHO in the fiver, the radioactivity loss was as high 
as in the standard filipin procedures (over 60% loss for 
CHO and between 7 and 12% for 25-OH-CHO and its 
metabolites). The results of the control procedure were also 
quite similar to the results of the filipin procedures (Figs. 
6 and 8). The results, however, were clearly different when 
CHO was fixed with fifipin in the aortic tissue, where the 
total radioactivity loss was reduced (Fig. 7), but still was 
more than 15%. 

Aorta, aH-CHO 

FIG. 1. Fixation Procedures 3, 4 and 5 (treatments with osmium 
tetroxide, digitouin and sapouin). Loss of radioactivity during fixa- 
tion of aortic tissue five days after intraperitoneal injection of 
[3H]cholesterol (CHO). Radioactivity losses during pre-fixation, fix- 
ation, post-fixation and washing are given in bulk as FIXATION; 
losses in all the dehydration fluids are given as DEHYDRATION; 
losses in all the embedding steps are given as EMBEDDING; and 
the sum of all the radioactivity losses are given as TOTAL 

Aorta, 3H.25.OH.CHO 

FIG. 2. Fixation Procedures 3 and 5 (treatments with osmium tetrox- 
ide and sapoain). Loss of radioactivity during fixation of aortic tissue 
five days after intraperitoneal injection of [3H]25-OH-cholesteroi 
(CHO). Radioactivity losses during pr~rLxation, fixatiom post-rLxatlon 
and washing are given in bulk as FIXATION; losses in all the 
dehydration fluids are given as DEHYDRATION; losses in all the 
embedding steps are given as EMBEDDING; and the sum of all the 
radioactivity losses are given as TOTAL. 

All the fifipin procedures tested on fiver tissue resulted 
in a smaller radioactivity loss in the case of 25-OH-CHO 
(between 7 and 12%) than for CHO (over 60%; Figs. 5, 6 
and 8), and similar results were obtained in aortic tissue 
{losses close to 20% for CHO and close to 15% for 25-OH- 
CHO and its metabofites; Figs. 7 and 9). The total loss, 
however, was high in all the procedures, and again con- 
trol and filipin procedures gave similar results. Results ob- 
tained in pre-treatment with fifipin were good in the case 
of 25-OH-CHO and its metabolites showing close to 7% 
retention in fiver {Fig. 6), and, again, the blank procedure 
gave results similar to those obtained with filipin. 
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Liver, 3H-CHO Filipin, liver, 3H-CHO 

% radioactivity lost 
100 

80 

60 

40 

20 

0 
FIXATION DEHYDRATION EMBEDDING TOTAL 

% radioactivity lost 
100] 

8o~ 

60 

40 

20 

0 
FIXATION DEHYDRATION EMBEDDING TOTAL 

[~J 3-Osmium ~ 3-Osmium Blank ~ 4-Digitonin 
4-Digitonin Blank ~ 5-Saponin [ ~  5-Saponin Blank 

Filipin (~g/mL) 
100 ~ 60 ~ 20 ~ 10 ~ 5 [ ~  2 ~ 0 (Blank) 

FIG. 3. Fixation Procedures 3, 4 and 5 (treatments with osmium 
tetroxide, digitouin and saponin). Loss of radioactivity during fixa- 
tion of liver tissue five days after intraperitoneui injection of 
[3H]cholesterol {CHO). Radioactivity losses during pre-fixatian, fix- 
ation, post-fixation and washing are given in bulk as FIXATION; 
losses in all the dehydration fluids are given as DEHYDRATION; 
losses in all the embedding steps are given as EMBEDDING; and 
the sum of all the radioactivity losses are given as TOTAL. 

FIG. 5. Fixation Procedure 1 (treatment with filipin). Radioactivity 
loss in liver tissue fixation five days after intraperitoneal injection 
of [3H]eholesterol (CHO). Radioactivity losses during pre-fixation, 
fixation, post-fixation and washing are given in bulk as FIXATION; 
losses in all the dehydration fluids are given as DEHYDRATION; 
losses in all the embedding steps are given as EMBEDDING; and 
the sum of all the radioactivity losses are given as TOTAL. 

Liver, 3H-25.OH.CHO 
Pre.treatment with filipin, liver, 
3H-CHO and 3H-25-OH-CHO 

% radioactivity lost 
100 

60 ~ ~ ~ j ~  80 

60 
40 

40 

20 
20 

0 O 
FIXATION DEHYDRATION EMBEDDING TOTAL 

% radioactivity lost 

FIXATION DEHYDRATION EMBEDDING 

,E~--m 

TOTAL 

3-Osmium ~ 3 Osmium Blank ~ 4-Digitonin 
4-Digitonin Blank [-~ 5-Saponin ~ ]  5-SaPonin Blank 

(~g/mL) 
[ ~  Cholesterol- (100) ~ Cholesterol- (10) ~ Cholesterol-(0) 

25-hydroxych.-(100)[~] 25-hydroxych-(10) ~ 25-hydroxych-(0) 

FIG. 4. Fixation Procedures 3, 4 and 5 (treatments with osmium 
tetroxide, digitonin and saponin). Loss of radioactivity during fixa- 
tion of liver tissue five days after intraperitoneal injection of 
[3H]25-OH-cholesterol (CHO). Radioactivity losses during pre- 
f~ation, fixation, post-fixation and washing are given in bulk as FIX- 
ATION; losses in all the dehydration fluids are given as DEHYDRA- 
TION; losses in all the embedding steps are given as EMBEDDING; 
and the sum of all the radioactivity losses are given as TOTAL. 

FIG. 6. Fixation Procedure 2 (pre-treatment with filipin). Radioac- 
tivity losses in liver tissue fixation five days after intraperitoneal 
injection of [3H]cholesterol (CHO) and [3H]25-OH-CHO. Radioactiv- 
ity losses during pre-fixation, fixation, post-fixation and washing are 
given in bulk as FIXATION; losses in all the dehydration fluids are 
given as DEHYDRATION; losses in all the embedding steps are 
given as EMBEDDING; and the sum of all the radioactivity losses 
are given as TOTAL. Abbreviation: 25-hydroxych., 25-hydroxy- 
cholesterol. 

Digi tonin,  which  has  been descr ibed as a good  tool  for 
avoiding lipid losses, p ro tec ted  liver aga ins t  C H O  loss 
(7.5% loss vs.  39% wi th  the  cor respond ing  b lank  pro- 
c e d u m  Fig. 3). However, in ao r t a  t i ssue  more  t h a n  75% 
of CHO was lost  u s ing  the  digi tonin  procedure  and  i ts  
blank (Fig. 1). Digi tonin does no t  prevent  25-OH-CHO loss 
f rom liver {losses of more  t h a n  60% for the  procedure  and 
i ts  blank, Fig. 4}. f 

In  cont ras t ,  saponin  t r e a t m e n t  and  t h e  cor respond ing  
b lank  procedure  prevented  losses of  25-OH-CHO and its 
metaboli tes  in bo th  aor ta  and liver t issues (12 and 9% loss, 
respectively, Figs.  2 and  4). 

DISCUSSION 

In  recent  years m a n y  a t t e m p t s  have been made  to develop 
E M  p repa ra to ry  procedures  which  minimize the  loss of 
molecules f rom the  specimens and preserve s t ruc tura l  in- 
t eg r i t y  and func t iona l  proper t ies  (2,9,20,22). Special  em- 
phasis  has  been placed on procedures which retain the  an- 
t igenic i ty  and]or enzyma t i c  ac t iv i ty  of a va r i e ty  of pro- 
teins {20,22,23). A l though  it has been claimed t h a t  the  loss 
of  lipids is no t  a ser ious p rob lem (22), it cons t i tu tes  an  
i m p o r t a n t  d i sadvan tage  in s tudies  on the  u l t r as t ruc tu ra l  
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FIG. 7. Fixation Procedure 1 (treatment with rflipin). Less of radioac- 
tivity daringfixation of aortic tissue five days after intraperitoneal 
injection of [ H]cholesterol (CHO). Radioactivity losses during pre- 
fixatio~ f'wation, post-FLxatian and washing are given in bulk as FIX- 
ATION; losses in all the dehydration fluids are given as DEHYDRA- 
TION; losses in all the embedding steps are given as EMBEDDING; 
and the sum of all the radioactivity losses are given as TOTAL. 

FIG. 9. Fixation Procedure 1 (tzeatment with fflip'm). Loss of radioac~ 
tivity during fixation of aortic tissue five days after intraperitoneal 
injection of [3H]25-OH-cholesteral (CHO). Radioactivity losses dur- 
ing pre-fixat~on, fixation, post-ULxation and washing are given in bulk 
as FIXATION; losses in all the dehydration fluids a r e  given as 
DEHYDRATION; losses in all the embedding steps are given as 
EMBEDDING; and the sum of all the radioactivity losses are given 
as TOTAL. 

Filipin, liver, =H-25-OH-CHO 

FIG. 8. Fixation Procedure I (treatment with f'dipin), l~oss of radioac- 
tivity durin~fixation of liver tissue five days after intraperitoneal 
injection of [ H]25-OH-cholesterol (CHO}. Radioactivity losses du~ 
ing pre-fixation, fixation, post-fixation and washing are given in bulk 
as FIXATION; losses in all the dehydration fluids are given as 
DEHYDRATION; losses in all the embedding steps are given as 
EMBEDDING; and the sum of all the radioactivity losses are given 
as TOTAL. 

localization of CHO. Moreover, there are impor tan t  addi- 
tional problems of CHO localization due to the ubiquitous 
presence of different sterol forms in the cells. Free CHO 
forms pa r t  of the p l a sma  membrane  s t ructure  in mam-  
mal ian cells, CHO is stored as s teryl  ester, and, finally, 
it is metabolized to other steroids. 

The  losses of [3H]CHO introduced in the t issues 
{estimated CHO increases of 5.3 • 10-4% for liver and 
3.6 • 10-3% for aorta} are used to evaluate CHO reten- 
tion. We assumed tha t  the tracer is uniformly dis tr ibuted 
in the t issues and tha t  its loss corresponds to the loss of 

native CHO, although this has not been proven. It also 
must be taken into account that the radioactivity losses 
f rom tissues of animals  injected with [3H]25-OH-CHO 
largely correspond to 25-OH-CHO metaboli tes  and not  to 
nat ive  25-OH-CHO, if present  at  all. 

The staining system esmium/ferrocyanide is widely used 
for enhanced staining of membranes and of the sar- 
coplasmic reticulun~ There is an equilibrium between the 
different oxidation states, Os(VII) and Os{VI), that are 
immobilized at the chelation sites of the macromolecular 
matrix of the substrate (9). Little is known about this pr~ 
cess, but it seems that while the lipid bilayers disappear, 
remnants of the former structure {probably denatured pro- 
teins) remain, although much of the protein is lost (24). 
Our results confirm that osmium does not retain CHO in 
the tissues studied, where the same results were obtained 
for osmium containing fixative and the corresponding 
blank {Figs. 1-4). 
When digitouin was used as a protective agent (19) our 

results for CHO retention in liver coincided with those 
reported by Scallen and Dietert (25) for this tissue and 
by Darrah et aL (20) for the lung. Moreover, thin sections 
obtained from liver tissue fixed in the presence of digitonin 
revealed good ultrastructural preservation of hepatocyte 
components (Fig. 10A). By contrast, digitonin treatment 
does not prevent 25-OH-CHO metabolite loss from the 
liver. Als~ a significant loss of CHO was observed in aor- 
tic tissue when digitonin was used during aldehyde fixa- 
tion. This suggests that digitonin does not stabilize CHO 
in this tissue, al though the ratio of free CHO v s .  esterified 
CHO is similar to t ha t  observed in the liver. The results 
obtained with [3H]25-OH-CHO in the liver very much de- 
pend on the type  of fixative and buffer  used. 

P re t rea tment  of t issue with filipin before fixation and 
the corresponding b lank procedure retain about  90% of 
the  25-OH-CHO metabolites.  However, filipin t r ea tmen t  
of unfixed t issue causes extensive al terat ions in cell 
ultrastructure, including mitochondrial disorganization 
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FIG. 10. (A) Details of a rat hepatocyte processed for electron microscopy using digitonin as a protective agent (Procedure 4). There is 
a good preservation of the ultrastructure of most of the cell components, including mitochondria, endoplasmic reticulum, glycogen and 
small vesicles. Some specific alterations induced by this treatment are a collapsed Golgi apparatus and the presence of some clear vacuoles. 
(]3) Micrograph showing the effect of pretreatment of rat liver with filipin before fixation. As shown, this treatment induces an extensive 
alteration of hepatocyte ultrastructure, including mitochondrial disorganization. (A, X8585.60; B, X28981.60.) 
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and swelling (Fig. 10B). This finding is consistent with 
reported results (12). 

Some of the procedures tested here could be used in con- 
ventional EM, and in cytochemical or autoradiographic 
studies on the ultrastructural localization of CHO or CHO 
derivatives. Thus, the combination of G and F signifi- 
cantly reduces CHO and 25-OH-CHO loss in liver and in 
aortic tissue. Moreover, this procedure results in a good 
ultrastructural preservation of cell components (18) and 
can be used in ultrastructural studies concerned with 
CHO distribution by freeze-fracture techniques using 
filipin as marker. 

Although the procedures described here and in the 
preceding paper (2) are widely used in conventional EM 
as well as in cytochemistry, various procedures have been 
developed during the last few years that would avoid prc~ 
blerns such as loss of antigenicity and functional activities 
and also just loss of mass. These procedures include 
cryofixation and the use of low temperature embedding 
resins. Although the cryofixation techniques appear to be 
a good alternative to standard techniques, technical pro- 
blems still prevent their routine use In contrast, low 
temperature embedding appears to become an establish- 
ed method facilitating cytochemical and immunochernical 
procedures. Moreover, these latter methods result in good 
ultrastructural resolution as well as provide suitable con- 
trast. Preliminary results obtained in our laboratory have 
shown that low temperature embedding resins, such as 
Lowicril K4M, are a good tool and minimize sterol loss 
in the preparatory procedures for thin sectioning. 
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The Effect of Lyophilization on the Solvent Extraction of Lipid 
Classes, Fatty Acids and Sterols from the Oyster Crassostrea gigas 
Graeme A. Dunstan*, John K. Volkman and Stephanie M. Barrett 
CSIRO Division of Oceanography, Hobart, Tasmania 7001, Australia 

The lipid class compositions of adult Pacific oysters 
[Crassostrea gigas (Thunberg)] were examined using latrw 
scan thln4ayer chromatography/flame-ionlzation detection 
{TLC/FID), and fatty acid compositions determined by 
capillary gas chromatography and gas chromatog- 
raphy/mass spectrometry (GC/MS). The fatty acid methyl 
esters were separated using argentation TLC and also 
analyzed as their 4,4-dimethyloxazoline derivatives using 
GC/MS. Major esterified fatty acids in C. g/gas were 16:0, 
20:5n~3, and 22:6n~3. C20 and C22 nonmethylene interrupted 
(NMI) fatty acids comprised 4.5 to 5.9% of the total fatty 
acids. The NMI trienoic fatty acid 22:3{7,13,16) was also 
identified. Very little difference was found in the propor- 
tions of the various lipid classes, fatty acids or sterols be- 
tween samples of adult oysters of two different sizes. 
However, significant differences in some of the lipid com- 
ponents were evident according to the method of sample 
preparation used prior to lipid extraction with solvents. 
Lyophilization {freeze drying) of samples led to a signifi- 
cant reduction in the amounts of triacylglycerols (TG) ex- 
tracted by solvents in two separate experiments (7.0 and 
52.5% extracted). Extracts from lyophillzed samples had 
less 16~, Cm unsaturated fatty acids, and 24-ethylcholest- 
5~en-3~)l, while C2o and Czz unsaturated fatty acids com- 
prised a higher proportion of the total fatty acids. There 
was no significant change in the amounts of polar lipids, 
total sterols, free fatty acids or hydrocarbons observed in 
extracts from lyopbillzed samples relative to extracts from 
nonlyophilized samples. Addition of water to the freeze~ 
dried samples prior to lipid extraction greatly improved 
lipid yields and resulted in most of the TG being extracted. 
Lipids 28, 937-944 {1993). 

Species of true oyster {family Ostreidae), primarily of the 
genera Crassostrea and Ostrea are intensively grown in mari- 
culture farms for human consumption worldwide The econ- 
omic value of these bivalve molluscs has resulted in con- 
siderable efforts to improve production by increasing stm 
vival and growth rates, especially of the larval stages. In- 
sufficient quantities of the long, chain polyunsaturated fatty 
acids (PUFA) 20:5n-3 and 22:6n-3 in the diet can lead to 
reduced growth rates and increased mortality in larval and 
juvenile bivalve molluscs {eg., 1-3). Larval viability has also 

*To whom correspondence should be addressed at CSIRO Division 
of Oceanography, GPO Box 1538, Hobart, Tasmania 7001, Australi~L 
Abbreviations: DG, diacylglycerols; DMDS, dimethyldisulfide; 
DMOX, 4,4-dimethyloxazoline; FAME, fatty acid methyl esters; FFA, 
free fatty acids; FID, flame-ionization detector; GC, gas chromatog- 
raphy; GC/MS, gas chromatography/mass spectrometry; NMI, 
nonmethylene interrupted; NMID, nonmethylene interrupted dienoic 
fatty acid; NMIT, nonmethylene interrupted trienoic fatty acid; PL, 
polar lipids; PUFA, polyunsaturated (polyenoic) fatty acids; TG, tri- 
acylglycerols; TLC, thin-layer chromatography; TLC/FID, thin-layer 
chromatography/flame-ionization detection; TMTD, trimethyltride- 
canoic acid; WE, wax esters. 

been related to the total lipid content of oyster eggs and 
larvae (4,5), and variations in total lipid with age and season 
in adult oysters can give a measure of the mollusc's nutri- 
tional and reproductive status {6,7). As in most marine 
animals, the polar lipids (PL) in species of Crassostrea con- 
tain relatively more PUFA than neutral lipids [primarily 
triacylglycemls (TG)] {2,8,9). Because these lipid classes are 
not homogeneous with respect to fatty acid composition, 
incomplete lipid extraction would result in incorrect esti- 
mates of total lipid content and PUFA composition and also 
of larval condition and adult reproductive status where such 
lipid indices are used (5). 
One of the most widely used techniques for solvent ex- 

traction of lipid from animal tissues is the method of Bligh 
and Dyer {10). This rapid method was developed for the ex- 
traction of lipids from fresh and frozen fish flesh, yielding 
approximately 94% of the total lipid or even more if the 
residue is reextractecL The authors suggested it could be 
used for many other tissues, and over the years this techni- 
que has been adapted successfully for the extraction of lipids 
from a wide range of terrestrial and aquatic samples. 
Variable results for lipid extraction using alternative solvent 
systems have been reported and appear to be highly tissue 
dependent (eg., 11-13). 

The lyophilization or freeze drying of samples is a com- 
mon technique employed as a form of preservation of animal 
tissues prior to analysis, and is useful in sample prepara- 
tion as it makes tissues brittle and easily homogenizable 
and can be beneficial by denaturing enzymes {14). It has 
long been recognized that lyophilization increases the dif- 
ficulty with which lipids can be extracted with solvents (eg., 
14,15), and even though it is a widely used technique the 
effect of this form of preservation on the efficiency of sol- 
vent extraction of lipids from tissues is rarely established. 
Lyophilization can also lead to the loss of certain compounds 
(16) and to artifact formation (17). Many schemes have been 
proposed involving lyophilization of samples prior to anal- 
ysis of lipids as well as cellular protein, carbohydrate and 
nucleic acids (18-20), where lyophilization presumably does 
not affect the extraction of these components. 

This study examined the effect of lyophilization on the 
solvent extraction of lipids from adult Pacific oysters 
{Crassostrea gigas) using a modification of the method of 
Bligh and Dyer (10). Also described is a modification of the 
method of Fay and Richli (21) for 4,4-dimethyloxazoline 
{DMOX) derivatization, which permits the rapid identifica- 
tion of double-bond positions in PUFA without loss of un- 
saturated fatty acids. 

MATERIALS AND METHODS 

Samples and lipid extraction. Lipids were extracted 
using a modification of the method of Bligh and Dyer 
(10). Solvent ratios from the original method were re- 
tained,/.e., monophasic extraction with chloroform]meth- 
anol]water (1:2:0.8, by vol), followed by partition of aque- 
ous and organic phases by solvent ratio adjustment to 
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chloroform/methanol/water (1:1:0.9, by vol). Significant 
changes to the original method were the increased sol- 
vent-residue contact time (from 10 min to overnight; Ex- 
periment 1), or increasing the number of solvent washes 
of the residue (from 2 to 4) and incorporating ultrasonica- 
tion to aid in cell membrane disruption at each solvent- 
residue stage (Experiment 2). The Bligh and Dyer method 
(10) with either modification yielded the same total lipid 
and lipid class composition for duplicate samples of wet 
tissue of adult C g/gas (Dunstan, G.A., and Volkman, J.K., 
unpublished data). All organic solvents used were Nano- 
grade | (Mallinckrodt, Paris, KY). All water used in these 
and subsequent steps was purified using a MiUi-Q | Type 
I Reagent Water System (Millipore | Bedford, MA) which 
removes dissolved inorganic electrolytes, particles (<0.22 
/~m) and organic compounds. Blank extractions were also 
performed to establish the lack of contaminants. 

Experiment  1. Oysters of similar genetic stock and ex- 
posed to similar environmental conditions were collected 
out of breeding season (winter) from Pipe Clay Lagoon, 
Tasmania, Australi& Twelve adult oysters each of two size 
classes, large (average soft tissue weight 8.9 + 0.5 g) and 
small {average soft tissue weight 5.8 __+ 0.4 g), were divided 
into two replicate batches of six oysters each and frozen 
in liquid nitrogen prior to analysis. One batch of the large 
oysters and one batch of the small oysters were chopped 
and then homogenized in solvent separately with a Ystral | 
(D6ttingen, Germany) homogenizer. These "control" 
samples (solvent extracted nonlyopbilized wet tissue) were 
left to extract overnight in chloroform/methanol]water 
(1:2:0.8, by vol; 250 mL), then partitioned against 
chloroform]water (1:1, vol/vol) (talcing tissue water content 
into account) to give a final solvent ratio of chloro- 
form/methanol]water of 1:1:0.9, by vol (10). 

The remaining batch of large oysters and batch of small 
oysters were separately lyophilized prior to solvent extrac- 
tion using a Javac SB9 (Knoxfield, Victoria, Australia) 
centrifugal freeze drier, model C.T. 1000. When completely 
dry (42 h), each sample was homogenized with a mortar 
and pestle and placed in the freeze drier for a further 2 
h. A subsample of known weight (0.6 g dry weight) was 
taken and extracted with chloroform/methanol/water 
(1:2:0.8, by vol; 4 • 15 mL), ultrasonicated and centrifuged 
between extractions, until the last extract was colorless. 
Chloroform and water were added to the combined ex- 
tracts from these lyopbillzed samples to give a final sol- 
vent ratio of chloroform/methanol]water (1:1:0.9, by vol) 
(10). At this stage, the same amount of Water that had 
been removed from the tissues by lyopbilization was added 
back in order to maintain this rati~ 

The lower chloroform phase from each of the four sam- 
pies ( la rge and small "control" samples and large and 
small lyophilized samples) was reduced in vacuo to recover 
the lipids. These lipid extracts were then stored in chloro- 
form under nitrogen at -20~ until further analysis. 
Experiment 2. To verify the results from the first ex- 

periment, a further six fresh oysters (of larger size; mean 
soft tissue weight 9.8 +_ 1.1 g) were harvested from the 
same location during the same season of the following 
year. The combined soft tissues of these oysters were 
frozen in liquid nitrogen, sliced finely, homogenized and 
the homogenate stored in liquid nitrogen prior to analysis. 
Six subsamples {1 g wet wt) of the homogenate were ac- 
curately weighed and four of these were lyophilized for 

24 h. Two of the lyopbillzed subsamples were rehydrated 
prior to extraction by adding an amount of water equiva- 
lent to that removed by lyopbillzation, shaken and allowed 
to stand for 5 rain. All samples, i.e., the lyophilized dupli- 
cates, rehydrated-lyopbillzed duplicates and remaining 
"control" (nonlyophilized) duplicates were extracted ac- 
cording to the method outlined in Experiment 1 for lyo- 
pbilized samples except that enough NaC1 to make a 0.9% 
(wt/vol) solution was added to the aqueous phase to aid 
in phase separation (14,22). 

Analyses of lipid classes and fat ty acids. The lipid class 
compositions (Table 1) were determined by' analyzing a 
portion of the total lipid extract with an Iatroscan Mk 
III  TH-10 thin-layer chromatography/flame-ionization 
detector (TLC/FID) analyzer (Iatron Laboratories, Tokyo, 
Japan) as described by Volkman et al. (23), except that 
S-III silica rods were used and the TG standard curve was 
calibrated using a preparation of Atlantic salmon oil 
(99.4% TG). The solvent system used for the lipid class 
separation was hexane/diethyl ether/acetic acid (60:17:0.2, 
by vol), which separates most of the major nonpolar lipid 
classes found in oysters (23). Results (Table 1) are the 
average of three replicate rods (within + 5% for each com- 
ponent), and Experiment 2 data are the average for 
duplicate extractions with standard deviation in paren- 
theses showing the small variations associated with this 
method. 

Aliquots of lipid extracts from Experiment 1 were 
transesterified to form fatty acid methyl esters (FAME) 
from esterified and free fatty acids (FFA) using meth- 
anol/chloroform]HC1 (10:1:1, by vol; 3 mL) at 80~ for 2 
h under high purity nitrogen. After cooling, 1 mL of water 
was added, and the FAME were extracted with hex- 
aneichloroform (4:1, vol/vol; 3 X 3 mL). Another aliquot 
was saponified with 5% KOH (wt/vol) in methanol/water 
(4:1, volNol) at 80~ for 2 h. Sterols were extracted with 
hexane/chloroform (4:1, vol/vol) and derivatized with bis- 
(trimethylsilyl)trifluoroacetsmide FAME samples were 
analyzed with a Hewlett-Packard 5890 (Avondale, PA) GC 
equipped with an FID at a temperature of 280~ FAME 
samples containing a known amount of methyl hep- 
tadecanoate (17:0 FAME) internal standard were injected 
using an air-cooled OCI-3 on-column injector (SGE, Ring- 
wood, Victoria, Australia) onto a polar Supelcowax TM 10 
fused-silica column (60 m X 0.32 mm i.d.; Supelco, 
Bellefonte, PA). The carrier gas was high purity hydrogen. 
Initially the GC oven was held at 45~ 2 min after injec- 
tion the temperature was increased at 30~ to 120~ 
then at 3~ to 250~ and held isothermal for 15 rain. 
FAME and OTMS-sterols were analyzed using a Shimad- 
zu GC-9A {Kyot~ Japan) GC also fitted with an air~cooled 
OCI-3 on-column injector, but  with a nonpolar 
methylsilicone (HP-1) fused-silica capillary column (50 m 
• 0.32 mm i.d., Hewlett-Packard, Avondale, PA). GC con- 
ditions were identical to those of the polar column GC ex- 
cept that the FID temperature was 310~ and the final 
oven temperature was held isothermal at 300~ for 25 
min. Analyzing FAME on columns of two different 
polarities enabled identification and quantitation of co- 
ehiting components. Peak areas were quantified with 
Shimadzu CR-2A and CR-3A integrator/plotters. 

Identification of fatty acids. Fatty acids were identified 
from retention index data on both polar and nonpolar col- 
umns and confirmed by interpretation of mass spectra 
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Concentration (mg/g wet wt) of Lipid Classes and Percent Total Lipid (% wet wt and % dry wt) Extracted from "Control" 
(nonlyophilized), Lyophilized and Lyophilized Then Rehydrated Tissue of Different Size Classes of Adult Crassostrea gigas 

Lipid class (mg/g wet wt) a Total lipid Water 

PL ST&DG FFA TG HC&WE (% wet wt) (% dry wt) content (%) 

Experiment 1 
(oyster size and lyophilization experiment) b 

"Control"--large 
"Control"--small 
Lyophilized (42 h)--large 
Lyophilized (42 h)--small 

Experiment 2 
(lyophilization and rehydration experiment) e 

"Control" 

Lyophilized (24 h) 

Lyophilized (24 h) and rehydrated 

9.1 0.7 0.2 11.3 trace c 2.1 n.d. d n.d. 
9.9 0.9 0.4 11.5 trace 2.3 10.2 77.6 
9.8 1.2 0.4 0.9 0.1 1.2 6.4 80.6 
8.6 1.0 0.1 0.7 trace 1.1 6.2 83.2 

6.7 1.5 1.6 5.9 0.9 1.7 n.d. n.d. 
(0.39) (0.03) (0.03) (0.09) (0.12) (0.66) n.d. n.d. 
6.6 1.5 1.4 3.1 0.6 1.3 7.2 81.7 

(0.21) ~0.01) ~<0.005) (0.05) (<0.005) (0.02) (0.09) (<0.005) 
6.5 1.4 1.6 5.4 0.8 1.6 8.2 80.9 

(0.11) (0.01) (0.03) (0.26) (0.03) {0.04} (0.34) {0.34) 
=PL, polar lipids; ST&DG, sterols plus diacylglycerols; FFA, free fatty acids; TG, triacylglycerols; HC&WE, hydrocarbons plus wax esters. 
Data based on average of triplicate analyses by TLC/FID, variation not exceeding + 5% per component. 
bEach data series is the analysis of a sample from the homogenate of six oysters of two size classes; large, average oyster soft tissue 
weight 8.9 + 0.5 g; small, average oyster soft tissue weight 5.8 + 0.4 g; "control"-solvent-extracted lipids from a nonlyophilized wet 
tissue sample; lyophilized-solvent extracted lipids from a freeze-dried sample; times (h) refer to duration of lyophilization. 
CTrace = <0.1 mg/g wet wt. 
dn.d., Not determined. 
eEach data series is the average (SD in parentheses) of duplicate analyses of samples taken from the homogenate of six oysters of average 
soft tissue weight 9.8 _+ 1.1 g; "control"-average solvent extracted lipids from nonlyophilized wet tissue samples; lyophilized-average 
solvent extracted lipids from freeze-dried samples; lyophilized and rehydrated-solvent extracted lipids from freeze-dried samples after 
rehydration with water for 5 rain before extraction; times (h) refer to duration of lyophilization. 

obtained with a Hewlett-Packard 5970B gas chromatog- 
raphy/mass spectrometry (GCJMS) system. GC/MS operat- 
ing conditions were: electron multiplier, 2200 V; transfer  
line, 310~ electron impact energy, 70 eV; 0.8 scan]s; mass 
range, 40-600 dalton. The dimethyldisulfide (DMDS} re- 
action (24) in conjunction with GC/MS was used to iden- 
t ify monoenoic fa t ty  acid double-bond positions and gec, 
metries. 

Fa t ty  acid identifications were confirmed by argenta- 
t ion TLC using cleaned Macherey-Nagel (Dfiren, Ger- 
many) SIL  G-100 UV2s4 TLC plates which had been im- 
pregnated with silver nitrate~ Methyl  esters were separ- 
ated by double development in a single solvent system 
(hexane]diethyl ether/acetic acid, 94:4:2, by vol; Ref. 25). 
After  development, each band (containing FAME of the 
same degree of unsaturation} was scraped from the plate~ 
extracted and analyzed on polar and nonpolar capillary 
columns by GC and GC/MS, This enabled the degree of 
unsaturat ion of each fa t ty  acid and the geometry  of the 
double bond in trans-16:ln-lO to be determined, since the 
trans-monoenoic FAME characteristically elute in the 
band between the saturated and cis-monoenoic fa t ty  
acids. The unusual  odd chain fa t ty  acid 21:5n-3 eluted 
with other  pentaenoic FAME. The nonmethylene inte~ 
rupted dienoic (NMID) fa t ty  acids eluted between the 
methylene interrupted dienoic and the trienoic fa t ty  acid~ 
the nomnethylene interrupted trienoic {NMIT) fa t ty  acid 
co-eluted with the methylene interrupted trienoic fa t ty  
acids (the separation between trienoic and tetraenoic 
methylene interrupted fa t ty  acids was insufficient to per- 
mit  analysis of a band between them}. 

Samples of oyster FAME and FAME standards (Nu- 
Chek-Prep Ina,  Elysian, MN) were analyzed to determine 
the double-bond positions in all PUFA including verifica- 
tion of the NMID and NMIT fat ty  acids using a modifica- 
tion of Fay and Richli's (21) procedure for the formation 
of DMOX derivatives. Solvent was removed from the 
FAME under nitrogen; they were then reacted with 500 
~L of 2-amin~2-methylpropanol under nitrogen overnight 
at  140~ instead of 180~ (to reduce the loss of unsat- 
urated fa t ty  acids}. To reduce time, solvent usage and loss 
of sample, smaller volumes of washing and extraction sol- 
vent  were used according to the following method. After 
the 2.5 mL vials containing the samples were allowed to 
cool, 1 mL of dichloromethane and 1 mL of water were 
added. After shaking and allowing the phases to settle, 
the upper aqueous layer was discarded, and each sample 
was washed a further three times prior to being dried with 
anhydrous sodium sulfate~ The solvent in each vial was 
transferred to a clean vial and evaporated under nitrogen. 
The residue consisting of DMOX derivatives of FAME 
was made up in chloroform and analyzed by GC/MS. 

RESULTS AND DISCUSSION 

Lipid classes extracted from C. gigas and the effect of 
lyophilization on composition. The solvent extracted lipids 
of the "control" tnonlyophilized} samples of C gigas were 
composed mostly of PL and TG with low contents  of ster- 
ols and FFA (Table 1). These "control" samples provide ac- 
curate data  against which results for lipid extracts  from 
lyophilized samples could be compared. There was no 
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obvious difference between the lipid classes extracted from 
oysters of different sizes (large cf. small, Experiment 
1). 

Extracts from samples which had been lyophi|ized prior 
to analysis had similar contents of polar lipids, sterols 
and FFA to extracts from "control" samples, but  there 
were markedly reduced levels of triacylglycerols extracted 
(Table 1). There was no increase in the amount of other 
lipid classes so the loss of TG was not due to degradation 
to form mono- and diacylglycerols (DG) and FFA since 
these would have been detected (Table 1). In the first ex- 
periment only 7% of the TG were extracted compared with 
the nonlyophilized "control" samples. In Experiment 2, 
52.5% of the TG were extracted relative to the "control" 
samples. The reasons for the different extents of extrac- 
tion are unclear, although the higher initial contents of 
TG in the oysters of Experiment 1 compared to those in 
the second experiment may have been a factor. Also, b e  
cause of different sample weights, oyster samples from 
Experiment 1 were lyophilized for longer than samples 
in Experiment 2 (42 vs. 24 h). A further experiment 
showed that there was no further decrease in the efficiency 
of extraction of the TG after 8 h in the freeze drier, with 
the same amount of TG being extracted from samples 
lyophilized for 8, 16 and 24 h (Dunstan, G.A., and Volk- 
man, J.K., unpublished data). Perhaps more significantly, 
the samples in Experiment 1 were lyophillzed prior to 
homogenization, whereas in Experiment 2 the samples 
were homogenized first. 

Rehydration prior to solvent extraction, as recom- 
mended by Christie (15), significantly increased the 
amount of TG extracted from lyophilized samples (Table 
1). Therefore if lyopbilization must be used prior to sol- 
vent extraction of lipids from adult oysters, it is recom- 
mended that the tissues be rehydrated prior to extraction. 
The original schemes of Holland and Gabbott  (18) and 
Mann and Gallager (26) incorporate rehydration of the 
sample prior to analysis, whereas the scheme of Whyte 
et aL (20) does not. 

The reasons for the reduced extraction of TG from lyo- 
pbilized tissues are unclear, although Nelson (14) has sug- 
gested that extraction of hydrophobically bound lipids 
from lyophilized tissues is more difficult because proteins 
provide an ionic barrier to nonpolar solvents. However, 
it should be noted that the Bligh and Dyer (10) solvent 
system is a mixture of both polar and nonpolar solvents. 
Reduced extraction of lipids from freeze-dried samples 
may be associated with the high concentration of glycogen 
in molluscs (Ackman, R.G., personal communication), or 
due to lyophilization possibly altering the solubility of 
macromolecules (22). 

Significant reductions in the amounts of n-alkanes, cy- 
cloalkanes and polyaromatic hydrocarbons as well as 
reduced recoveries of added internal standards from 
lyophilized mussel homogenate relative to nonlyophilized 
homogenate have been demonstrated by Farrington et aL 
(27). They suggested that the losses may have been due 
in part to volatilization, but  also possibly to removal of 
some hydrocarbons from the extraction solution by ab- 
sorption or adsorption. Interestingly, the greatest losses 
of n-alkanes were between n-C19 and n-C2s; lighter and 
heavier molecules were relatively unaffected. Other poten- 
tial problems associated with lyophilization are the for- 
mation of artifacts, particularly in sediment samples (17), 

and loss of organic molecules of low to intermediate mo- 
lecular weight due to the high vacuum of a freeze drier (16). 

Fatty acids extracted from C. gigas and the effect of 
lyophilization on composition. Sixty-four fatty acids were 
identified in the samples of C g/gas analyzed. The fatty 
acid compositions of the "control" group (Table 2) are 
typical for adult oysters of C g/gas (6) and provide ac- 
curate data against which results for lipid extracts from 
lyophillzed samples can be compared. All samples had 
high proportions of PUFA (51.1-55.5% of total fat ty 
acids), the most abundant being 20:5n-3 (15.3-17.0%) and 
22:6n-3 (20.2-25.0%), which is typical of most marine in- 
vertebrates (28). In C virg/nica the proportions of these 
long-chain n-3 PUFA vary seasonally with diet and 
reproduction (29). There was very little difference between 
the amounts and distribution of fatty acids in oysters of 
different sizes (Table 2). 

The major saturated fatty acid in all samples of C g/gas 
was 16:0 (15.4-18.6%), and the most abundant monoenoic 
fatty acids were 18:1n-9 (2.4-4.5%), 18:1n-7 (2.8-3.4%) and 
20:1n-7 (2.7-3.9%; Table 2). The saturated and monoenoic 
fatty acids present in this species are partly of dietary 
origin although they may also be formed de novo by the 
Animal (30). Small contents of branched-chain (mostly iso- 
and anteiso-) fatty acids (2.3-3.0%) were detected in C 
g/gas, with little difference between extracts from "con- 
trol" and lyopbillzed samples (Table 2). Although the main 
source of monomethyl branched-chain fatty acids is prob- 
ably bacteria in the gut and tissues of the animal, some 
of these fatty acids may also be normal minor metabolites 
derived from amino acid precursors (30). The isoprenoid 
fatty acids 4,8,12 TMTD (trimethyltridecanoic acid), pris- 
tanic and phytanic acids are derived from the isoprenoid 
moiety (phytol) in chlorophylls present in the microalgal 
diet (30). 

The fatty acid composition of the TG generally reflects 
the animal's diet (because TG are the major storage lipid 
for dietary fatty acids as well as those synthesized de 
novo), whereas the PL fatty acid composition is selectively 
modified by the oyster according to cellular membrane re- 
quirements (2,9). Relative to the PL, the TG generally con- 
tain higher proportions of 16:0 and C18 unsaturated fatty 
acids but lower proportions of C20 and C22 unsaturated 
fatty acids (2,8). Extracts from lyopbillzed samples had 
very different fatty acid distributions relative to the ex- 
tracts from "control" samples with less 16:0 and Cls un- 
saturated fatty acids resulting in artificially high propor- 
tions of C20 and C22 unsaturated fatty acids (Table 2). 
These variations in fatty acid distributions in oysters from 
different treatments were probably the result of the r~ 
duced extraction of TG from lyophilized samples. Ackman 
(30) has suggested that dietary 18:4n-3 (stored in the TG) 
after chain elongation is desaturated by a A5 desaturase to 
form 20:5n-3 and incorporated into the PL, explaining the 
reduced contents of 18:4n-3 in extracts from lyopbilized 
samples. 

Although the importance of dietary long-chain PUFA 
is relatively well established, the functions of the unusual 
odd-chain 21:5n-3 is unclear. This PUFA has been found 
in molluscs, rotifers, fish and marine mammals (6,31,32). 
Ackman (32) has proposed that 21:5n-3 is formed by a- 
oxidation of 22:5n-3, and it may be that this system is 
common in invertebrates. 

Many authors have used lyophilization prior to lipid 
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TABLE 2 

Fatty Acid Composition (% of total fatty acids) of the Lipid 
Extracted from Nonlyophilized or Wet Tissue ("Control") and from 
Lyophillzed Tissue of Two Size Classes of Adult Crassostrea gigas 

Fatty acids Large c Small c Large Small 

Saturated 
14:0 
15:0 
16:0 
18:0 
19:0 
20:0 
22:0 
24:0 
Subtotal d 

Branched-chain 
4,8,12 T M T D  
i15:0 
i16:0 
i17:0 
a17:0 
br18:0 
i18:0 
phytanic acid 
a19:0 
Subtotal d 

Monounsaturated 
16:1n-12 
16:1n-ll 
16:1n-10 
16:1n-9 
16:1n-7 
16:1n-5 
17:1u-8 
18:1n-13 
18:1n-9 
18:1n-7 
18:1n-5 
20:1n-15 
20:1n-14 
20:1n-13 
20:1n-9 
20:1n-7 
Subtotal d 

Polyunsaturated (PUFA) 
18:2n-6 
18:3n-6 
18:3n-3 
18:4n-3 
20:2n-6 
20:3n-6 
20:3n-3 
20:4n-6 
20:4n-3 
20:5n-3 
21:5n-3 
22:4n-6 
22:5n-6 
22:5n-3 
22:6n-3 
Subtotal d 

Nonmethylene interrupted (NMI) 
20:2(5,11) 
20:2(5,13} 
22:2(7,13) 
22:2(7,15"/ 
22:3(7,13,16) 
Subtotal 

Not identified 
Total 

0.2 
0.6 
0.9 
2.6 
0.3 
4.5 
0.6 

100.0 

a"Control ,"  solvent-extracted lipids from a nonlyophilized wet tissue 
sample. 
bLyophilized, solvent-extracted lipids from a freeze-dried sample. 
CLarge, average oyster soft tissue weight 8.9 +_ 0.5 g; small, average 
oyster soft. tissue weight 5.8 +_ 0.4 .g 
aSubtotals include contributions from minor fatty acids 21:0, 23:0, i14:0, 
alS:0, pristanic acid, brl7:0, 22:1, 24:1, 16:2n-4, 18:2n-9?, 18:2n-3. 
eTrace = <0.05%. 

analysis  (33,34), but very few direct comparisons  have 
been made  wi th  solvent  extraction of fresh t i s s u e  Al- 
though  such methods  are fast  and convenient,  our data 
sugges t  that  direct comparisons  with  solvent  extraction 

"C~176 Ly~ of fresh or frozen samples should be performed to validate 
data obtained from lyopbillzed samples.  In our experi- 
ence, lyopbil lzaton does  not  affect the  solvent  extraction 

2.3 2.3 1.4 1.4 of lipids from fish flesh and prawn larvae (Dunstan, G.A., 
0.8 0.8 0.6 0.7 

18.2 18.6 15.6 15.4 and Volkman, J.K., unpublished data). Interestingly, 
3.4 3.5 4.0 3.7 others have found little difference in the FAME distribu- 
o.1 0.1 o.1 0.1 t ion of saponified then methylated lyophi!ized oyster and 
0.1 0.1 0.1 0.1 
0.1 0.1 0.1 O.1 scallop eggs  and larvae, a diatom, rotifers and certain fish 
o.2 o.1 0.1 o.1 t i ssues  compared wi th  the FAME distribution of solvent  

25.2 25.6 21.9 21.5 extracted lipids from lyophillzed samples  of the same tis- 
0.5 0.6 0.8 1.0 sues {31). However, significant differences between FAME 
0.2 0.2 0.2 0.1 distributions of directly saponified then methylated and 
0.2 0.2 0.1 0.2 solvent  extracted lipids from lyophillzed fish faeces have 
0.5 0.5 0.5 0.4 
0.1 0.1 0.2 o.2 been noted (35), whereas in the same s tudy  such differ- 
0.4 0.4 0.4 0.4 ences were not  observed in analyses of nonlyopbilized fish 
0.1 0.1 0.1 0.2 diets. Lyopbillzation apparently did not  affect the amount  
0.1 0.1 0.1 0.1 0.2 0.2 0.3 0.3 of lipid extracted from adult C madrasensis, al though 
2.3 2.4 2.8 3.0 lipid determinations were made on extracts  after acid hy- 

drolysis and not  solvent  extraction of nat ive  t i ssues  (36). 
0.2 0.2 0.2 o.1 It  is not  only lyopbil lzation which reduces solvent  ex- 
0.1 0.1 0.1 trace e 
0.5 0.8 0.3 0.4 traction of lipids from certain samples.  For example, we 
0.1 0.2 0.1 0.1 have observed that  solvent  extraction of lipids from 
1.4 1.1 0.9 0.9 steam-pelleted fish feeds was  also s ignif icantly reduced 
0.3 0.3 0.2 0.3 
0.3 0.2 0.2 0.2 {Dunstam G.A., and Volkman, J.K., unpublished data}, R~  
o.8 0.9 o.4 0.2 hydration did not  increase extraction efficiency from these 
4.5 4.4 2.8 2.4 dried samples,  but  increasing the solvent  contact  t ime 
3.4 3.4 2.8 2.8 
0.I o.2 0.2 o.2 greatly increased the yield. Reduced extraction of lipids 
0.1 0.1 trace 0.1 by a modified Bl igh and Dyer  method  has also been ob- 
0.1 0.3 0.2 0.2 served wi th  vacuum or hot  air dried (but no t  lyopbillzed) 
1.1 1.0 1.0 1.1 
0.6 0.8 1.3 1.2 brine shrimp Artemia (37). 
2.7 2.7 3.9 3.7 Most  comparative work has been performed with micro- 

15.6 15.8 14.0 13.2 algae, but the results are often divergent making  it dif- 
2.0 2.0 1.3 1.0 ficult to draw significant conclusions.  Guckert  et al. (13) 
0.2 0.2 0.1 0.1 showed that Soxhlet extraction significantly increases the 
2.1 2.1 1.5 1.1 extraction of neutral lipids relative to  Bl igh and Dyer s01- 
4.3 4.6 3.5 2.9 vent  extraction from lyophil ized cells of the green micro- 
0.3 0.3 0.3 0.3 
0.2 0.2 0.1 0.1 alga Chlorella. These authors suggested that  this increase 
0.2 0.2 0.1 0.1 was  due to  transesterif ication of fat ty  acids even though  
2.6 2.4 3.4 3.9 there was  no corresponding decrease in the PL classes  
0.7 0.8 0.7 0.6 

15.7 15.3 15.9 17.0 from which these  FAME were presumably derived. Alter- 
o.8 o.7 o.6 o.6 natively, Soxhlet  extraction may  free the fat ty  acids from 
o.2 o.2 0.3 o.3 those  TG which were not  extracted by the Bligh and Dyer 
0.5 0.5 0.6 0.6 
1.3 1.2 1.4 1.4 solvent  system.  However, the possible loss  of the more 

20.7 20.2 24.3 25.0 labile PUFA during prolonged Soxhlet  extraction also 
51.8 51.1 54.4 55.5 n e e d s  t o  b e  c o n s i d e r e d  (13). 

0.2 0.1 0.1 N M I f a t t y a c i d s i n C . ~ g a s .  The NMI FAME were ten- 
o.7 o.3 o.3 tatively identified based on their mass  spectra  The mass  
o.9 1.3 1.4 spectra of N M I D  resembled those  of monoenoic  methy- 
2.5 3.4 3.7 lene interrupted fatty  acids, with  a base peak at m/z 55. 0.2 0.4 0.5 
4.5 5.5 5.9 Other major ions were m/z 67 and m/z 81 both  of which 
0.7 1.3 1.0 are indicative of dienoic methylene interrupted fatty acids 

lOO.0 lOO.O lOO.O (e.g., Fig. 1). The mass  spectra of the C2o and C29. N M I D  
had molecular ions at m/z 322 and m/z 350 (Fig. 1) respec- 
tively, establishing the presence of two double bonds. The 
mass  spectrum of the N M I T  resembled that  of a dienoic 
methylene  interrupted fatty  acid (due to the methylene  
interrupted double bonds), with a base peak at m/z 67 and 
strong m/z 81, other major ions were m/z 79 and m/z 91, 
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FIG. 1. Selected mass spectra of nonmethylene interrupted fat ty  
acid methyl esters (FAME) from Crassostrea gigas. Top, mass spe~  
trum of 22:2(7,15) nonmethylene interrupted diene (NMID) FAME, 
with a base peak at m/z 55, other major ions were m/z 67 and m/z 
81 and molecular ion of m/z 350. Middle, mass spectrum of 22:2(7,15) 
N M I D  FAME 4,4-dimethyloxazoline (DMOX) derivative with 12 
dalton between m/z 168 and m/z 180 (double bond at Zl7) and between 
m/z 278 and m/z 290 (double bond at A15) and a molecular ion at m/z 
389 (C22 FAME DMOX derivative with two double bonds). Bottom, 
mass spectrum of 22:3(7,13,16) NMIT FAME DMOX derivative with 
12 dalton between m/z 168 and m/z 180 (double bond at b7), m/z 250 
and m/z 262 (double bond at A13) and m/z 290 and m/z 302 (double 
bond at h16) and a molecular ion at m/z 387 (C22 FAME DMOX 
derivative with three double bonds}. 

which are indicative of three or more double bonds, but 
the M + was not detected in the mass spectrum of the C22 
NMIT FAME. 

The modified method of DMOX derivatization resulted 
in reduced loss of PUFA, while still ensuring complete 
reaction of the FAME. Double-bond positions were readily 
identified according to the criteria outlined in Fay and 
Richli (21) with distinctive ion abundance patterns being 
evident for monoenoic, polyenoic FAME, terminal w end 
double bonds and NMI and conjugated PUFA. Figure 1B 
shows the mass spectrum of the DMOX derivative of the 
NMID FAME 22:2(7,15) with 12 dalton between m/z 168 
and m/z 180 (A7) and between m/z 278 and m/z 290 (A15) 
and a molecular ion at m/z 389 establishing the presence 
of two double bonds in a C22 FAME DMOX derivative. 
Figure 1C shows the mass spectrum of the DMOX de- 

rivative of the NMIT FAME 22:3(7,13,16) with 12 dalton 
between m/z 168 and m/z 180 (A7), m/z 250 and m/z 262 
(h13) and m/z 290 and m/z 302 (A16) and a molecular ion 
at m/z 387 clearly establishing the presence of three dou- 
ble bonds in the C22 FAME DMOX derivative. These 
fragments are the same as those for the equivalent bond 
positions using pyrmlidine derivatization (38). The DMOX 
derivatization of FAME enabled positive identification of 
the double-bond positions in the 21:5n-3, NMID, NMIT 
and the more common unsaturated FAME. 

Organisms known to contain NMI fat ty acids include 
species of bacteria, macroalgae and marine invertebrates 
(39; reviewed in Refs. 28,32). The presence of both 18:1n-13 
and 20:1n-15 suggested the existence of a A5 desaturase 
in those molluscs which produce NMID fatty acids (40). 
In the present study these monoenoic fat ty acids as well 
as 16:ln-ll were detected in small amounts (<1%, Table 
2). Ackman and Hooper (40) proposed a biosynthetic 
pathway for the formation of NMID in molluscs which 
involves a A5 desaturase acting on 20:1n-7 and 20:1n-9 to 
form 20:2(5,13) and 20:2(5,11), respectively. Chain elonga- 
tion of these two C20 NMID produces 22:2(7,15) and 
22:2(7,13), respectively. The presence and abundance of 
these isomers suggests that the same or a similar pathway 
is acting in C gigas (Table 2). The synthesis of these 
NMID via these pathways in bivalve molluscs has been 
verified using [14C]acetate (41, and references therein), 
although it is not known whether bacteria present in the 
tissues of C gigas play a role in NM I fatty acid forma- 
tion by A5 desaturation. The 22:3(7,13,16) NMIT is most 
likely the result of the A5 desaturation and subsequent 
elongation of 20:2n-6. Although a candidate for the in- 
termediate C2o trienoic NMI was detected, its abundance 
was too low for positive identification. Interestingly, 
desaturation of the 22:3(7,13,16) NMIT at the hl0 carbon 
would yield 22:4n-6 which is the shortest methylene in- 
terrupted C22 PUFA detected in C gigas (Table 2). The 
NMIT fatty acid 22:3(7,13,16) was originally identified 
from a sponge extract (38), but to our knowledge has not 
been recorded in oysters, although the unusual NMIT 
22:3(7,11,15) was recently detected in hydrocarbon seep 
mussels (42). In C virginica the 22:2 NMI fat ty acids are 
abundant in PL (8,39), whereas the 20:2 NMI are pri- 
marily resident in the TG (8). This possibly explains the 
enhanced proportions of 22:2 NMID fatty acids and 
reduced 20:2 NMID fatty acids in the extracts from 
lyophilized samples of C gigas with reduced contents of 
TG (Table 2). 

The effect of lyophilization on sterols. C gigas contain- 
ed a complex sterol distribution with no significant dif- 
ference between the two size classes (Table 3). However, 
extracts from lyophillzed samples had significantly lower 
amounts of 24-ethylcholest-5-en-3fl-ol (0.8 and 0.9%) com- 
pared with extracts from "control" samples (6.0 and 5.7%; 
Table 3), implying that  lyophfllzation also affects the ex- 
traction efficiency of this sterol. Most of the sterols listed 
in Table 3 were probably derived from a diet rich in 
microalgae although 24-ethylcholest-5-en-3fl-ol can also be 
indicative of terrestrial plant matter and sea-grasses, and 
it is common in marine sediments (43). Data on the abili- 
ty of bivalve molluscs to synthesize sterols de novo is often 
contradictory, but these molluscs have the ability to form 
cholesterol from dietary phytosterols, albeit at a reduced 
level (44). 
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TABLE 3 

Sterol Composition (% of total sterols) and Total Sterol Content (mg/g wet wt and mglg dry wt) of the Lipid Extracted from Nonlyophilized 
or Wet Tissue {"Control") and from Lyophilized Tissue of Two Size Classes of Adult Crassostrea gigas 

"Control ''a Lyophilized b 

Sterol Trivial name Large c Small c Large Small 

24-Norcholesta-5,22-dien-3~-ol 
27-Nor-24-methylcholesta-5,22E-dien-3~-ol 
di-Cholesta-5,22E-di-en-3~-ol 
5a-Cholest-22E-en-3~-ol 
Cholest-5-en-3/~-ol 
5a-Cholestan-3~-ol 
Cholesta-5,24-dien-3~-ol 
24-Methylcholesta-5,22E-dien-3~-ol 
24-Methylcholesta-5,24{28)-dien-3~-ol 
24-Methylcholest-5-en-3~-ol 
24-Ethylcholesta-5,22E-dien-3~-ol 
24-Ethylcholest-5-en-3~-ol 
24-Ethylcholesta-5,24(28)E-dien-3~-ol 
24-Ethylcholesta-5,24{28}7~dien-3~-ol 
24-Propylcholesta-5,24(28)-dien-3~-ol 

Total sterols 
Concentration (mg/g wet wt) 
Concentration (mg/g dry wt) 

5.1 5.4 4.9 5.2 
Occelasterol 4.9 5.1 4.9 5.0 
trans-22-Dehydrocholesterol 12.2 12.7 11.6 12.3 
trans-22-Dehydrocholestanol 0.6 0.6 0.5 0.6 
Cholesterol 28.6 26.7 27.1 27.6 
Cholestanol 2.2 2.0 1.9 2.0 
Desmosterol 0.5 1.5 1.5 2.3 
Brassicasterol]Crinosterol 13.5 14.8 16.8 15.7 
24-Methylenecholesterol 12.2 12.0 13.8 13.4 
Campesterol/Dihydrobrassicasterol 1.7 1.7 1.8 1.8 
Stigmasterol]Porifer asterol 1.9 1.3 2.1 2.0 
Sitosterol]Clionosterol 6.0 5.7 0.8 0.9 
Fucosterol 1.1 1.2 1.3 1.1 
Isofucosterol 7.9 7.8 9.1 8.3 
24-Propylidenecholesterol 1.5 1.4 1.9 1.7 

1.2 1.2 1.1 0.9 
n.d. d 5.4 5.5 5.6 

a"Control," solvent-extracted lipids from a nonlyophilized wet tissue sample. 
bLyophilized, solvent-extracted lipids from a freeze-dried sample. 
CLarge, average oyster soft tissue weight 8.9 +_ 0.5 g; small, average oyster soft tissue weight 5.8 +- 0.4 g. 
dn.d., Not determined. 
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Rapid Separation of the Major Phospholipid Classes on a Single 
Aminopropyl Cartridge 
Angelika Pietsch and Reinhard L. Lorenz* 
Institute for Prophylaxis of Cardiovascular Disease, University of Munich, D-80336 Munich, Germany 

A rapid method for the separation of the individual phos- 
pholipid classes phosphatidylcholine (PC), phosphatidyl- 
ethanolamine (PE), phosphatidylserine {PS) and 
phosphatidylinositol {PI) by a single solid-phase extrac~ 
tion was developed. PC, PE, PS and PI were sequentially 
eluted from aminopropyl bonded silica with acetonitrile/n- 
propanol {2:1, vol/vol), methanol, isopropanol/methanolic 
HCI {4:1, vol/vol) and methanol/methanolic HCI {9:1, 
vol/vol). Standard recoveries were over 95% for PC and 
PE and over 85% for PS and PI with undistorted fatty 
acid composition. The separation of complex lipid mix- 
tures on aminopropyl minicolumns can be refined to the 
level of individual phospholipid classes. 
Lipids 28, 945-947 {1993). 

The rapid group separation of complex lipid mixtures by 
solid-phase extraction on an aminopropyl bonded phase 
was introduced by Kaluzny et aL (1) in 1985. This conve- 
nient method was extended by Kim and Salem (2) in 1990 
to allow the separation of neutral from acidic phospho- 
lipids (PL) using an additional acidic eluent. The separa- 
tion of individual PL classes, however, still required thin- 
layer chromatography (TLC} or high-performance liquid 
chromatography (HPLC) (3), which are much more 
laborious and have several drawbacks. We therefore 
developed a new system of eluents to further refine the 
separation of lipids on a single aminopropyl bonded 
minicolumn to the further level of individual PL classes. 

MATERIALS AND METHODS 

Materials. Egg yolk phosphatidylcholine (PC), egg yolk 
phosphatidylethanolamine (PE), bovine brain phospha- 
tidylserine (PS), soybean phosphatidylinositol {PI) {all of 
>98% purity} and all-cis-eicosadienoic acid (20:2n-6) 
were from Sigma (St. Louis, MO}. 1,2-Di-[l'-14C]palmitoyl 
PC (112 mCi/mmol), 1-palmJtoyl-2-[{l'14C]linoleoyl PE (53 
mCi/mmol), 1,2-dioleoyl phosphatidyl-[3'-14C]serine (53 
mCi/mmol), 1,2-diacyl-sn-glycero-3-phospho- [2'-3H]inosi - 
tol (18.2 Ci/mmol) and (N-methyl-14C)sphingomyelin (SM; 
52 mCi]mmol) prepared from bovine brain were from 
Amersham (Little Chalfont, Amersham, United King- 
dom). Butylated hydroxytoluene (BHT) was obtained from 
Serva (New York, NY). Amlnopropyl bonded silica mini- 
columns (100 and 500 mg) and silica minicolumns (100 
mg) were from J.T. Baker (Deventer, The Netherlands). 

*To whom correspondence should be addressed at Institute for 
Prophylaxis of Cardiovascular Disease, University of Munich, Pet- 
tenkoferstr. 9, D-80336 Miinchen, Germany. 
Abbreviations: BHT, butylated hydroxytoluene; HPLC, high- 
performance liquid chromatography; PA, phosphatidic acid; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI, 
phosphatidylinositol; PL, phospholipid; PS, phosphatidylserine; SM, 
sphingomyelin; TLC, thin-layer chromatography. 

Water-free 3N methanolic HCI was from Supelco 
(Bellefont~ PA). All other solvents (analytical grade), 
molybdatophosphoric acid hydrate and silica G60 plates 
for TLC were purchased from Merck AG {Darmstadt, Get ~ 
many). A "Vac Elut" apparatus from Analytichem Inter- 
national (Harbour City, CA) was used for flushing the car- 
tridges. Screw-capped glass reaction vials were from 
Schott {Jena, Germany). Plasma lipid extracts were pre- 
pared by the method of Folch et as {4) in the presence of 
BHT 
TLC. PL classes were separated on G60 silica plates 

developed in chloroform/methanol/acetic acid/water 
{100:75:7:4, by vol) (5). For visualization of the lipid frac- 
tions, the plates were sprayed with a 10% solution of 
molybdatophosphoric acid hydrate in ethanol and heated 
at 120~ for 5 rain. Approximate Rf values in this 
systems are 0.7 for PE, 0.4 for PI, 0.3 for PS and 0.15 for 
PC. 
Solid-phase extraction procedure. The 100-rag (500-mg) 

aminopropyl cartridges were preconditioned with 1 mL 
(3 mL) hexanR Then the sample was applied to the 10(~mg 
{500-rag) cartridge in 100 ~L {300 ~L) chloroform and left 
to sink into the solid phas~ Solvents were then completely 
sucked through the solid phase under slight vacuum, but 
then the vacuum was released to avoid prolonged air 
passage and drying of the solid phase The sequence of 
solvents and the optimized solvent volumes used for 
100-rag and 500-mg cartridges, respectively, are listed in 
Table 1. 
First, the neutral lipids and then the free fatty acids 

were eluted with chloroform/isopropanol {2:1, vol/vol) and 
diethyl ether/acetic acid (98:2, vol/vol), respectively. These 

TABLE 1 

Sequence of Eluents, Eluted Lipids, Solvents and Eluent Volumes 
Used for 100-mg and 500-mg Aminopropyl Cartridges 

Eluent volumes 
Eluted (mL) 

Eluent lipid a Solvents 100-rag b 500-rag b 

1 NL Chloroform/isopropanol 1.2 4 
(2:1, vol/vol) 

2 FFA Diethyl ether/acetic acid 1.2 4 
{98:2, voYvol) 

3, A PC Acetonitrile/n-propanol 2.4 9 
{2:1, vol/vol) 

4, B PE Methanol 1.2 3 
5, C PS Isopropanol/methanolic HCI 0.9 4.5 

(4:1, vol/vol) 
6, D PI Methanol/methanolic HC1 1.2 6 

(9:1, vol/vol) 
=Abbreviations: NL, neutral lipids; FFA, free fatty acids; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PS, 
~sohOSphatidylserine; PI, phosphatidylinositoL 

rbent amount of the cartridges. 
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METHOD 

first two steps were done with all samples as described 
by Kaluzny et al. (1). Then individual PL classes were 
sequentially eluted using our newly developed solvent 
systems as follows: PC was eluted with acetonitrile/n- 
propanol (2:1, vol/vol) (Solvent 3, A), PE was eluted with 
methanol (Solvent 4, B), then PS was eluted with iso- 
prop _anol/methanolic HC1 (4:1, vol]vol) (Solvent 5, C) and 
finally PI was eluted with methanol]methanolic HCI (9:1, 
vol/vol) (Solvent 6, D). 

Quantification. Aliquots of about 5000 cpm of each of 
the phospholipids were either directly transferred to a 
scintillation vial or applied to aminopropyl cartridges. 
Each fraction eluted from the cartridge was transferred 
to a scintillation vial, brought to dryness under nitrogen 
and taken up again in 0.5 mL ethanol. All vials were 
filled with 5 mL "Aquasafe 300" scintillation solution 
(Zinsser Analytik, Frankfurt, Germany) and counted for 
2 min on a Beckman LS 5801 liquid scintillation system 
(Munich, Germany}. Recoveries in each fraction are ex- 
pressed as percentage of the total counts applied to the 
cartridge. 

Transmethylation and gas chromatography. Samples 
were taken up in 1 mL of methanol and 2 mL of meth- 
anolic HC1 (3N). Forty ~g of 20:2n-6 was added as inter- 
nal standard. The vials were sealed, heated to 90~ for 
one hour and then cooled in water. After adding 2 mL of 
distilled water the fatty acid methyl esters were extracted 
twice with 2 mL of petroleum hydrocarbon (b.p. 40-60~ 
dried and stored in 40 ~L hexan~ A 4 ~L aliquot of the 
sample was injected onto a Hewlett-Packard 5890 gas 
chromatograph equipped with a capillary column of 0.25 
mm i.d. and 30-m length coated with DB 225 0.15~ from 
ICT (Frankfurt, Germany). The injector temperature was 
set at 200~ helium flow was 1 mL/min and the column 
temperature was linearly increased from 90~ at the start 
at 70~ and then held at 200~ The detector 
temperature was 250~ 

RESULTS AND DISCUSSION 

Kim and Salem (2) had reported partial resolution of PL 
on an aminopropyl cartridge by eluting PC and PE with 
methanol, and PS and PI with hexane/isopropanol] 
ethanol/0.1 M ammonium acetate in water/formic acid 
(420:350:100:50:0.5, by vol) with 5 mL phosphoric acid 
added per 100 mL. We tried to further refine the resolu- 
tion to the level of individual PL classes. First, a series 
of solvents of increasing polarity was tested for differen- 
tial PL elution of PC and PE from the Aminopropyl 
matrix. Acetonitrile partially eluted PC, but not PE. n- 
Propanol and all solvents more polar than acetonitrile 
eluted both PC and PE, whereas solvents less polar than 
acetonitrile eluted neither compound. A mixture of acetc- 
nitrile and n-propanol (2:1, vol/vol) quantitatively eluted 
PC, whereas PE was completely retained. PE could subse- 
quently be eluted with methanol {Fig. 1). 

Second, methanolic HC1 was found to be the simplest 
acidic solvent to elute both PS and PI from the amino- 
propyl matrix. Therefore, mixtures of less polar solvents 
with methanolic HC1 were tested for differential elution 
of PS and PI. Isopropanol/methanolic HC1 (4:1, vol/vol) 
was found to elute PS, whereas PI was retained. PI could 
subsequently be eluted with methanol/methanolic HC1 
(9:1, vol/vol) (Fig. 1). 

FIG. 1. Verification by thin-layer chromatography (TLC) of the 
separation of lipid mixtures by sequential elution from a single 
Aminopropyl minicolumn. TLC and staining was as described in the 
Materials and Methods section. Lanes 1 to 4: reference standards 
of phosphatidylcholine (PC), phosphatidylserine (PS), phosphati- 
dyinositol (PI) and phosphatidylethanolAmlne (PE). Lane 5: Stan- 
dard mixture as applied to the minicolumn. Lane 6: Phospholipids 
fraction eluted according to Reference 1 contains PC and PE. Lane 
7: Eluent A contains PC only. Lane 8: Eluent B contains PE. Lane 
9: Acidic eluant according to Reference 2 contains PS and PI. Lane 
10: Einent C contains only PS. Lane 11: Eluent D contains P1. 

Labeled standards were used to confirm and to optimize 
the elution volumes for cartridges filled with 100 and 
500 mg sorbent, and the results obtained were verified by 
TLC. The eluents and volumes established for the defini- 
tive procedure are listed in Table 1. Recoveries in each frac- 
tion for pure standards and standards added to plasma 
extracts were determined for each PL class. The results 
are summarized in Table 2. 

Changes in fatty acid composition due to preferential 
retention of specific molecular species during the separa- 
tion procedure could be excluded. Relative amounts of 
fat ty acid methyl esters prepared from each PL standard 
were found unchanged after the samples had been carried 
through the separation procedure twice (Table 3). 

With 100-mg cartridges, the binding and separation of 
labeled standard PL was unchanged by the presence of 
cold PL in the mass range from 1 to 500 ~g. At higher 
concentrations PC was not completely retained and was 
partially eluted in the neutral lipid fraction. 

Two other PL classes, SM and phosphatidic acid (PA), 
can be present in biological samples. SM was eluted with 
acetonitrile/n-propanol (2:1, vol/vol), and PA was eluted 
with isopropanol/methanolic HC1 (4:1, vol/vol). Attempts 
to separate SM from PC and to separate PA from PS on 
the same cartridge were not successful. The contamina- 
tion of PC with SM and PS with PA is even a problem 
with sophisticated gradient HPLC methods (6) and should 
not compromise this method for many applications. SM 
will not interfere with fatty acid analyses of PC, as the 

LIPIDS, Vol. 28, no. 10 (1993) 



METHOD 

TABLE 2 

Recoveries and Relative Purities of Labeled PL = Standards b 

Fraction 

% Recovery c A B C D 

Standard (100-rag d) 
PC 96.4 • 1.1 4.1 • 1.1 0.5 • 0.4 0.4 • 0.4 
PE 0.0 • 0.1 101.5 • 1.4 1.0 • 0.3 0.7 • 0.3 
PS 0.3 • 0.1 0.3 • 0.1 88.5 • 1.6 8.7 • 0.7 
PI 0.i • 0.1 0.3 • 0.2 9.5 • 1.6 86.2 • 2.5 

Standard (500-rag ~) 
PC 96.9 • 1.8 2.9 • 0.5 --f 0.1 • 0.0 
PE 0.I • 0.2 99.7 • 3.6 -- 0.3 • 0.0 
PS -- 0.1 • 0.0 91.5 • 3.4 5.9 • 1.0 
PI -- 0.5 • 0.6 9.5 _ 1.5 81.9 • 1.5 

Standard added to plasma 
(lOO-mgg) 

PC 85.9 4.9 1.3 9.9 
PE 0.6 99.8 2.0 3.4 
PS 0.1 0.2 84.0 6.8 
PI --  0.4 9.9 81.6 

aAbbreviations: PL, phospholipid; PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine; PS, phosphatidylserine; PI, phosphatidylinositol. 
bpure labeled PL standards (n -- 5) or labeled standards added to plasma (in duplicate) 
in fractions A, B, C and D eluted from 100-rag cartridges and 500-mg cartridges. 
CThe data represented are the means _ SD for standards, n = 5; means of duplicate for 
~Llasma with respect to reference radioactivity measured for a nonextracted duplicate. 

abeled PL standards isolated and purified on a 100-rag Aminopropyl cartridge. 
eLabeled PL standards isolated and purified on a 500-mg Aminopropyl cartridge. 
fLess than detection limit of about 0.1%. 
gRecovery of PL standards added to plasma extracts purified on 100-rag cartridges. 
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T A B L E  3 

F a t t y  Acid  Composit ion of P L  = Standards  Before (1) and After  {2} 
Repet i t ive  Extract ions  on Aminopropyl  Bonded  Sil ica b 

Fat ty  PC PE PS PI 
acid c {%) (1) (2) (1) (2) (1) (2) (1) (2) 

16:0 33.5 33.7 21.0 21.0 1.5 1.7 40.8 38.9 
18:0 13.7 14.0 25.0 25.3 54.0 53.5 10.7 12.6 
18:1n-9 31.2 30.7 23.5 23.5 24.9 26.1 7.0 6.1 
18:2n-6 16.5 16.3 14.2 14.3 0.7 -- 40.9 41.9 
20:4n-6 3.4 3.6 11.1 11.5 0.7 0.9 0.7 0.6 
22:4n-6 0.2 0.2 0.5 0.5 3.6 3.4 - -  - -  
22:5n-6 0.9 0.9 2.3 2.3 4.1 3.9 --  --  
22:5n-3 --  --  0.2 0.1 0.4 0.2 -- -- 
22:6n-3 0.7 0.7 2.3 1.5 i0.I  10.4 -- --  

aAbbreviations: PL, phospholipid; PC, phosphatidylcholine; PE, 
phosphatidylethanolsmine; PS, phosphatidylserine; PI, phospha- 
tidylinositol. 
bNonradioactive PL standards were either directly (1) trans- 
methylated and analyzed by gas chromatography as described in 
Methods, or first carried twice through the whole procedure {2). 
CPercent recovery. 

N-acy l  b o n d s  in  S M  are  s t a b l e  u n d e r  t h e  mi ld  c o n d i t i o n s  
u sed  for t r ansmethy la t io rL  Fur the rmore ,  i f  a pure  prepara-  
t i on  of PC is needed,  t h e  f r ac t ion  A can  be  l o a d e d  in 100 
~L of  ch lo ro fo rm on to  a 100-mg s i l ica  c a r t r i d g e  p recondi -  
t i oned  w i th  h e x a n e  A b o u t  80.6% of PC can  be  e lu t ed  wi th  
t h e  f i r s t  2 m L  of a c e t o n i t r i l e / m e t h y l a c e t a t e / m e t h a n o l i c  
HCI  (130:30:18, b y  vol), whe reas  m o r e  t h a n  98.6% of S M  
are  re ta ined .  

I n  s u m m a r y ,  we f u r t h e r  e x t e n d e d  a w ide ly  u s e d  solid- 
p h a s e  e x t r a c t i o n  m e t h o d  for  t h e  s e p a r a t i o n  of  t h e  m a j o r  
l ip id  c l a s ses  {1,2,7}. M a k i n g  use  of d i f ferences  in  po la r i ty ,  
p K a  and  so lven t  s t r e n g t h ,  t he  s e p a r a t i o n  of P L  on t h e  
s a m e  a m i n o p r o p y l  m a t r i x  was  re f ined  to  t h e  level  of in- 
d i v i d u a l  P L  c lasses .  No  e x p e n s i v e  e q u i p m e n t  is  needed,  
a n d  ve ry  low so lve n t  vo lume s  suf f ic~  The  m e t h o d  con- 
s i d e r a b l y  s impl i f ies  a n d  speeds  up  the  pu r i f i c a t i o n  of  P L  
in l a rge  n u m b e r s  of s a m p l e  
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A Micro Enzymic Method for Determination of Choline.Containing 
Phospholipids in Serum and High Density Lipoproteins 
Ying Niea, b, Jin Lin Hea, b and S.L. Hsia a,b,c* 
aLipid Profile Evaluation Laboratory, bDepartment of Dermatology and Cutaneous Surgery and CDepartment of Biochemistry and 
Molecular Biology, University of Miami School of Medicine, Miami, Florida 33136 

A micro method is described for the assay of choline-con- 
talnlng phospholipids in serum and high density lipopro- 
teins (HDL) using an automated microtiter plate reader. 
The method is adapted from the enzymic method of Taka- 
yama, Itoh, Nagasaki, and Tanimuzu (Cli~ ~ Acta 79, 
93-98, 1977) using phospholipuse D, choline oxidase, and 
peroxidase coupled with the color generating system 
phenol and 4-amlnc~antipyrine. The micro method requires 
5 pL of serum or HDL sample, and 42 samples can be 
assayed in duplicate in one run using a 9~well fiat-bottom 
microtiter plate. The reaction is linear up to 400 mg/dL and 
the lower limit of detection is 0.25 rag of cholinecontaining 
phespholipids per assay. The coefficient of variation within 
an assay is 0.86-0.79%, and day-to-day variation is 0.9- 
1.5%. Results obtained by the micro method are in excellent 
agreement with those obtained by the procedure of Tak,- 
yama et al. (r = 0.997). The supernatant left after removal 
of low density lipoproteius and very low density lipopro- 
teins from serum and precipitation with heparin/man- 
ganese chloride reagent can thus be conveniently used for 
the micro assay of choline phospholipids in HDL. 
Lipids 28, 949-951 (1993). 

It has been shown that cholin~containing phospholipids, 
including phosphatidylcholine, lysophosphatidylcholine and 
sphingomyelin, make up 91-97% of serum phospholipids 
(1,2). For practical purtx)s~ their measurement is therefore 
a close approximation of total serum phespholipid~ To meet 
the need for routine assays, an enzymic method for meastm 
Lug choline~containing phospholipids was developed by 
Takayama et aL {1). The method utilizes phospholipase D 
to release the choline moiety, and the released choline is 
subsequently oxidized by choline oxidase to form equimolar 
amounts of betaine and hydrogen peroxide, which in the 
presence of peroxidase coupled with phenol and 4-aminoanti- 
pyrine generates a red color which is amenable to spec- 
trophotometric measurement. This method and its modifica- 
tions have been used in a number of studies to determine 
phospholipids in serum and high density lipoproteins (HDL) 
(2-4). 

In the present paper we describe a micro enzymic method 
adapted h~m the method of Takayama eta/. (1) using a 
nu'crotiter plate reader for the measurement of choline- 
containing phospholipids in serum and HDL. It uses 5 ~L 
of serum or HDL sample for each determination, and the 
results are in close agreement with those obtained by the 
original method (r = 0.997). 

In clinical laboratorie~ a commonly used procedure for 
measuring HDL cholesterol requires the precipitation of low 
density lipoproteins (LDL) and very low density lipoproteins 

*To whom correspondence should be addressed at Department of Der- 
matology & Cutaneous Surgery, University of Miami School of 
Medicine, P.O. Box 016966, R-117, Miami, FL 33101. 
Abbreviations: CV, coefficient of variation; HDL, high density lipopro- 
reins; H-M reagent, heparin/manganese chloride reagent; LDL, low 
density lipoproteins; VLDL, very low density lipoproteins. 

(VLDL) from serum with heparin/manganese chloride rea- 
gent (H-M reagent) (5). It would be convenient if the same 
HDL preparation could be used for measurement of phos- 
pholipids. However, it has been reported that the H-M rea- 
gent interferes with the enzymic assay of cholesterol {6). 
Since the enzymic assay of choline~ontaining phospholipids 
and the assay of cholesterol are based on the same princi- 
ple, namely the color generated by H202, we investigated 
the possible interference of the H-M reagent with phosph~ 
lipid measurements in HDL by the micro metho& Our re- 
sults show that the interference can be readily overcome, 
and that it is practical and convenient to use the micro 
method for measuring choline phospholipids in HDL 
prepared with the H-M reagent. 

MATERIALS AND METHODS 

Serum samples. The serum samples used were routine 
clinical test samples. For developing the micro method, 
we utilized the supernatant solution that is obtained after 
precipitation of LDL and VLDL with the H-M reagent 
for HDL cholesterol measurements. The supernatant was 
stored in a 4~ refrigerator for at least 24 h after measure- 
ment of cholesterol before the fine precipitate was removed 
by centrifugation at 2000 • g for 30 rain. The clear super- 
natant  was used for the assay of choline phospholipids 
in HDL. 

Apparatus. The micro enzymic assay utilized a Ther- 
momax Microplate Reader (Molecular Devices, Menlo 
Park, CA) linked to an IBM-compatible computer with a 
386 microprocessor and a Panasonic KX-P1124 multi- 
mode printer. The software, SoftMax, was supplied by the 
manufacturer of the Microplate Reader. For comparison 
of the results obtained by the micro method and by the 
procedure of Takayama et at. (I), we tested the same serum 
samples using the Microplate Reader and a Spectronic 
1201 instrument (Milton Roy Co., Rochester, NY). 

Chemicals and reagents. All enzymes and chemicals 
were purchased from Sigma Chemical Company {St. Louis, 
MO) except that phenol and CaC12"2H20 were purchased 
from Mallnckrodt (St. Louis, MO). 

A 50 mM Tris/HC1 buffer, pH 7.8, solution was prepared 
that  contained 5 g Triton )[-100 and 73.51 mg 
CaCI2"2H20. A single reagent contslning the enzymes 
and color generating system was prepared fresh each day 
by dissolving 44 units phospholipase D (from Strepto- 
myces chromofuscus), 94 units choline oxidase (from Ar~ 
throbactcr globiformis) and 204 units peroxidase (from 
horseradish), 5 mg phenol and 14.7 mg 4-aminoantipyrine 
in 25 mL of the above described buffer. 

For the preparation of H-M reagent, 5 g of 
MnC12"4H20 and 1.3 • 105 units of hepaxin were dis- 
solved in 50 mL of distilled water, and 100 ~L of this solu- 
tion was used for each one mL of serum for precipitation 
of VLDL and LDL at room temperature for 45 rain. The 
supernatant after centrifugation at 2000 X g for 45 min 
was used for routine measurement of HDL cholesterol. 

Copyright �9 1993 by the American Oil Chemists' Society LIPIDS, Vol. 28, no. 10 (1993) 



950 

METHOD 

The same supernatant was used for developing the micro 
enzymic method as described under Assay Procedur~ 

Standard solutions. A standard solution containing 500 
mg/dL of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine was 
prepared by dissolving 10.0 mg of the phospholipid in 2 
mL of a 5% solution of Triton X-100. Aliquots of this solu- 
tion were diluted with 5% Triton X-100 solution, to make 
standard solutions containing 100, 200, 300 and 400 
mg/dL of the phospholipid. 

Assay procedure. To each well of the microtiter plate 
{Bio-Rad Laboratories, Richmond, CA) is added with a 
Hamilton syringe (Baxter Co., McGaw Park, IL) 5 pL of 
serum, or the HDL supernatant after precipitation of 
VLDL and LDL, or the standard solution, and then with 
a Labysystems Multistepper pipet (Baxter Co.) is added 
200 ~L of the enzyme reagent. All samples, standards and 
reagent blanks are determined in duplicates. The plate is 
agitated and incubated at 37~ for 20 min, then read us- 
ing a 505-nm filter in the Microplate Reader. The results 
are printed out as directed by the SoftMax program. The 
average of duplicate measurements is recorded. The dupli- 
cates usually differ less than 1%. Duplicates that  differ 
more than 3% are rejected, and the test is repeated. 

RESULTS AND DISCUSSION 

To select optimal conditions for the micro assay, we varied 
sample size, the amount of reagent used, incubation time, 
eta The assay procedure given above was established on 
the results of many of such tests. 

The time course for the reaction is shown in Figure 1. 
At a substrate concentration of 400 mg/dL, a plateau of 
absorbance (A) at 505 nm was reached between 20 to 25 
min. At lower substrate concentrations, the plateau was 
reached within 15 to 20 min. The color was stable for over 
1 h, with a slight decline in A after 30 min. For routine 
assays, we allowed 25-min incubation time before reading. 

The results obtained on four standard solutions are 
shown in Figure 2. Absorbance (A) was linear with sub- 
strate concentrations from 2.5 mg/dL up to 400 mg/dL, 
with the regression line passing through the zero point 
of both axes (P < 0.001). The lower limit of detection was 
0.25 mg of choline-containing phospholipids per assay. 
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FIG.  1. Time course of the  reaction a t  four concentrat ions of dipal- 
mitoyl-sn-glycero~-phasphocholine. The phaspholipid was dissolved 
in 5% Triton X-100 and allowed to react with  the enzyme reagent 
at  37~ Absorbance at  505 nm was read using a Thermomax 
Microplate Reader. 
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FIG.  2. S tandard  curve of (A) at  505 nm v s .  concentrat ion of dipal- 
mitoyl-sn-glycero-3-phosphocholine. Reaction t ime was 20 rain at  
37~ The inset is an enlargement of the curve at  phosphatidylcholine 
concentrations below 50 mg/dL. 

The coefficient of variation {CV) (standard devia- 
tion]mean X 100%) within the assay of 10 determinations 
for three serum samples was between 0.79 and 0.86%. CV 
for day-to-day variation for three samples over 12 d was 
between 0.9 and 1.5% (Table 1). 

Figure 3 shows the excellent correlation between the 
results for 48 serum and samples assayed using Ther- 
momax Microplate Reader the Spectronic 1201 spectro- 
photometer. The range of values was from 56 to 298 
mg/dL; r = 0.997. 

TABLE 1 

Precision of Measurement  of Choline-Containing Phospholipids 
by the Micro Method a 

Within  assay var ia t ion Day-to-day var ia t ion 

1 2 3 4 5 6 

M e a n  
SD 
CV (%) 

101.8 194.3 291.8 102.6 205.3 379.8 
104.1 196.6 299.6 101.2 205.7 387.6 
103.7 198.0 298.3 100.5 213.4 380.7 
104.1 198.4 299.2 102.9 206.3 382.6 
102.7 199.4 299.2 105.3 203.4 377.2 
104.1 198.0 299.6 105.9 206.3 374.6 
103.2 198.4 297.3 104.6 209.3 375.0 
103.7 199.8 300.1 102.5 208.5 376.8 
102.3 200.3 297.8 103.1 206.1 376.7 
102.7 198.0 300.5 104.2 209.5 377.7 

104.7 210.4 381.6 
104.6 207.3 379.5 

103.3 198.1 298.4 103.5 207.6 379.2 
0.8 1.7 2.5 1.6 2.6 3.5 

0.79 0.86 0.84 1.5 1.3 0.9 

aAll values are in mg/dL and are the average of duplicate measure 
ments. Serum samples 1-3 were each measured 10 times successively 
on the same day, and serum samples 4-6 were measured each day 
for 12 d; CV, coefficient of variation. 
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FIG. 3. Correlation between results obtained by the microtiter plate 
method and the speetrophotometric method. A Thermax Microplate 
Reader and a Spectronic 1201 speetrophotometer were used. 

Two problems were encountered in the determination of 
choline-containing phospholipids in HDL prepared using 
the H-M reagent. One was the fine precipitate tha t  con- 
t inued to form after removal of the precipitates of VLDL 
and LDL, which caused turbidi ty and interfered with the 
readings of the Microplate Reader and led to erratically 
high results. We solved this problem by storing the H D L 
preparation in the refrigerator at  4~ for at least 24 h to 
allow complete precipitation before removal of the fine 
precipitate by centrifugation at 2000 • g for 30 min. The 
clear supernatant  was then used for the measurement  of 
choline phospholipids. Determination of phospholipids by 
the chemical method based on measuring inorganic phos- 
phorus {7) showed that  removal of the fine precipitates did 
not change the phospholipid content of the HDL prepara- 
tion (Table 2). I t  has been reported previously tha t  after 
removal of apo B-containing lipoproteins from serum by 
precipitation with the H-M reagent, the supernatant  con- 
tinues to become turbid due to formation of manganese 
oxide {5). The turbidi ty  eventually turns  into the fine 
precipitate described hem 

The other problem in measuring H D L  phospholipids 
was the interference of the H-M reagent with the color 
generated by H20 2 which is the end product  of the en- 
zymic reactions for bo th  the measurement  of cholesterol 
and of choline-containing phospholipids. Previously, 
McGowan et  aL (6) had shown tha t  the H-M reagent 
caused the values of HDL cholesterol measured by the en- 
zymic method to be somewhat high. In our experiments,  
we also found the H-M reagent to cause slightly higher 
absorbance readings, which were equivalent to less than 
3% of the phospholipids. This difference was corrected by 
adding 7 ~L of H-M reagent to 3 mL of the enzyme mix- 
ture to simulate the concentrat ion of H-M reagent in the 
H D L supernatant .  This modified enzyme mixture  was 
used for the s tandard assay, so tha t  the effect of the H-M 
reagent could be canceled automatically in the calcula- 
tions using the Sof tMax computer  program. 

The micro method described here is simple and expe- 
dient, and is suited for the routine measurement  of cho- 
line-containing phospholipids in serum and HDL. I t  can 
easily be adapted to measure other lipoprotein fractions 
and body fluids as well. The method offers a number of 
advantages over the original enzymic method of Taka- 

TABLE 2 

Concentrations of HDL Phospholipids Before and After Removal of the 
"Fine Precipitate ''a 
Sample Before After Difference 

1 94.7 93.5 1.2 
2 113.7 113.1 0.6 
3 102.0 102.8 --0.8 
4 125.0 123.8 1.2 
5 119.5 120.9 -- 1.4 
6 69.7 69.5 0.2 
7 108.7 109.4 --0.7 
8 83.0 83.0 0.0 
9 104.6 108.3 --3.7 

10 91.6 92.1 --0.5 
11 138.4 139.7 --1.3 
12 97.9 96.5 1.4 
13 100.5 100.5 0.0 
14 176.9 178.4 --1.5 
15 127.6 126.4 1.2 

Mean - 0.27 
SD 1.37 

aValues for phospholipids are in mgldL and were calculated based on 
inorganic phosphorus as determined according to the method of Ditt- 
mer and Wells (7); HDL, high density lipoprotein. 

yama et  aL (1). The sample size required for each deter- 
ruination is reduced from 20 to 5 ~L, and the amount  of 
enzyme reagent required is about  one-fourth. An impor- 
tan t  advantage is also the expedience gained by use of 
the microtiter plate reader. In seconds, 42 serum samples 
in duplicates besides standards and blanks can be read 
in a single 96-well microtiter plate. Interfacing of the in- 
s t rument  with a computer  and printer  eliminates much 
of the tedium of routine operations. 

Another micro method for the quantitat ion of phospho- 
lipids that  uses a microtiter plate fluorometer has recently 
been reported (8). This method is highly sensitive and r~  
quires dilution of the serum before the measurements. The 
micro method described here is less sensitive and uses 
serum directly without  dilution. 

Phospholipids, especially choline phospholipids, are ma- 
jor  components of lipoproteins, and of cellular membranes 
and organelles. Although the relevance of serum choline 
phospholipid levels to disease is largely unknown, it de- 
serves fur ther  investigation. The micro enzymic method 
described here may expedite such investigations. 
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Microwave-Mediated Methanolysis of Lipids and Activation 
of Thin-Layer Chromatographic Plates 
Mobashsher U. Khan and John P. Williams* 
Department of Botany and Centre for Plant Biotechnology, University of Toronto, Toronto, Ontario, M5S 3B2 Canada 

A technique is described for the methanolysis of fatty 
acids from acylglycerois with HCI/CH3OH or NaOH/ 
CH3OH using a microwave oven. The esterification is 
rapid and complete and does not result in significant 
degradation of polyunsaturated fatty adds, even in the 
presence of oxygen. The fatty acid compositions of intact 
tissues were also determined using this technique. The 
microwave oven has also been used to condition normal 
silica gel and argentation thin-layer chromatographic 
plates in a fraction of the time normally required. 
Lipids 28, 953-955 (1993). 

In our work on the effect of environmental and genetic fac- 
tors on glycerolipid metabolism in higher plant~ we rou- 
tinely analyze large numbers of samples of iipids and their 
fatty acids. Existing methods of lipid analysis are often 
time~consuming, especially if thin-layer chromatographic 
(TLC) plates are prepared in the laboratory. Results obtained 
are also often inconsistent and unreliable because of the ox- 
idation of unsaturated fatty acid that can occur. Activation 
of TLC plates by standard techniques may take 1-4 h (1,2) 
and the preparation of fatty acid methyl esters (FAME) from 
lipids 1-8 h at 80~ in H2SO4/CH3OH or HC1]CHsOH 
(1,3,4). 

The microwave oven has been used in the past in the labo~ 
atory to speed up synthetic reactions in the preparation of 
various organic compounds (5). Recently, it has also been 
used to reduce the reaction time for the hydrolysis of tri- 
acylglycerols the esterification of free fatty acids and for 
other chemical transformations of long, chain fatty acid 
esters (6). We have investigated the routine use of micr~ 
waves to speed up the esterification of fatty acids from plant 
tissue The technique described here ensures complete este~ 
ification of acylglycerols in a short period of time without 
oxidation using lower concentrations of reagents. 

We have also found that microwaves can be used to reduce 
the time required for the activation of TLC plates as com- 
pared to using a conventional oven. 

MATERIALS AND METHODS 

Lipid separation by TLC Lipids were extracted from leaf 
tissues, seeds and cyanobacterial cell cultures with chloro- 
form/methanol (2:1, vol]vol), and the nonlipid contami- 
nants were removed from the total lipid extract as d e  
scribed previously (7). Silica gel G (E. Merck, Darmstadt, 
Germany) plates were prepared in the laboratory with am- 
monium sulfate (1.5 M) (2) using an applicator from 
Desaga {Heidelberg, Germany). The plates were activated 
for i0 min in a microwave oven (Toshiba, Toront~ Canada, 
Model ERX-8900) at full power or, for comparison, for 4 
h in a conventional oven at l l0~ Plates were cooled 

*To whom correspondence should be addressed at Department of 
Botany and Centre for Plant Biotechnology, University of Toronto, 
25 Willcocks Street, Toronto, Ontario, M5S 3B2 Canad& 
Abbreviations: FAME, fatty acid methyl ester(s); GLC, gas-liquid 
chromatography; TLC, thin-layer chromatography. 

to room temperature and used immediately or stored for 
later us~ 

For molecular species analysis of the lipids separated, 
silica gel plates were impregnated with 10% AgNO3 
(w/w) and activated in the microwave oven for 10 min. The 
chromatoplate was developed with chloroform]meth- 
anol/water (65:25:4, by vol), the silica gel bands contain- 
ing the lipid fractions were then scraped from the plate 
directly into glass tubes and the samples were meth- 
anolyzed with 0.5 mL NaOH/CH~OH (0.1 M). 

Methanolysis of lipids and methylation of fatty acids. 
Aliquots of lipid or fatty acid samples were methanolyzed 
or methylated in thick glass tubes (20 X 150 nun with 
Teflon-lined screw caps; Pyrex, Coming, NY) with freshly 
prepared HCI]CH3OH or NaOH/CH3OH. The samples 
were exposed to the maximum power of the microwave 
oven for I mirL For safety, the glass tubes containing lipid 
samples were encased in a large microwave-safe plastic 
container. The volume of HC1/CH3OH must not exceed 
0.5 mL because excess reagent and rapid beating may lead 
to the explosion of the tubes. After methanolysis, the 
samples are cooled to room temperature inside the micro- 
wave oven; the hot tubes should not be removed from the 
microwave oven immediately after heating. We have ex- 
perienced no explosions of tubes using these simple pre- 
cautions. Identical samples were methanolyzed in a con- 
ventional oven at 80~ for 6-8 h comparison. Whole 
Brassica napus seeds were directly methanolyzed after b~ 
ing crushed with a smooth glass rod in the glass tube with 
HC1/CH3OH. The resulting FAME were extracted with 
hexane and quantified by gas-liquid chromatography 
(GLC) using a fused silica capillary column (DB 225, 30 
m • 0.25 ram; J & W Scientific, Folsom, CA) programmed 
with an initial hold for 2 rnin at 180~ and then temper- 
ature was increased to 220~ at the rate of 4~ 
(Hewlett-Packard GLC, Model 5890A; Mississauga, On- 
tari~ Canada). Pentadecanoate (15:0) was used as inter- 
nal standard. 

Chemicals. All solvents were obtained from Fisher 
Scientific Ca (UnionviUe~ Ontari(~ Canada) and were glass 
distilled before us~ A model mixture of free fatty acids 
(Sigma Chemical Ca, St. Louis, MO) ranging from C12 to 
C20 was prepared in the laboratory, HC1/CH3OH was 
prepared in the laboratory by passing dry HC1 gas 
through dry, distilled CH3OH. 

RESULTS AND DISCUSSION 

TLCplate activation. Our objective was to minimize the 
time required for TLC plate activation without reducing 
the quality of lipid separation. Activation of 0.5-mm thick 
silica gel TLC plates for 10 min at full power in the micro- 
wave oven resulted in a quality of separation of individual 
lipids equal to that occurring with at least 4 h at 110~ 
in a conventional oven (2). TLC plates impregnated with 
10% AgNO3 were also activated for 10 rain in the micro- 
wave oven; the separation of lipid molecular species 
on these plates was identical to that obtained by the 
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TABLE 1 

Total Fatty Acid Methyl Esters Recovered from Different 
Quantities of Free Fatty Acids Using Conventional 
and Microwave Ovens a 

Fatty acid Determined 

added Conventional Microwave 

0.5 0.5 _ 0.1 b 0.5 ± 0.1 
1.0 1.0 ± 0.1 0.9 ± 0.0 
1.5 1.5 +_ 0.0 1.5 +_ 0.1 
2.0 2.0 ± 0.1 2.0 ± 0.1 
2.5 2.5 ± 0.1 2.5 ± 0.1 
3.0 2.9 ± 0.1 3.1 ± 0.1 
3.5 3.4 +__ 0.1 3.6 ± 0.2 
4.0 3.7 + 0.1 4.0 ± 0.2 
4.5 4.2 ± 0.2 4.4 ± 0.3 
5.0 4.7 -!-_ 0.1 4.8 ± 0.3 

aDifferent volumes of a fatty acid mixture were analyzed by gas- 
liquid chromatography (GLC) after methanolysis in HCI]CH3OH as 
described in Materials and Methods; the added quantities are com- 
pared to the values determined by GLC. The complete fatty acid 
analyses are contained in Table 2. 
bMean -- SD, n -- 5. 

c onven t i ona l  m e t h o d  a n d  t h e  r a p i d  p r o c e d u r e  r e su l t ed  in 
less  d i s co lo r a t i on  of t h e  c h r o m a t o p l a t e s .  

Preparation of FAME. Dif fe ren t  c o n c e n t r a t i o n s  of  a 
m i x t u r e  of  f a t t y  acids ,  r a n g i n g  in  c a r b o n  cha in  l e n g t h  
f rom C12 to  C20, were m e t h y l a t e d  w i t h  HCI]CHsOH (1.5 
M) for 1 min  in t he  mic rowave  oven a n d  6 - 8  h in a con- 
v e n t i o n a l  oven (Table 1). H i g h e r  c o n c e n t r a t i o n s  of f a t t y  
ac ids  were shown to  requ i re  u p  to  2 min  for  m a x i m u m  
y i e l d  ( d a t a  n o t  shown).  The re  was  no  s i gn i f i c an t  c h a n g e  
in t he  q u a n t i t y  of t h e  f a t t y  ac ids  b e t w e e n  m i x t u r e s  
m e t h y l a t e d  in  a mic rowave  a n d  in a c o n v e n t i o n a l  oven 
a l t h o u g h  t h e  m e a n  va lues  of t h e  microwave  m e t h o d  were 
c loser  to  t h e  a d d e d  va lues  a t  h ighe r  concen t r a t i ons .  

T h e  y i e ld  of  F A M E  b y  t h e  mic rowave  m e t h o d  was  ex- 
a m i n e d  a t  v a r i o u s  c o n c e n t r a t i o n s  of HC1]CH~OH in 
o rde r  to  d e t e r m i n e  t h e  o p t i m a l  c o n c e n t r a t i o n  of  t h e  rea- 
g e n t  (Table 2). The  q u a n t i t i e s  of F A M E  p r o d u c e d  a t  dif- 

METHOD 

ferent  c o n c e n t r a t i o n s  of HC1/CH3OH reagen t ,  r a n g i n g  
f rom 0.025 to  2.0 M, were qu i t e  s imilar .  H i g h e r  concen-  
t r a t i o n s  of HCYCH3OH a p p e a r e d  to  cause  some  loss of  
F A M E  {data  n o t  shown) whi le  t h e  low y ie ld  of F A M E  a t  
c o n c e n t r a t i o n s  of HC1]CHsOH a t  0.00625 M was  prob-  
a b l y  due  to  i n c o m p l e t e  m e t h y l a t i o n .  Our  r e su l t s  s u g g e s t  
t h a t  0.5 M HCYCH3OH is a su i t ab l e  concen t r a t i on  which  
y i e ld s  o p t i m u m  levels  of F A M E  f rom l ip ids  w i t h o u t  loss  
of  u n s a t u r a t e d  f a t t y  acids.  

Analysis of wholeplant tissue The  a n a l y s e s  of t he  fat-  
t y  acid  con ten t  of B napus seeds  d id  no t  require  p r io r  l ipid 
e x t r a c t i on  and  pur i f ica t ion .  The  seeds  were m e t h a n o l y z e d  
d i rec t ly  w i th  1.5 M HC1/CH3OH or  0.1 M N a O H / C H s O H  
in t he  microwave overL The  resu l t s  of G L C  ana lyses  (Table 
3) showed no  s ign i f i can t  d i f ferences  in t h e  f a t t y  ac id  com- 
p o s i t i o n  of  seed  l ip ids  m e t h a n o l y z e d  by  t h e s e  r eagen t s .  
There  was  a sma l l  d i f ference  in quan t i t y ,  p r o b a b l y  due  to  
t h e  i n a b i l / t y  of N a O H / C H s O H  to  m e t h y l a t e  free f a t t y  
ac ids  {unpubl i shed  data) .  

Loss of unsaturated fatty acids by oxidatior~ The  model  
f a t t y  ac id  m i x t u r e  was  e s t e r i f i ed  u s i n g  t h e  mic rowave  
m e t h o d  a n d  in  a c onve n t i ona l  oven in  t u b e s  t h a t  were in- 
c o m p l e t e l y  c losed  {unsealed). I n  u n s e a l e d  t u b e s  f rom t h e  
mic rowave  oven, t he  a n a l y s e s  r evea led  no s i gn i f i c an t  ox- 
i d a t i o n  of  u n s a t u r a t e d  f a t t y  acids,  whi le  m e t h y l a t i o n  of  
f a t t y  ac ids  b y  the  conven t iona l  m e t h o d  in unsea l ed  t u b e s  
c a u s e d  severe  loss  of  u n s a t u r a t e d  f a t t y  ac ids  due  to  ox- 
i d a t i o n  {data  n o t  shown). I n  t he  mic rowave  me thod ,  t he  
d u r a t i o n  of h e a t i n g  is on ly  1 mln  a n d  therefore,  the re  is  
less  chance  of e v a p o r a t i o n  of t h e  r e g e n t  a n d  s u b s e q u e n t  
o x i d a t i o n  of u n s a t u r a t e d  f a t t y  ac ids  shou ld  t h i s  occur. 

Methanolysis of molecular species in the presence of 
AgNOe The  m o l e c u l a r  spec ies  of g a l a c t o s y l d i a c y l g l y -  
cerols  a n d  p h o s p h o l i p i d s  a re  r o u t i n e l y  a n a l y z e d  in ou r  
l a b o r a t o r y  u s i n g  s o d i u m  m e t h o x i d e  (8,9) {which does  n o t  
r e a c t  w i t h  AgNO3). Th i s  t e c h n i q u e  is t i m e - c o n s u m i n g  
a n d  s o m e t i m e s  r e su l t s  in t h e  a p p e a r a n c e  of fa l se  p e a k s  
due  to  i m p u r i t i e s  in t h e  p r e p a r e d  s o d i u m  m e t h o x i d e  rea- 
gent .  The  use  of N a O H / C H 3 O H  in t he  a n a l y s i s  of l ip id  
m o l e c u l a r  spec ies  u s i n g  t h e  mic rowave  oven was  fas ter ,  

TABLE 2 

Recovery of Fatty Acid Methyl Esters Prepared from a Mixture of Free Fatty Acids Using Various Con- 
centrations of HCI/CH3OH a 

Concentration of HCI]CH3OH 

Fat ty  acid 2.0M 1.5M 0.5M 0.1M 0.025M 0.00625M 

(tool%) 

12:0 3.8 _ 0.3 b 3.8 ----- 0.1 3.8 +-- 0.1 4.1 +_ 0.1 3.9 +-, 0.1 3.9 ----- 0.1 
14:0 19.6 _ 0.3 19.4 + 0.2 19.5 +_ 0.2 20.4 _ 0.1 20.0 --+ 0.4 19.9 + 0.3 
16:0 6.0 + 0.3 5,9 + 0.1 5.9 +_ 0.0 6.0 ± 0,0 5.9 + 0.1 6.0 +-- 0.1 
16:1c c 7.3 _ 0.1 7.3 ----- 0.1 7.4 +-- 0.1 7.5 ± 0.1 7.5 --4--- 0.1 7.4 ± 0.1 
16:1t c 10.2 + 0.1 10.4 ± 0.1 10.5 ----- 0.1 10.8 ----- 0.1 10.7 + 0.1 10.7 + 0.1 
17:0 6.8 + 0.1 6.7 + 0.1 6.7 ----- 0.0 6.6 ± 0.0 6.6 + 0.1 6.7 + 0.1 
18:0 1.5 + 0.0 1.4 + 0.0 1.4 ----- 0.0 1.4 + 0.1 1.4 ----- 0.0 1.4 -- 0.0 
18:1 17.6 +_ 0.2 17.7 +--- 0.1 17.6 ----- 0.1 17.3 + 0.1 17.4 -- 0.2 17.4 ± 0.2 
18:2 13.6 +__ 0.1 13.8 + 0.1 13.9 ----- 0.1 13.4 + 0.1 13.7 + 0.1 13.6 + 0.1 
18:3 8.5 +_ 0.1 8.8 +-- 0.1 8.9 + 0.0 8.5 + 0.1 8.6 +-- 0.1 8.6 + 0.1 
20:0 4.9 ___ 0.1 4.7 ----- 0.1 4.7 -!-_ 0.1 4.1 ± 0.1 4.2 +--- 0.2 4.2 -- 0.1 
Total 1.3 + 0.05 1.3 _ 0.1 1.4 +_ 0.03 1.3 + 0.0 1.3 ----- 0.0 0.7 ± 0.1 
(pmole) 

aAll samples were methanolyzed in 0.5 mL of reagent for 1 rain in a microwave oven at full power. 
bM~an + SD, n = 5. 
c16:1c, cis-9-hexadecenoic acid; 16:1t, trans-9-hexadecenoic acid. 
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METHOD 

TABLE 3 

FAME Prepared from Intact Brassica napus Seeds a 

Methanolysis reagent 

Fatty acid 1.5M HC1 DAM NaOH 

(tool%) 
16:0 5.3 +__ 0.2 b 5.3 +__ 0.2 
16:1c c 0.3 _+ 0.0 0.2 _+ 0.1 
16:lt c 0.0 +_ 0.0 0.0 +_ 0.1 
16:2 0.1 +_ 0.0 0.1 _ 0.0 
16:3 0.1 + 0.0 0.1 + 0.0 
18:0 1.6 ___ 0.0 1.6 + 0.0 
18:1 62.5 +__ 0.2 62.4 ___ 0.3 
18:2 20.5 _ 0.0 20.4 _ 0.2 
18:3 8.1 _+ 0.0 8.1 +_ 0.0 
20:0 0.5 + 0.1 0.5 + 0.1 
20:1 1.0 _+ 0.0 1.0 _+ 0.1 
Total 30.3 +_ 1.7 28.3 +__ 1.4 
(/~moles) 

aThe fatty acid methyl esters {FAME) were prepared using 1.5M 
HC1/CH30H and 0.1M NaOH/CH30H in the microwave oven. 
bMean +_ SD, n = 5. 
CAs in Table 2. 

more  rel iable a n d  the  GLC ana lyses  of F A M E  were free 
f rom c o n t a m i n a t i o n  (data  no t  shown). 

I n  conclusion,  the  microwave m e t h o d  of l ipid ana lys i s  
has  proven to be very  efficient, fas t  and  re l iab le  The  tech- 

n ique  requires very  l i t t le  reagent  to ester ify lipids and  free 
f a t t y  acids in  a shor t  per iod of t i m e  We have also suc- 
cessful ly  employed the  m e t h o d  to ana lyze  f a t t y  acid con- 
t e n t s  of i n t ac t  seeds, whole leaves and  cyanobacter ia l  cells 
in  fresh s ed imen ted  pel le ts  f rom l iquid  cul tures .  
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L E N ' E R T O  T H E  E D I T O R  I I 

Comments on Erythrocyte Membrane PhosphoUpid Fatty Acid Changes 
in Cerebral Palsy Patients During Nutritional Rehabilitation 

Dear Sir: 

When Harper e t  aL (1) reported on the fat ty acid profile 
of erythrocyte membrane phospholipids in cerebral palsy, 
they showed that although a soy oil-based nasogastric fo~ 
mula resulted in an increased proportion of linoleic acid 
in the erythrocyte phospholipids, ~linolenic acid and 20 
and 22 carbon polyunsaturated fatty acids were un- 
changed over a period of at least 25 d on this regimen. 
It was suggested that the high linoleic acid in the formula 
may have inhibited the desaturases, causing the observed 
lack of change in the longer chain metabolites. 

Two other factors may also have contributed to the in- 
crease in linoleic acid, but lack of change in a-linolenic acid 
and in 20 and 22 carbon r and co3 fat ty acids. First, as 
these children were gaining weight and body fat during 
this phase of nutritional rehabilitation, they were not in 
a steady-stat~ In humans in the steady-state, dietary 
linoleic acid is more readily oxidized than are saturated 
fatty acids (2). Although not studied in humans, a-linolenic 
acid is also more readily oxidized than are saturated acids 
(3). A greater demand in these patients to oxidize dietary 
linoleic and a-linolenic acids, as provided in the soy oil- 
based formula, might contribute to a lack of change in 
both a-linolenic acid and longer chain metabolites of both 
linoleic and a-linolenic acid during nutritional rehabilita- 
tion in cerebral palsy. 

Second, various vitamins and trace elements are re  
quired in linoleic acid desaturation. Notable among these 
is zinc, the deficiency of which has a clear inhibitory 

effect on the synthesis of both arachidonic and docosahex- 
aenoic acids in animals and in humans (4,5). Although the 
cerebral palsy patients reported by Harper et al. (1) may 
not have been zinc deficient, their weight gain during the 
period of the study again points to a nonsteady-state for 
zinc which could influence the availability of zinc needed 
in desaturation. This could also contribute to the lack of 
change in longer chain metabolites of both linoleic and 
a-linolenic acid in the presence of adequate amounts of 
these precursors in the diet. 

Stephen C. Cunnane 
Department of Nutritional Sciences 
Faculty of Medicine 
University of Toronto 
Toront~ M5S 1AS Canada 
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Erythrocyte Membrane Phospholipid Fatty Acid Changes in Cerebral 
Palsy Patients During Nutritional Rehabilitation--A Response 

Dear Sir: 

We are very interested in the suggestions of Dr. Cunnane 
(1). The whole issue of nutrient supply in relation to 
growth rate is very important and often misunderstood, 
so we welcome the opportunity to clarify this point. 

Although our patients were all very deficient in body 
mass before treatment, unlike children in the developing 
world, there was no clinical evidence of deficiency of minor 
components; in particular, hair, skin and mucous mem- 
branes were all healthy. 

Our treatment regime did not lead to extremely rapid 
weight gain (30 g/kg/d, or more) but was usually around 
10 g/kg/d. At that  rate, the enteral feed used, Isocal TM 

(Mead Johnson, Evansville, IN), provides sufficient trace 
and minor nutrients to synthesize lean tissue On average, 
the children studied were consuming 15.7 mg Zn per day. 
Isocal TM provides 10 mg Zn per 1000 kcal; the mixed 
Canadian diet contains approximately 5 mg Zn per 1000 
kcal (2), and in a study involving Canadian preschool 
children, aged 4-5 y, the average Zn intake was 4.6 + 
1.0 mg per 1000 kcal {3). In addition, we do not base our 
prescription of nutrient intake on recommended intakes 
(which are designed to supply average, normal requir~ 
ments plus two SD), but on calculations based upon data 
describing tissue composition and percent absorption 
from the gut. We are therefore confident that there were 
no minor nutrient deficiences. 

Isocal TM provides 37.4% of energy as fat. Of the fatty 
acids therein, 18:2n-6 and 18:3n-3 comprise 45.6 and 6.7%, 

respectively (4). There does not seem much likelihood that 
there was a limitation in the supply of these fat ty acids. 

We thank Dr. Cunnane for his comments and hope that 
our response makes it clear that the provision of micro- 
nutrients is important and needs careful control in 
refeeding protocols. 

Mary Ellen Harper*, 
John Patrick, 
John K.G. Kramer and 
Mark S. Wolynetz 
Department of Biochemistry 
University of Ottawa 
Ottawa, Ontario 
K1H 8M5 Canada 

REFERENCES 
1. Cunnane, S.C. (1993) Lipids 28, 957. 
2. Kirkpatrick, D.C., and Coffin, D.E. (1974) Cam Inst. Food Sci. 

TechnoL J. 7, 56-58. 
3. Smit Vanderkooy, P.D., and Gibson, R.S. (1987) Am. J. Clin. Nutr. 

45, 609-616. 
4. Harper, M.E., Patrick, J., Kramer, J.K.G., and Wolynetz, M.S. 

(1990) Lipids 25, 639-645. 

[Received December 28, 1990; Accepted July 11, 1993] 

*To whom correspondence should be addressed at Dept. of 
Biochemistry, University of Ottawa, 451 Smyth Rd., Ottawa, 
Ontario, K1H 8M5 Canada. 

Copyright �9 1993 by the American Oil Chemists' Society LIPIDS, Vol. 28, no. 10 (1993) 



C O R R E C T I O N S  I 

961 

Effect of Dietary a~Linoleuic Acid on n-3 Fatty Acids 
of Rainbow Trout Lipids 
Karen C. Sowizral, Gary L. Rumsey and John E. Kinsella 
Lipids 25, 246-253 (1990) 

In the Results and Discussion section of this paper, part 
of the third paragraph on page 249 and part of the first 
paragraph on page 250 were inadvertently deleted. The 
third and fourth paragraphs of the Results and Discus- 
sion section should read: 

The mean weights of the fish on the four diets were 
similar, and all fish showed comparable weight gains (76 g} 
during the study period. Feed conversion {weight food 
fed/weight gain) for fish on the four diets was not sta- 
tistically significant between treatments and averaged 
1.30. There was no significant effect of diet on the proxi- 
mate composition {Table 4). 

There were no significant differences in the lipid con- 
tent of muscle from fish fed different diets though lipid 
content of the flesh increased from 4.3 _+ 0.14% to 6.95 + 
0.21% over the 64-day feeding period. The lipid content 
was within the range reported by this and other labo- 
ratories {22,23}. 

Acute Toxicity of trans-5-Hydroxy-2-nonenal in Fisher 344 
Rats 
Akiyoshi Nishikawa, Rama Sodum and Fung-Lung Chung 
Lipids 27, 54-58 (1992} 

The title of the paper should read: 

Acute ~bxicity of trans-4-Hydroxy-2-nonenal in Fisher 344 
Rats 

The Esterified Plasma Fatty Acid Profile Is Altered in 
Early HIV-1 Infection 
Michael D. Peck, Emilio Mantero-Atienza, 
Maria Jose Miguez-Burban~ Mary Ann Fletcher, 
Gaff Shor-Posner and Marianna K. Baum 
Lipids 28, 593-597 (1993) 

In this paper, one of the authors' names was inadvertently 
omitte& The correct sequence of authors and their affilia- 
tions is: 

Michael D. Peck -a, Emilio Mantero-Atienza b,c, Maria Jose 
Miguez-Burbano b, Ying Lu b,c, Mary Ann Fletcher c, Gaff 
Sho~Posner~C and Marianna K. Baum b,c 
aDepartment of Surgery, bDepartment of Epidemiology 
and Public Health Nutrition Division and CCenter for the 
Biopsychosocial Study of AIDS, University of Miami 
School of Medicine, MiAmi; Florida 33101 

A Multivariate Optimization of Triacylglycerol Analysis 
by High-Performance Liquid Chromatography 
Magnus H.J. Bergqvist and Peter Kaufmann 
Lipids 28, 667-675 (1993) 

On page 669, Equation 2 should read: 

3 = (XTX) -~X~z 

On page 673, in Figure 6A, peaks numbers 15 and 16 
should be numbers 16 and 17, respectively. 
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Sterol Synthesis and Viability of erg11 (cytochrome P450 lanosterol 
demethylase) Mutations in Saccharomyces cerevisiae 
and Candida albicans 
M. Bard a, N.D. Leesa, *, T. Turi b, D. Craft c, L. Cofrin a, R. Barbuch #, C. Koegel # and J.C. Loper b,c 
aDepartment of Biology, Indiana University--Purdue University at Indianapolis, Indianapolis, Indiana 46202-5132, bDepartment of 
Molecular Genetics:, CDepartment of Environmental Health, University of Cincinnati College of Medicine, Cincinnati, Ohio 
45267 and dMarion Merrell Dow Pharmaceutical Inc., Cincinnati, Ohio 45215 

The identification of the precise structural features of 
yeast sterol molecules required for the essential "spark- 
ing" function has been a controversial area of research. 
Recent cloning and gene disruption studies in Sac- 
charomyces cerevisiae have shown that C-24 methylation 
(ERG6), C-5 desaturation (ERG3) and As-A 7 isomerization 
(ERG2) are not required, while C-14 demethylation 
{ERG11) and C-14 reduction (ERG24} are each required for 
aerobic viability. Earlier observations had indicated that 
C-14 demethylase deficient strains could be restored to 
aerobic growth by suppressor mutations that caused a 
deficiency in C-5 desaturase. These strains were reported 
to synthesize some ergosterol, indicating that they con- 
tained leaky mutations in both ERG11 and ERG3, thereby 
making it impossible to determine whether the removal 
of the C-14 methyl group was required for aerobic viabil- 
ity. The availability of the ERGll  and ERG3 genes has 
been used in this study to construct strains that contain 
null mutants in both ERGll  and ERG3. Results show 
that these double disruption strains are viable and that 
spontaneously arising suppressors of the ERGll  disrup- 
tion are erg3 mutants. The erg11 mutants of S. cerevisiae 
are compared to similar mutants of Candida albicans 
that are viable in the absence of the erg3 lesion. 
Lipids 28, 963-967 {1993). 

The ergosterol biosynthetic pathway of yeast has been a 
focus of study for several decades. Initial interest resulted 
from the fact that several antifungal agents target this 
pathway or its end product, ergosterol. This is particularly 
true of the portion of the pathway beginning with the for- 
mation of the first sterol molecule" lanosterol. Although 
research on the mechanisms of action and resistance for 
antifungals and the development of new agents is still pur- 
sued, additional fundamental questions related to sterol 
function in membranes are being addressed. 

Sterols play critical bulk roles in eucaryotic membranes 
providing the appropriate membrane fluidity to allow for 
normal functions such as membrane permeability (1,2), 
the activity of membrane-bound enzymes (3) and cellular 
growth rates (4). Beyond the bulk function, sterol has been 
implicated in providing an essential component required 
for completion of the cell cycle Studies using a sterol aux- 
otroph have indicated that  yeast cells were unable to exit 
the G1 phase of the cell cycle unless a specific sterol 
*To whom correspondence should be addressed at Indiana 
University-Purdue University at Indianapolis, 723 W. Michigan St., 
Indianapolis, IN 46202-5132. 
Abbreviations: BSTFA, N,O-bis(trimethylsilyl)trifluoroacetarmde; 
GC, gas chromatography; MS, mass spectroscopy; PCR, polymerase 
chain reaction, sld, suppressor of lanosterol demethylation; TMCS, 
trimethylchlorosilane; Tween 80, polyoxyethylenesorbitan 
monooleate; YMG, galactose minimal medium; YMM, yeast minimal 
medium; YPD, yeast extract, peptone, dextrose. 

molecule was present (5). This specific sterol was required 
in hormonal amounts and allowed resumption of the cell 
cycle provided that sufficient nonspecific bulk sterol was 
also present. Ergosterol could satisfy both the bulk func- 
tion and the specific, or "sparking" function (6,7). 

Several sterol structural features have been suggested 
as essential for sparking activity. One group proposed that 
methylation of the C-24 position (ERG6 gene) was essen- 
tial (8,9) while a second proposed that desaturation of the 
C-5(6) position (ERG3 gene) was required for sparking 
(6,7,10). Recently the ERG6 and ERG3 genes have been 
cloned and used to obtain gene-disrupted haploid strains 
(11,12). In both cases, cells carrying the null allele were 
viable, indicating the nonessentiality of each gene. A 
similar result has also been reported for gene ERG2 en- 
coding the hs-h 7 isomerase activity (13}. More recent 
report s (14,15 ) describe the cloning and disruption of the 
C-14 sterol reductase gene (ERG24). In one of these studies 
(14), cells containing the C-14 reductase gene disruption 
were shown to be nonviable under aerobic conditions, in- 
dicating that this gene contributes an essential structural 
feature to the sparking function. 

Moreover, the C-14 demethylase (ERG11), has been 
cloned and sequenced (16). Haploid strains disrupted for 
this gene are nonviable under aerobic conditions (16). 
Although this result established an essential role for this 
gene, prior studies using several aerobically viable erg11 
mutant strains (17,18) indicated that  these mutants also 
carried a mutation in ERG3, the gene for C-5(6) desatu- 
rase An explanation for this situation has been proposed 
based on the isolation and identification of a novel sterol, 
14a-methyl-ergosta-8,24(28)-dien-3/~,6a-diol (19), found in 
erg11 mutants of Candida albicans (20,21). Although not 
a problem for C albicans, production of this sterol in erg11 
mutants of Saccharomyces cerevisiae is suggested to 
result in loss of viability due to the sterol's interference 
with normal membrane function. Its formation in erg11 
strains presumably arises from the action of C-5(6) 
desaturase on C-14 methyl fecosterol rather than its nor~ 
mal substrate" fecosterol, with the resulting formation of 
the diol. Indeed, this diol has been found in a wild type 
Saccharomyces strain treated with the 14a-demethylase 
inhibitor, fluconazole (19). The presence of an erg3 muta- 
tion that prevents the formation of the diol in S. cerevisiae 
erg11 mutants thus allows viability of the cell. 

One of the features of the double mutants used in prior 
studies (17,18) is that  they were reported to continue to 
produce some ergosterol, indicating that  both the erg11 
and erg3 mutations were leaky. This presents a difficulty 
in interpretation since sparking sterol is required in such 
small amounts and also presents a problem in determining 
the level of diol required to render the cell inviable. To 
clarify such questions we have (i) constructed S. cerevisiae 
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erg11 erg3 double disruptions (nordeaky null mutants) and 
various combinations of the disruptions and point muta- 
tions, (ii) isolated and investigated the nature of sup- 
pressors of the erg11 disruption and (ili) re-examined the 
sterol profiles of a C albicans erg11 mutant. Our results 
confirm the aerobic viability of ergll  erg3 null mutant 
strains and present a new array of accumulated sterol in- 
termediates which is compatible with growth. 

MATERIALS AND METHODS 

Strains. The strains used in this study and the sterol 
biosynthetic lesions they contain are listed in Table 1. 
Strain erg3&:LEU2 erg11.':URA3 was created by disrup- 
tion of the ERG11 gene site in strain erg3k':LEU2 (see 
below). Strain erg3 erg11::URA3 was created by crossing 
erg3-2c {12) and the erg11:URA3 strain. Spontaneous 
revertants of erg11::URA3 to aerobic viability were is~ 
lated by collecting anaerobically-grown cells and plating 
them on yeast minimal medium (YMM) under aerobic con- 
ditions. After 5-7 d colonies emerged from the nongrow- 
ing lawn. The variants were confirmed to retain the 
erg11::URA3 genotype and were designated suppressors 
of lanosterol demethylase deficiency (sld) strains. 

Growth. Strains of S. cerevisiae were grown aerobically 
on 1% yeast extract, 2% peptone and 2% dextrose (YPD) 
or 0.67% yeast nitrogen base and 2% dextrose (YMM) or 
2% galactose (YMG) at 30~ For anaerobic growth, YMM 
medium was boiled, degassed and then supplemented with 
ergosterol and Tween 80 added from a 2% ergosterol solu- 
tion in ethanol/Tween 80 (1:1, vol/vol) to a final ergosterol 
concentration of 35 mg/L, giving a final Tween 80 concen- 
tration of 0.0875% (22). Media were supplemented with 
the appropriate nutritional supplements when selection 
protocols were employed. Strain D10 of C albicans (23) 
was maintained on YPD supplemented with 45 mg/mL 
nystatin to prevent reversion of the erg11 lesion. 

Gene disruption. Disruption of the ERG11 gene in 
erg3h':LEU2 was accomplished as previously described 
(16) using a modification of a previously described elec- 
troporation procedure for the transformation step (24). 
Briefly, a 1.1 kb fragment of the URA3 gene from YEp24 
was inserted into the coding sequence o fERGl l  (LB4-3A). 
A linear BamHI-HindIII  fragment from this construct 
was used to transform yeasts to uracil prototrophy. The 
ERG3 gene was also disrupted as previously described 
(12). A 1.1 kb SAlI-XhoI fragment spanning the ERG3 

gene was deleted, the XhoI site was filled in and in its 
place was inserted a 2.0 kb SalI-HpaI fragment contain- 
ing the LEU2 gene. Cells were grown aerobically to late 
log phase at 30~ pelleted and suspended in 0.3 mM 
Na2HPO4, 0.2 mM KH2PO4, 10% glycerol for transfor- 
mation (25}. Selection of the uracil prototrophs was done 
aerobically. Gene disruption was confirmed using 
polymerase chain reaction {PCR; results not shown). 

PCR. PCR procedures were carried out in a Perkin 
Elmer (Norwalk, CT) Cetus DNA Thermal Cycler. Am- 
plimers based upon the published ERG3 sequence (12) 
were chosen to yield a 2.2 kb amplification product. The 
KpnI and SphI restriction enzyme sites were included in 
the amplimers to facilitate proper orientation upon clon- 
ing into an expression vector. These primers were used to 
amplify sldl-1 genomic DNA. 

Analysis of amplified alleles. Following amplification 
of the wild-type ERG3 and sldl-1 from the respective 
strains, the products were inserted into a galactose induci- 
ble plasmid, pYES2.0 (Invitrogen). Ten of 12 ERG3 and 
nine of 12 sldl-1 Escherichia coli transformants were 
shown to contain PCR products in the correct orientation. 
From these, six of each were transformed into a 
erg3&':LEU2 ura3 Gal + host. The presence of a func- 
tional ERG3 allele was established based upon the restora- 
tion of cycloheximide resistance Minimum inhibitory con- 
centration values of the transformants were obtained 
using YMM or YMG as growth media. 

Sterol analysis. Cells for sterol analysis were grown to 
stationary phase in YPD medium. After harvesting by 
centrifugation, the cells were subjected to saponification 
as previously described (26). Gas chromatographic (GC) 
separation and mass spectral (MS) analysis of sterols were 
done on a Finnigan MAT TSQ 700 (San Jose, CA) GC/MS. 
GC separations were carried out on a 15 m X 0.32 mm 
Durabond DB-5 column with a 0.25-mm thickness. The 
oven temperature was programmed from 50-260~ at 
25~ per min and held at 260~ for 20 min. The carrier 
gas was helium at a linear velocity of 60 cm/s. The 
capillary column was interfaced directly into the mass 
spectrometer ion source The indicated ion source tempera- 
ture was 150~ The MS was operated in the electron im- 
pact mode at 70 eV and was scanned from m/z 50 to m/z 
650 at a 0.5 s/scan rate. The resulting spectra were en- 
hanced by subtraction when necessary. The chromato- 
graphic peaks were quantitated based on area percent. 
Derivatizations were done with N, O-bis(trimethylsilyl)- 

TABLE 1 

Strains of Saccharomyces cerevisiae Used in this Study u 

Strain Ergosterol mutation Source 

erg3-2c 
erg3&':LEU2 (LB4-3A) 
JR4 
SG1 
erg3-2c erg11::URA3 
erg3&':LEU2 erg11:: URA3 
erg11.':URA3 
erg11::URA3 sldl 
sldl-1 
CG379 

erg3 Mutation 
erg3 Disruption 
erg3 erg11 Mutations 
erg3 erg11 Mutations 
erg3 Mutation erg11 disruption 
erg3 erg11 Disruptions 
erg11 Disruption 
erg11 Disruption sldl 
erg3 Mutation 
Wild-type parent for erg3 strains 

Arthington et aL (12) 
Arthington et aL (12) 
Taylor et aL (18) 
Trocha et aL (17) 
This study 
This study 
Kalb et aL (16) 
Turi (27) 
Strain TTY202A of Turi (27) 
C. Giroux (Yeast Genetic Stock Center) 

aAbbreviation: sld, suppressor of lanosterol demethylation. 
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tr if luoroacetamide (BSTFA) containing 1% trimethyl- 
chlorosilane (TMCS) purchased from Pierce (Rockford, IL). 
Fi f ty  mL of BSTFA containing 1% TMCS was added to 
the dry  sample followed by 50 mL of pyridinr  Solutions 
were heated for 5 rain at 45~ on a heat ing block. The 
sample was cooled to room temperature  before analysis. 

RESULTS AND DISCUSSION 

Previously isolated lanosterol demethylase mutants  of S. 
cerevisiae (17,18) have been reported to be leaky and to 
contain a second leaky mutat ion in the C-5(6) desaturase 
(erg3). The resulting formation of low levels of ergosterol 
makes conclusions regarding the essential sterol structure 
provided by the ERG11 and ERG3 genes problemat ic  
Single disruptions of these genes result in aerobic viability 
for erg3 (12) and aerobic nonviability for erg11 (16). The 
combination of these two disruptions would clarify the 
proposed erg3 suppression of erg11 mutants  and could 
help test  the hypothesis tha t  the erg11 mutat ion results 
in nonviability due to the accumulation of a sterol diol 

(19). To tha t  end, several combinations of ERG11 disrup- 
t ions and ERG3 disruptions and point  muta t ions  as well 
as a suppressor of the erg11:: URA3 aerobic lethality were 
generated and characterized as to sterol content  and 
aerobic viability. In addition, a lanosterol demethylase mu- 
tan t  of C albicans was analyzed to ascertain how closely 
sterol metabolism and requirements are related in the two 
species. 

Table 2 shows the sterol profiles of the strains used in 
this study. The erE11::URA3 strain is not  included since 
it  is not  viable under the aerobic conditions required for 
sterol synthesis. Strains bearing the erg3 mutat ion or the 
disrupted ERG3 gene copy produce similar typical sterol 
profiles. Strain JR4 accumulated exclusively 14-methyl- 
sterols indicative of a block in lanosterol demethylation. 
Trace amounts  of ergosterol were also detected confirm- 
ing tha t  the mutat ion is leaky (18). No evidence of the 
presence of a sterol diol was observed. The erg3 erg11 
strains produced for this study, one containing the 
erg3 point  muta t ion and the ERG11 disruption (erg3-2c 
erg11::URA3) and one containing disruptions of both  
genes (erE3A.':LEU2 erg11::URA3), produced the same 

TABLE 2 

Sterols Accumulated a by Ergosterol Mutants of Saccharomyces cerevisiae 
Strain Accumulated sterols 

erg3-2c 

erg3&':LE U2 

JR4 

SG1 

erg3-2c erg11::URA3 

erg3A::LEU2 erg11::URA3 

sldl-1 

65% Ergosta-7,22-dien-3f~-ol 
15% Ergosta-8,22-dien-3~-ol 
10% Ergosta-8-en3/3-ol 
6% Ergosta-8,24(28)-dien-3/3-ol 
4% Ergosta-7-en-3/3-ol 
74% Ergosta-7,22-dien-3/3-ol 
7% Ergosta-8,24(28)-dien-3~-ol 
6% Ergost a-8,22-dien-3 f~-ol 
4% Ergosta-7,24(28)-dien-3~-ol 
4% Ergosta-7,22,24(28)-trien-3/~-ol 
4% Ergosta-8,22,24(28)-trien-3/~-ol 
64% 14-Methylfecosterol 
12% Obtusifoliol 
24% Lanosterol 
Ergosterol (trace) 
42% Ergosta-7,22-dien-3/~-ol 
31% Ergosta-7-en-3~ol 
18% Ergosta-8-en-3~-ol 
5% Ergosta-8,24(28)-dien-3~-ol 
2% Lanosterol 
1% Ergosta-8,22-dien-3/~-ol/zymosterol 
<1% Ergosterol 
67% 14-Methylfecosterol 
7% Obtusifoliol 
26% Lanosterol 
84% 14-Methylfecosterol 
3% Obtusifoliol 
12% Lanosterol 
39% Ergosta-7,22-diem3/3-ol 
20% Ergosta-8,24(28)-dien-3/~-ol 
20% Ergosta-7-en-3~-ol 
8% Ergosta-7,24(28)-dien-3~-ol 
7% Ergosta-8-en-3$ol 
4% Zymosterol 
1% Ergosta-8,22-dien-3/3-ol 

aCeUs were grown in yeast extract for 48 h, centrifuged and saponified as described 
previously (26). Gas chromatography and mass spectrometry analysis were performed 
as described in Materials and Methods. See Table 1 for abbreviation. Trace, much less 
than 1%. 
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sterol profile as tha t  of JR4, with the exception tha t  no 
ergosterol was detected. Thus, viability of JR4 is not  the 
result of leakiness of the individual point mutations.  
Strain SG1, which has been previously identified as con- 
taining point mutat ions in the E R G 3  and ERG11 genes 
(17), produced a sterol profile consistent  with tha t  of an 
erg3 strain. Our isolate mus t  have resulted from a spon- 
taneous revertant  of the erg11 lesion. 

Table 2 also shows the sterol profile of strain sldl-1, 
a strain which contains a wild-type copy of ERG11.  
This sldl-1 marker originally arose in an aerobically 
growing variant  of the ERG11 disrupted strain, strain 
erg11::URA3 sldl .  Since erg l l : :URA3  sldl  was shown to 
retain its original erg11::URA3 disruption based on uracil 
prototrophy, its ability to grow aerobically was at tr ibuted 
to a suppressor mutat ion at a different locus. The strain 
was mated to erg11::URA3, an obligate anaerobe, in order 
to determine whether the suppressor mutat ion was domi- 
nant  or recessive. The resulting diploid was found to be 
also an obligate anaerobe, indicating tha t  the sld muta- 
tion is recessive. Mating of erg l l : :URA3 sldl  with an 
ERG11 ura3-52 strain yielded a diploid for which sporula- 
tion resulted in a high percentage of incomplete tetrads. 
This may be due to the accumulation of decreased sterol 
levels or aberrant  sterols in the developing asci. Of the 
four intact  te trads recovered, one {nonparental ditype) 
yielded 2:2 segregation for uracil prototrophs tha t  were 
obligate anaerobes and uracil auxotrophs tha t  were 
capable of aerobic growth. Thus, the erg11 marker and the 
sldl  marker are not linked. This aerobically competent  
sldl  segregant was named sldl-1 (Table 1). Sterol analysis 
of sldl-1 yielded a spectrum that  was consistent with that  
of an erg3 strain {Table 2). Strain sldl-1 was then mated 
separately with known erg3 strains. The resulting diploids 
remained nystat in  resistant, indicating tha t  erg3 and 
sldl-1 are allelic (27}. 

PCR primers chosen for amplification of E R G 3  gave a 
single product  of the predicted size using E R G 3  genomic 
DNA. When these identical amplimers were used with 
sldl-1 genomic DNA as the template, a single band of the 
same 2.2 kb size was produced. Since this sldl-1 strain was 
never shown to revert (27), it is of interest that  sldl yielded 
a product that  is the same as wild-type product, indicating 
no gross insertion or deletion has occurred. 

As is the case with many of the erg mutants  (11-13), 
erg3 and sldl-1 are cycloheximide sensitive, apparently due 
to the increased permeabili ty of the cytoplasmic mem- 
brane  To further  examine the erg3 nature of sldl-1, we ex- 
amined the capacity of the amplified gene sequence for 
either E R G 3  or sldl-1 to restore cycloheximide resistance 
to an erg3 null mutant .  Plasmids were prepared contain- 
ing either the amplified E R G 3  or sldl-1 sequence under 
regulation of the galactose promoter  and were trans- 
formed into strain erg3&':LEU2. The results are shown in 
Table 3. When the E R G 3  plasmid was present, cyclohex- 
imide resistance returned in the cells grown on YMG, but  
not in cells grown in YMM. However, addition of the sld14 
containing plasmid had no effect on cycloheximide sen- 
si t ivity of cells grown on either medium. These pat terns  
are consistent with sldl being a nonfunctional erg3 allele 

The demonstrat ion tha t  the erg11 lesion is not  aerobi- 
cally viable in S. cerevisiae (16), coupled with the results 
showing tha t  azole-resistant mutants  of this organism 
were erg3 mutants,  led to the hypothesis tha t  the erg11 

TABLE 3 

Cycloheximide Sensitivity of Strain LB4-3A (erg3A::LEU2) 
Transformed with Polymorase Chain Reaction Products 
Under the Galactose Promoter 

Growth Cycloheximide 
conditions a [Minimal inhibitory concentration (ng/mL) b 

Galactose 0 10 20 40 80 160 
pGal (control} + + + - - - 
pGal-sldl + + + - - - 
pGal-ERG3 + + + + + + 

Glucose 0 10 20 40 80 160 
pGal (control) + + + - - - 
pGal-sldl + + + - -- - 
pGal-ERG3 + + + + - - 

~ells were grown on yeast extract peptone media containing either 
2% galactose plus 0.1% glucose, or 2% glucose. 
bResults presented axe a compilation of six independent clones of 
either ERG3 or sldl gene sequences transformed into erg3&':LEU2; 
+, growth at 48 h; - ,  no growth at 48 h. 

mutat ion was lethal due to the formation of a sterol diol 
{19}. Since azoles are inhibitors of C-14 demethylation {28}, 
they are mimics for the erg11 mutation. Thus, the erg3 
mutat ion would allow aerobic survival in the presence of 
azole via the same mechanism that  allows survival of the 
erg11 mutat ion when accompanied by the erg3 mutation. 
The situation in the pathogenic fungus C. albicans, ap- 
pears different in tha t  erg11 mutants  are capable of 
aerobic growth. These mutants  showed decreased growth 
rates {29}, altered membrane properties (30) and defective 
hyphae formation {29}. Coupled with recent results (31) 
indicating the increased active oxygen sensitivity of azole- 
t reated cells, the mode of efficacy of these drugs appears 
quite complex. 

We previously reported the sterol profile of an erg11 mu- 
tant  {strain D10) of C albicans {32}. The sterols identified 
for D10 were 14-methylfecosterol, obtusifoliol, lanosterol, 
24-methylene-24,25-dihydrolanosterol and 24,25-dihydro- 
lanosterol. In view of the identification of a sterol d/ol hn 
another  C albicans strain (20) and in the context  of this 
study, the sterol content  of D10 was reexamined. The 
sterol profile of D10 along with tha t  of the S. cerevisiae 
strain erg3~':LEU2 erg11::URA3 are shown in Figure 1. 
The S. cerevisiae strain shows the profile of C-14 methyl- 
sterols typically found in erg11 strains in an erg3 back- 
ground. In the C albicans erg11 strain, a somewhat dif- 
ferent array of C-14 methylsterols is seen to accumulate. 
The peak eluting at 18:03 has now been identified as 14a- 
methylergosta-8,24(28)-dien-3f3,6a-diol ra ther  than 24,25 
dihydrolanosterol. 

The MS analysis of the strain D10 diol yielded results 
similar to those reported in the identification of the diol 
in another  erg11 of this organism (20). The electron im- 
pact  mass spectrum of this sterol showed the following 
ions: m/z 428, M+'; rn/z 413, M +" - - C H 3 ;  rn/z 395, 
M +" - "CH3 - HzO; and m/z 377, M +~ - .CH 3 - 2 H20. 
The formation of the trimethylsilyl  derivatives using 
BSTFA (1% TMCS) resulted in a bis-trimethylsilyl  
derivative, which is consistent with the presence of a diol. 
The electron impact spectrum of this derivative yielded 
the following ions: rn/z 572, M+'; m/z 557, M +~ - .CH3; 
rn/z 467, M +" - - C H  3 -  HOSiMe3; and m/z 377, 
M +" - "CH3 - 2 HOSiM%. 
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FIG. 1. Sterol profiles of Candida albicans strain D10 and Sac- 
charomycea cerevisiae strain ergll::URA3 erg3&':LEU2. A, uniden- 
tified sterol of mlz 408; B, unidentified sterol of m/z 410; C, 
14-methylfecosterol; D, obtusifoliol; E, lanosterol; F, 24-methylene 
lanosterol; G, 14-methylergosta-8,24(28)-dien-3/],6a-diol. 

The results presented here indicate conclusively that,  
in the absence of ergosterol {detection level much less than 
1%}, removal of the methyl  group from the C-14 position 
is not required for the aerobic growth of S. cerevisiae.  
Previous reports using leaky strains (JR4 and SG1) that  
produced low levels of ergosterol made a definitive deter- 
mination regarding the requirement for C-14 demethyla- 
tion impossible. This conclusion is clearly evident by the 
aerobic growth of erg3&:LEU2 erg11::URA3, a strain that  
produces 14-methylsterols exclusively. The results using 
erg3 disrupted strains, and erg11 suppressor strains (sldl) 
also confirm the necessity of an erg3 mutat ion for the 
aerobic growth of erg11 mutants  of this organism. This 
confirmation supports  the hypothesis tha t  the erg11 
mutat ion is lethal due to the accumulation of sterol diol. 
The viability of erg11 isolates from C albicans and the 
detection of significant levels of diol indicate either tha t  
the two organisms produce differing amounts  of diol or 
tha t  they vary in their sensitivity to the lethal effects of 
the diol. In addition, the possibility exists that  C albicans 
may be spared the lethal effects of the diol by sequester- 
ing this compound in an esterified form. 
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Farnesylamlue, an analogue of farneso|, was shown to in- 
hibit growth of PAP2 cells (ras-transformed NIH 3T3 cells) 
in a dose-dependent manner. This inhibition was overcome 
by adding farnesol to the culture medium, but not by ad- 
ding geranylgeraniol, squalene, cholesterol, dollchol, my- 
ristic acid or palmitic acid. Farnesylamlue inhibited both 
farnesyl/protein transferase and geranylgeranyl/protein 
transferase in whole cell extracts and also inhibited the 
prenylation of proteins, particularly ras p21, in PAP2 cells. 
Inhibition of prenylation was associated with increased 
biosynthesis of other products of the mevalonate biosyn- 
thetic pathway. These observations suggest that inhibition 
of the growth of PAP2 cells by farnesylamine may be due 
to blocking of ra&mediated signal transduction. This of- 
fers a means of investigating mechanisms involved in ras 
action and raises the possibility of developing novel strate~ 
gies for anticancer therapy. 
Lipids 28, 969-973 (19931. 

Recently it has been established that polyisoprenoid com- 
pounds such as farnesol and gerany|gsraniol are attached 
posttranslationally to a small group of proteins {1-4}. Some 
of these proteins, such as ms proteins, are biologically ac- 
tive only when they are associated with the inner surface 
of plasma membranes (5-8). Several posttranslational 
modifications are required for interaction of these proteins 
with the plasma membrane These include addition of a 
farnesyl group to the C-terminal cysteine residue by a 
thioether linkage {9,10}, proteolytic cleavage of three amino 
acids at the C-terminal end, methylation of the carboxyl 
group of cysteine (11,12) and palmitoylation (13-15}. A list 
of well-characterized farnesylated and geranylgeranylated 
proteins is included in recent reviews {7,16}. Among these 
prenylated proteins, much attention has been focused on ras 
proteins, because of their involvement in many types of 
cancer {7,17-19}. 

Several reports suggest that both membrane association 
and biological activity of ras proteins are abolished by block- 
ing farnesylation of these proteins For exampl~ altering the 
amino acid sequence at the C-terminal end of the ras pr~ 
tein to prevent farnesylation abolishes its cell transforming 
activity {20-22}. The growth of ras-transformed cells and 
other cells can also be prevented by 3-hydroxy-3-methyl- 
glutaryl coenzyme A (HMG-CoA} reductase inhibitors, 

1Career Scientist of the Ontario Cancer Treatment and Research 
Foundation. 
*To whom correspondence should be addressed. 
2Career Investigator of the Medical Research Council of Canada. 
Abbreviations: DNA, deoxyribonucleic acid; FPP, farnesylpyrophos- 
phate; GPP, geranylgeranyl pyrophosphate; HMG-CoA, 3-hydroxy- 
3-methyl-glutaryl coenzyme A; MTT, 3-[4,5-dimethylthiazole]-2,5- 
diphenyltetrazolium bromide; MVA, mevalonic acid; PAP2 cells, ras- 
transformed NIH 3T3 cells; PBS, phosphate buffered saline; PMSF, 
phenylmethylsulfonyl fluoride; SDS-PAGE, sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis; TCA, trichloroacetic acid; TLC, 
thin-layer chromatography. 

which block the synthesis of mevalonic acid, a precursor of 
farnesyl pyrophosphate (FPP) (17,23,24}. However, it was 
recently shown that inhibition of cell growth by lovastatin 
(an HMG-CoA reductase inhibitor} is independent of ras 
function {25}, and the concentrations of such inhibitors re  
quired to prevent the prenylation of ras proteins in cell 
culture are approximately 100 times higher than the con- 
centrations required to inhibit cholesterol biosynthesis {26}. 
Similarly, high concentrations (1 raM) of d-limonene and its 
metabolites are required to prevent ras prenylation (27). 

The enzymes involved in the transfer of farnesol and 
geranylgeraniol moieties from their pyrophosphate forms to 
proton have been identified in several mammalian cells and 
tissues {28-35}. Farnesyl/protein transferase has been puri- 
fied from rat brain (30), and a number of synthetic tetrapep 
tides were found to be good inhibitors of this enzyme in vitro 
{36}. Biological activity of ras proteins has been inhibited 
in Xenopus oocytes by microinjection of an octapeptide with 
sequences similar to the C-terminal end of ras p21 protein 
{37}. However, doubts were expressed about the use of these 
peptides as anticancer drugs, because their delivery to in- 
tracellular targets may present problems {19). Therefor~ 
compounds that specifically inhibit farnesylation at low con- 
centrations without affecting the biosynthesis of other com- 
pounds may be useful in controlling malignancies. 

In this paper, we describe the synthesis of farnesylamin~ 
a derivative of farnesol, and its use an inhibitor of cell 
growth and farnesylation of proteins in ras-transformed 
PAP2 {ras-transformed NIH 3T3) cells. In these cells, p21 
ras levels are expressed about 100 times higher than in the 
NIH 3T3 cells from which they are derived {38}. 

MATERIALS AND METHODS 

Materials. Mevinolin was a gift from Murray Huff (De- 
partment of Medicine. University of Western Ontari~ 
London, Ontari~ Canada). The lactone form of mevinolin 
was converted to its sodium salt as described by 
Habenicht et aL (39). (RS)[5-aH]Mevalonolactone (MVA) 
(27.5 Ci/mmol) was obtained from New England Nuclear, 
Dupont Canada Inc (Markham, Ontario, Canada). [3H]- 
Thymidine (6.7 Ci/mmol) was from ICN (Irvine, CA). 
[I(n)-3H]FPP (15 Ci/mmol) and [l(n)-3H]geranylgeranyl 
pyrophosphate (GPP) (15 Ci/mmol) were purchased from 
Amersham Life Sciences (Oakville, Ontari~ Canada). 
Farnesol was purchased from Sigma Chemical Co. (St. 
Louis, MO), and farnesyl bromide from Aldrich Chemical 
Ca, Inc (Milwaukee, WI). Tissue culture medium and fetal 
calf serum were purchased from GIBCO (Burlington, On- 
taric~ Canada). X-Omat AR film was obtained from 
Eastman Kodak Ca (Rochester, NY). Electrophoresis 
reagents were from Bio-Rad (Richmond, CA). All other 
chemicals were purchased from Sigma. 

Synthesis of farnesylamine. All-trans farnesylamine was 
synthesized from all-trans farnesol by the Gabriel syn- 
thesis (40). Farnesol was first converted to farnesyl 
tosylate and then to farnesylphthalamid~ which was sub- 
jected to hy~azinolysis to yield the amin~ Farnesylamine 
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was separated from the reaction mixture and purified by 
silica gel 60 H thin-layer chromatography (TLC). Chloro- 
form]acetone/methanol/acetic acid/water (10:4:2:2:1, by vol) 
was used as developing solvent, and the farnesylamine 
was detected by spraying with ninhydrin. Farnesylamine 
has an R~ of 0.58. The structure was confirmed by mass 
spectroscopy and nuclear magnetic resonance spectro- 
scopy. All-trans farnesylamine was also synthesized in bet- 
ter yield from all-trans farnesyl bromide according to 
Galat and Elion (41). 

Cell culture. PAP2 cells (malignant, T24 H-ras-trans- 
formed NIH 3T3 cells) (42,43) were maintained at 37~ 
in Dulbecco's modified Eagle medium containing 3.7 g of 
NaHCO3 per liter, supplemented with 10% (vol/vol) fetal 
bovine serum. The medium was equilibrated with a 
humidified atmosphere of 5% CO 2. Stock cultures were 
seeded at a density of 2 • 105 cells/mL and allowed to 
multiply for 48 to 72 h. Viability of the cells was measured 
before and after treating with farnesylamine, using the 
3- [4,5-dimethylthiazole]-2,5-diphenyltetrazolium bromide 
method as described by Hansen et al. (44). Cell prolifera- 
tion was measured by plating cells in plastic dishes, allow- 
ing cell growth for the times specified, trypsinizing the 
cells and counting them with a hemacytometer. 

Incorporation of  [aH]thymidine into DATA. PAP2 cells 
were plated at 1 • 104 cells/well in 96-well, flat-bottomed 
culture plates in a total volume of 200 ~L of medium and 
incubated at 37~ for 24 h with or without various test 
compounds. [aH]Thymidine (0.5 ~Ci]well) was then added, 
and after 4 h the cells were harvested onto a glass fiber 
filter paper using a semiautomatic 12-well cell har- 
vester (Skatron Inc, Sterling, VA). Radioactivity on the 
filter paper was counted using ScintiVerse (Fisher Scien- 
tific, Napean, Ontario, Canada) in a liquid scintillation 
counter. 

Incorporation of [aH]MVA into proteins. Cells were 
cultured for 48 h, and 30 ~M mevinolin, 100 ~M un- 
labelled MVA and 50 to 100 ~Ci/mL (RS) [5-3H]MVA 
(27.5 Ci/mmol) were added. Farnesylamine (20 ~M when 
used) was also added at this time. After 24 h, the cells 
were trypsinized and collected by centrifugation at 500 
• g for 5 rain. They were washed with citrate saline or 
phosphate buffered saline (PBS) and used for different 
experiments. 

For electrophoresis, cell pellets were dispersed in Tris- 
HC1, pH 7.4, and homogenized in the same buffer. The pro- 
tein was precipitated with cold 10% trichloroacetic acid 
(TCA), and the precipitate was collected by centrifugation. 
It was washed twice with cold 10% TCA, then delipidated 
by extracting twice with diethyl ether. The precipitate was 
dissolved by heating at 100~ for 5 min in a sample buf- 
fer containing 8M urea~ 2% sodium dodecyl sulfate (SDS), 
5% 2-mercaptoethanol, 10% glycerol, 0.0625 M Tris-HC1, 
pH 6.8. Proteins were subjected to SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE) (45). After staining with 
Coomassie Blue, the gels were treated with fluorographic 
enhancer, En3Hance, dried and exposed to X-OMAT AR 
film for 20 d at -80~ 

TCA precipitation. After labelling the cells with 
[3H]MVA, they were washed with PBS and homogeniz- 
ed in a buffer containing 0.02 M Tris-HC1, pH 7.4, 5 mM 
MgC12, 0.1 M NaC1, 1% vol/vol Triton X-100, 0.5% SDS 
and 3 mM phenylmethylsulfonylfluoride (PMSF), and cen- 
trifuged at 100,000 • g for 30 rain at 4~ The supernat- 

ant was used for TCA precipitation and immunoprecipita- 
tion. Equal amounts of protein were taken and pre- 
cipitated with 30% TCA and 4% SDS and filtered through 
micro-glass filters as described by Reiss et al. (30). 

Immunoprecipitation. To 800 #g of protein in 1-mL buf- 
fered solution, were added 10 ~L of an anti-v-H-ras mono- 
clonal antibody (Ab-1; clone Y13-259) (Oncogene Science, 
Manhasset, NY) and 15 ~L goat anti-rat IgG/protein A 
Staphylococcus complex. The mixture was incubated at 
4~ for 24 h with a rocking device. The precipitate was 
collected by centrifugation in a microcentrifuge at 2500 
rpm for 15 rain and washed four times with PBS, ph 7.25, 
containing 1% Triton X-100, 0.5% deoxycholate and 0.1% 
SDS, dissolved in ScintiVerse (Fisher Scientific) and 
counted in a liquid scintillation counter. 

FarnesyYprotein and geranylgeranyYprotein transferase 
assays. Farnesyl/protein transferase assay was carried out 
essentially as described by Reiss et al. (30). [3H]FPP 
(300,000 dpm) and various amounts of farnesylamine were 
mixed and dried under nitrogen. PAP2 cells (at about 80% 
confluency) were treated with 30 ~ mevinolin for 3 h and 
harvested. The cells were washed with PBS several times 
and homogenized in a buffer containing 50 mM Tris-HC1 
pH 7.4, 100 mM NaC1, 0.2% ~octaloglucoside, 2 mM 
dithiothreitol, 5 mM MgCI 2 and 100 mM NaE Cell 
debris was pelleted by low-speed centrifugation. The 
supernatant was used as enzyme source Cell extract (100 
~L; 40 ~g of protein) was added to the mixture of labelled 
FPP and farnesylamine and incubated'for 1 h at 30~ 
The reaction was stopped by adding 0.5 mL of 30% TCA 
and 0.5 mL of 4% SDS and processed as described by 
Reiss et al. (30). Similarly, geranylgeranyl/protein trans- 
ferase assays were carried out by using [3H]GPP instead 
of [3H]FPP. 

Biosynthesis of other isoprenoid compounds in presence 
offarnesylamine. After labelling the cells with [3H]MVA 
as described above, they were washed with PBS several 
times and homogenized in a glass homogenizer with 
acetone The resulting mixture was centrifuged, and the 
pellet was washed three times with chloroform]methanol 
(2:1, vol/vol), three times with chloroform]methanol/water 
(10:10:3, by vol) and finally three times with diethyl ether. 
All the washings were pooled, dried and saponified for 6 
h with NaOH in presence of methanol. The nonsaponified 
lipids were extracted with ether and washed with water, 
and the lipids were applied on reverse-phase TLC and 
developed with acetonitrile/water (9:1, vol/vol). Areas cor- 
responding to geraniol, farnesol and geranylgeraniol were 
scraped off and counted. The radioactive material at the 
origin was scraped off, extracted and applied onto a silica 
gel 60H TLC and developed with n-hexane]diethyl 
ether/acetic acid (65:35:1, by vol). The areas corresponding 
to cholesterol, dolichol and coenzyme Q were scraped off 
and counted. 

RESULTS 

Effects of farnesylamine and other compounds on the 
growth of PAP2 cells in culture. Proliferation of PAP2 cells 
was significantly inhibited by farnesylamine at a concen- 
tration of 7.5 /~M, as measured by incorporation of 
thymidine into DNA (Fig. 1A) as well as by cell growth 
studies (Fig. 1B). Cells were viable at concentrations of 
farnesylamine up to 50 ~ I .  Farnesol and farnesyl bromide 
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FIG. 1. A: Effects of farnesol, farnesyl bromide and farnesylamine 
on ras-trausformed NIH 3T3 (PAP2) cells. Cells were plated in 
triplicate at 2 X 104 cells/well in 96-well flat-bottomed, culture 
plates. Different concentrations of farnesol (�9 farnesyl bromide 
(V) or farnesylamine (T) were added as indicated in the figure, and 
the incorporation of [3H]tbymidine was measured. Points are the 
average of mean values from three experiments +_ SE. B: Growth 
of PAP2 cells in presence ( � 9  or absence ~O) of 7.5 ~ I  farnesylAmine. 
Cells were plated in triplicate in 6 ~ m m  culture dishes. Cells were 
removed by trypsinization at specified times and were counted by 
a hemocytometer. Points are mean values __. SD. 

did not inhibit cell growth at concentrations up to 100 ~M 
(Fig. IA). Various straight-chain, saturated amines- 
(Ce-C18) were also tested with PAP2 cells. Short-chain 
amines (C0, Cs) did not inhibit cell growth, whereas 
longer-chain amines inhibited at higher concentrations 

TABLE 1 

Effect of Various Compounds on the Growth of Farnesylamine 
Treated Cells a 

[3H]Thymidine incorporation 
Compounds added into DNA (• 103 dpm +-- SD) 

Control 227.7 • 23 
Farnesylamine 4.2 • 0.9 
+ Farnesol 215.8 • 26 
+ Geranylgeraniol 3.1 • 0.6 
+ Squalene 5.2 • 0.8 
+ Cholesterol 4.7 • 0.4 
+ Dolichol 4.3 • 0.5 
+ Myristic acid 4.5 • 0.3 
+ Palmitic acid 5.8 • 0.7 

aras.Transformed NIH 3T3 cells were cultured with or without 10 
~M farnesylamine for 24 h. Other compounds (20 pM) were added 
to the cells treated with farnesylamine, and the incorporation of 
[3H]thymidine into DNA was measured after 14 h. 

(ICs0 12.5 to  50 ~M) (Kothapalli ,  R., Lui, E.M.K., Guth-  
r i~ N., Chambers ,  A.F., and  Carroll, K.K., unpubl i shed  
data). 

The  g rowth  inhibi t ion of P A P 2  cells by  fa rnesy lamine  
was  overcome by  add ing  farnesol  to  the  cul ture  medium,  
bu t  no t  by add ing  various o ther  isoprenoids or  f a t ty  acids 
{Table 1). Inh ib i t ion  of  cell prol i ferat ion by  var ious  o ther  
long-chain amines  was  no t  overcome by  add ing  farnesol  
(Table 2). 

Mechanism of action of farnesylamine. The  mechan i sm 
by  which fa rnesy lomine  inhibi ts  cell g rowth  was  in- 
ves t iga ted  by  labell ing PAP2  cells wi th  [3H]MVA in the  
presence or  absence of farnesylamine.  Pro te ins  were ex- 
t racted,  subjec ted  to  S D S - P A G E  and  exposed to  x-ray 
film. Inhib i t ion  of p renyla t ion  of prote ins  was  observed  
in cells t r ea ted  wi th  fa rnesy lamine  (Fig. 2). 

I n  order to  de te rmine  whe the r  fa rnesy lamine  inhibi ts  
the  t ransfer  of farnesyl  moiet ies  f rom F P P  to  protein, ex- 
t r ac t s  of P A P 2  cells were prepared  and  incuba ted  wi th  
[3H]FPP plus  different  concen t ra t ions  of f a rne sy l amine  
A s s a y s  for farnesyl]protein t ransferase  ac t iv i ty  showed 

TABLE 2 

Inability of Farnesol to Reverse Inhibition of Cell 
Proliferation by Long-Chain Fatty  Amines a 

[3H]Thymidine 
incorporation into DNA 

Amines added (X 103 dpm +- SD) 

Control (without any fatty amines) 
Dodecylamine (25 ~M) 
Dodecylamine + farnesol 
Tridecylamine (12.5 ~M) 
Tridecylamine + farnesol 
TetradecylAmine (12.5 ~M) 
Tetradecylamine + farnesol 
Hexadecylamine (25 ~M) 
Hexadecylamine + farnesol 
Octadecylamine (50 ~M) 
Octadecylamine + farnesol 

125.7 • 13.8 b 
29.7 +-- 2.1 
28.2 • 2.8 
20.5 • 1.8 
21.2 • 1.3 
30.1 • 4.3 
25.4 • 0.52 
25.3 • 1.3 
27.1 • 2.8 
48.1 • 1.2 
47.0 • 5.6 

aras-Transformed NIH 3T3 cells were cultured with or without vari- 
ous long-chain amines (dissolved in dimethyl sulfoxide) for 24 h. 
Farnesol (20~M) was added to the cells at that time, and the incor- 
~,oration of [3H]thymidine into the DNA was measured after 14 h. 
This value is dpm • SE rather than SD. 
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TABLE 3 

Biosynthesis of Other Isoprenoid Compounds in Presence or Absence 
of Farnesylamine in the Medium a 

Control Farnesylamine treated 
Compound (dpndl00 mg of cells) (dpndl00 mg of cells) 

Cholesterol 26,501 37,792 
Dolichol 1,387 1,841 
Coenzyme Q 1,095 1,291 

aras-Transformed NIH 3T3 cells were labelled with [3H]mevalonic 
acid. After 16 h, total lipids were extracted and saponified. The non- 
saponified lipids were extracted, and the amount of radioactivity 
incorporated into various compounds was measured as indicated in 
the Materials and Methods section. 

FIG. 2. Electrophoretic profiles of farnesylated proteins in ras- 
transformed NIH 3T3 cells. Lane 1:160 ~g of total protein obtained 
from control cells (without farnesylamine). Lane 2:130/~g of total 
protein obtained from cells treated with 20 ~M of farnesylamine. 
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FIG. 3. A: Inhibition of farnesyl/protein trausferase and geranyl- 
geranyl/protein transferase in cell extracts by farnesyl~mlne. Details 
of the assays are given in the text. B: Effect of farnesylamine on 
the synthesis of farnesylated proteins in intact cells, ra~Transformed 
NIH 3T3 cells were labelled with [3H]mevalonlc acid, and total pro- 
teins were extracted and precipitated with trichloroacetic acid (TCA) 
or with antibodies raised agmnst r ~  protein, a, Total 'I~A preciplt- 
able protein in control; b, total TCA precipitable protein in 
fmmesyl~ne-treated cells; e, immunopreeipitable protein in control 
cells; d, immunoprecipitable protein in farnesylamine-treated cells. 
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that the farnesyl moiety was transferred from FPP to pro- 
teins and that the transfer was inhibited by farnesylamine 
Farnesylamine was similarly shown to inhibit geranyl- 
geranyl]protein transferase activity (Fig. 3A). 

To confirm that farnesylamine affects the formulation 
of farnesylated proteins in intact cells, particularly ras pro- 
teins, PAP2 cells were labelled with [3H]MVA in the 
presence or absence of farnesylamine, and total proteins 
were extracted. A portion of the extracted proteins was 
precipitated with TCA and filtered through a glass fiber 
filter. The remaining portion was immunoprecipitated by 
anti-v-H-ras monoclonal antibody (Ab-1, clone Y13-259). 
The amount of radioactivity incorporated into total pro- 
tein and ras proteins was determinecL Prenylation of total 
proteins was inhibited by 60% and prenylation of ras pro- 
tein by 90% in farnesylamine~treated cells (Fig. 3b). 

Effect of farnesylamine on biosynthesis of other iso- 
prenoid compounds. Increased synthesis of cholesterol, 
dolichol and coenzyme Q was observed in cells treated 
with farnesylamine compared to untreated cells (Table 3). 

DISCUSSION 

Analogues of purines have been prepared and successfully 
used as anticancer drugs {46). As part of a similar 
strategy, we synthesized and tested farnesylamine, an 
amino analogue of farnesol (Scheme 1). 

Farnesylamine inhibited the growth of PAP2 cells more 
effectively than various straight-chain, saturated fatty 
amines. The inhibition by farnesylamine could be over- 
come by farnesol, but not by other isoprenoids or fatty 
acids {Table 1). This suggested that farnesylamine was ac- 
ting by specifically interfering with farnesylation of pro- 
reins, particularly ras protein. The inhibition of cell growth 
by other amines could not be overcome by farnesol, and 
they may be acting by some other mechanism, such as 
inhibition of protein kinase C (47}. 

Our experiments showed that farnesylamine inhibits 
farnesyl/protein transferase, which catalyzes the transfer 
of farnesol from FPP to the protein (Fig. 3A). Further ex- 
periments also showed that prenylation of ras protein by 
PAP2 cells was inhibited to a greater extent than prenyla- 
tion of the cellular proteins as a whole {Fig. 3B). 

Farnesylamine also inhibited geranylgeranyl/protein 
transferase in vitro {Fig. 3A). Farnesyl and geranylgeranyl 
transferases have a common a-subunit for substrate bin- 
ding (48), so farnesylamine may be inhibiting both enzyme 
activities by interacting with that subunit. It is possible 
that inhibition of geranylgeranylation of proteins may be 
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CH3 CH 5 CH5 
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H 5 C ' ~ ' ~ , / ~ ~  / NH 2 

CH 5 CH~, CH 3 

FARNESYLAMINE 

SCHEME 1 

pa r t l y  responsible  for the  g rowth  inhibi t ion by  farnesyl-  
amine  However, the fact  t h a t  the inhibition could be over- 
come by farnesol and no t  by geranylgeraniol suggests  t ha t  
inhibi t ion of fa rnesy la t ion  m a y  be a more  i m p o r t a n t  fac- 
tor. I t  should  also be no ted  t h a t  ras protein  is g rea t ly  
overexpressed in PAP2 and  is p robab ly  largely responsi-  
ble for the  increased g rowth  potent ia l  of these  cells. 

The  F P P  t h a t  serves as a subs t r a t e  for fa rnesy la t ion  
of prote ins  by  farnesyl /protein t ransferase  is m o s t  pro- 
bably  derived from the  mevalonate  b iosynthet ic  pathway. 
I f  less of it is ut i l ized for farnesylat ion,  more  will be 
available for conversion to  o ther  p roduc t s  of the  pathway.  
This could accoun t  for the  increased b iosynthes i s  of 
cholesterol, dolichol and coenzyme Q in PAP2 cells t reated 
wi th  fa rnesylamine  compared  to controls  (Table 3). 

Overall, these  resul ts  sugges t  t h a t  inhibi t ion of the  
g rowth  of PAP2  cells by  fa rnesy lamine  is due pr imar i ly  
to  inhibi t ion of fa rnesy la t ion  of proteins,  pa r t i cu la r ly  ras 
p21, wi th  fa rnesy lamine  ac t ing  as an inhibi tor  of 
farnesyl /protein transferase.  This  provides  a means  of in- 
ves t iga t ing  the  role of ras in cellular me tabo l i sm and sug- 
ges ts  a novel approach  to  control l ing ras -med ia t ed  malig- 
n a n t  cell growth.  
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Phospholipid and Fatty Acid Compositions of Rhizobium 
leguminosarum biovar trifolii ANU843 in Relation 
to Flavone-Activated pSym nod Gene Expression 
Guy G. Orgambide a, Zhi-Heng Huang b, Douglas A. Gage b and Frank B. Dazzo a,* 
aDepartment of Microbiology, and bMSU-NIH Mass Spectrometry Facility, Department of Biochemistry, Michigan State University, 
East Lansing, Michigan 48824 

The phospholipid and associated fatty acid compositions 
of the bacterial symbiont of clover, Rhizobium legumino- 
saturn biovar trifolii wild-type ANU843, was analyzed 
by two-dimensional silica thin-layer chromatography, fast 
atom bombardment-mass spectrometry, flame-ionization 
detection gas-liquid chromatography and combined gas- 
liquid chromatography/mass spectrometry. The phosphc, 
lipid composition included phosphatidylethanolamine 
(15%), N-methylphosphatidylethanolamine (47%), N,N- 
dimethylphosphatidylethanolamine (9%), phosphatidyl- 
glycerol (19%), cardiolipin (5%) and phosphatidylcholine 
(2%). Fatty acid composition included predominantly 
c/s-11-octadecenoic acid, lower levels of c/s-~hexadecenoic 
acid, hexadecanoic acid, 11-methyl-11-octadecenoic acid, 
octadecanoic acid, 11,12-methyleneoctadecanoic acid, 
eicosanoic acid and traces of branched, and di- and triun- 
saturated fatty acids. The influence of expression of the 
"nodulation" genes encoding symbiotic functions on the 
composition of these membrane lipids was examined in 
wild-type cells grown with or without the flavone inducer, 
4',7-dihydroxyflavone and in mutated cells lacking the en- 
tire symbiotic plasmid where these genes reside, or con- 
taining single transposon insertions in selected nodula- 
tion genes. No significant changes in phospholipid or 
associated fatty acid compositions were detected by the 
above methods of analysis. 
Lipids 28, 975-979 (1993). 

The initiation of the nitrogen-fixing root-nodule symbiosis 
between Rhizobium and its legume host involves exten- 
sive bilateral signaling. In response to plant-excreted 
flavonoids, several nodulation (nod) genes residing on the 
large symbiotic plasmid (pSym) of Rhizobium are ex- 
pressed, and their action fulfills pivotal roles in the 
establishment of the bacteria-plant symbiotic program. 
Several pSym Nod proteins are membrane-associated and 
are proposed to be involved in the synthesis of a family 
of acylated chitooligosaccharides (1-3). Although these 
glycolipids were initially isolated from culture super- 
natants and thus considered extracellular, their am- 
phiphilic character argues that they reside primarily in 
bacterial membranes. Recently, we obtained evidence of 
the membrane association of such acylated glucosamino- 
glycans (Orgambide, G.G., Hollingsworth, R.I., and 
*To whom correspondence should be addressed at 157 Giltner Hall, 
Department of Microbiology, Michigan State University, East 
Lansing, MI 48824. 
Abbreviations: CL, cardiolipin; DHF, 4',7-dihydroxyflavone; DMPE, 
N,N-dimethylphosphatidylethanolamine; FAB-MS, fast atom bom- 
bardment-mass spectrometry; FID-GLC, flame~ionization detection 
gas-liquid chromatography; GLC/MS, gas-liquid chromatography/ 
mass spectrometry; MPE, N-methylphosphatidylethanolamine; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phos- 
phatidylglycerol; pSym, symbiotic plasmid; TLC, thin-layer 
chromatography. 

Dazzo, F.B., unpublished data). Furthermore, we previ- 
ously reported the characterization of a membrane-associ- 
ated diglycosyl diacylglycerol (BF-7) from Rhizobium 
leguminosarum biovar trifolii (R. trifolii) ANU843 (4), 
a wild-type strain used extensively in studies of the 
Rhizobium-clover symbiosis. In subsequent studies, we 
found that cellular accumulation of BF-7 was increased 
when ANU843 was grown in the presence of the nod gene 
inducer 4',7-dihydroxyflavone (DHF) and reduced in a 
nodA:.ffh5 mutant derivative (5). Since the above nod- 
influenced glycolipids are all minor membrane com- 
ponents, we wondered whether flavone-activated expres- 
sion of nod genes also affects the composition of the major 
class of membrane lipids, namely the phospholipids. An 
earlier study addressing this question concluded that nod 
gene expression does not influence the phospholipid com- 
position of the alfalfa symbiont, R. meliloti (6). However, 
a recent preliminary report suggested that induction of 
nodFE gene expression in the pea symbiont, R. legumino- 
sarum bv. viciae, resulted in de novo synthesis of phos- 
pholipids with specific polyunsaturated fatty acids (7). 

In the present study, we examined the phospholipid and 
associated fatty acid compositions of R. trifolii ANU843 
grown in defined medium, and evaluated the effect of 
alterations in pSym nod composition and of the nod gene 
inducer DHF on this major class of membrane lipids. 

MATERIALS AND METHODS 
Bacterial cultures and preparation of the lipid extract. 
Strains of R. trifolii used were wild-type ANU843, 
its pSym-cured derivative ANU845 and transposon inseP 
tion nod mutant derivatives of ANU843, including 
strains ANU851 (nodD:.qh5), ANU252 (nodA:.qh5), 
ANU258 (nodE:.qh5), ANU251 (nodL.qh5), ANU896 
(nodM::mud/acZ} and ANU895 (nodN::mudlacZ}, all kindly 
provided by B. Rolfe, Australian National University, 
Canberra, Australia (see Ref. 8 for strain characteristics). 
Bacteria were grown aerobically at 30~ in defined BIII  
broth (9), with or without 4 ~M DHF, and harvested by 
centrifugation in late exponential phase at a density of 
7.5 • l0 s cells/mL. The cell pellet was washed twice with 
water, extracted by stirring with 100 mL chloroform]meth- 
anol/water (2:1:0.5, by vol), for 20 h at 25~ under a 
nitrogen atmosphere, and the organic extract was then 
filtered through a Millipore GVWP04700 (0.22 gm) mem- 
brane (Milford, MA). In comparison with a Bligh and Dyer 
extraction (10) from the same batch of ANU843 cells, this 
extraction procedure yielded the same pattern of phos- 
pholipids in silica thin-layer chromatography (TLC) but 
with a slightly higher recovery. The phospholipid extract 
represented approximately 10% (w/w) of the dry cell resi- 
due for all cultures. Phospholipid composition of trans- 
poson-insertion nod mutants was compared to ANUS43 
and ANU845 based on silica TLC of lipid extracts from 
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cells grown at 30~ for 5 d on BIII  plates containing 4 
t~M DHF and solidified with 1% purified agar. 

Characterization of the phospholipid components. 
Phospholipid extracts were analyzed by fast atom bom- 
bardment-mass spectrometry (FAB-MS) using a JEOL 
HX-ll0 mass spectrometer (JEOL USA, Peabody, MA) 
at an accelerating voltage of 10 kV, and m-nitrobenzyl 
alcohol and triethanolamine as matrices for positive and 
negative mode analyses, respectively. Individual phos- 
pholipid classes were purified from the lipid extract of 
ANU843 cells by two-dimensional TLC on silica plates 
(Whatman, Hillsboro, OR), preactivated for I h at 100~ 
with chloroform/methanol/ammonia (70:35:5, by volt as sol- 
vent for dimension I and chloroform/acetone/methanol/ 
acetic acid/water (10:4:2:2:1, by vol) for dimension II and 
characterized by FAB-MS. Fatty acid methyl ester deriva- 
tives were prepared by alkaline methanolysis (11) of an 
aliquot of the phospholipid extracts. Fat ty acid deriva- 
tives were identified by gas-liquid chromatography]mass 
spectrometry (GLC/MS), using a Hewlett-Packard 5890 
gas chromatograph (Palo Alt~ CA) fitted with a DB-1 col* 
umn and coupled to a JEOL AX505H mass spectrometer 
(JEOL USA), by matching both their retention times and 
mass spectra to those of authentic standards. Quantifica- 
tion was by flame-ionization detection gas-liquid chro- 
matography (FID-GLC), using a Hewlett-Packard 5890 
instrument fitted with a DB-1 column. 

Phospholipid quantitation. Silica TLC plates of phos- 
pholipid extracts were sprayed with either phosphomolyb- 
dic acid (phospholipid stain) or sulfuric acid/methanol 
(25:75, vol/vol, universal stain), followed by heating at 
150~ Densitometry was performed using a high-resolu- 
tion charge-coupled device camera and an Ambis Optical 
Imaging System (San Diego, CA) with individual back- 
ground subtraction for each spot. The relative abundance 
of each phospholipid class was calculated from densitom- 
etry values obtained from phosphomolybdic acid- and 
HzSO4-stained plates, corrected for the specific staining 
response of phospholipid standards. Values reported are 
an average from two independent batch cultures of 
ANU843 - DHF, ANU843 + DHF, and ANU845 + 
DHF. 

RESULTS AND DISCUSSION 

Phospholipid and fatty acid composition of R. trifolii 
ANU843 grown without DHF. Two-dimensional silica TLC 
of the phospholipid extract obtained from ANU843 
separated several classes of phospholipid components 
(Fig. 1A). Negative mode FAB-MS analysis of each iso- 
lated lipid class led to the identification of N-methylphos- 
phatidylethanolamine (MPE) (yielding quasimolecular 
ions [M-H]- at m/z 756 [predominant], 758, 770, 784, 
798, daughter ion fragments formed by elimination of N- 
methyl-vinylamine [-57 amu], and low-mass diagnostic 
ions at m/z 154 and 194), and N,,N-dirnethylphosphatidyl- 
ethanolamine (DMPE) (quasimolecular ions at m/z 744, 
770 [predominant], 772, 784, daughter ion fragments 
formed by elimination of N,N-dimethyl-vinylamine [-71 
amu] and low-mass diagnostic ions at m/z 168 and 208) 
(12). The analysis also revealed the presence of phospha- 
tidylglycerol (PG) (quasimolecular ions at m/z 747, 773 
[predominant], 775, 787, 789, 845, daughter ion fragments 
formed by elimination of dehydrated glycerol [--74 amu], 

FIG. 1. Two-dimensional silica thin-layer chromatography analysis 
of phospholipid extracts from: (A) ANU843 wild-type grown without 
4',7-dihydroxyflavone (DHF), (13) ANU843 grown in presence of 4 wM 
DHF, {C) symbiotic plasmid~ured derivative ANUS45 grown with 
4 ~M DHF {staining: 25% HzSO 4 in methanol, 150~ Abbrevia- 
tions: DMPE, N,N-dimethylphosphatidylethanolamine; PG, 
phosphatidylglycerol; PC, pho6phatidylcholine; CL, cardiolipin; MPE, 
N-methylphosphatidylethanolamine; PE, phcsphatidylethanolamine. 

and low-mass diagnostic ions at m/z 153, 171 and 211), 
and cardiolipin (CL) (quasimolecular ions at mlz 1453, 
1455, 1457, 1459, 1479, 1481, 1483, 1493, 1495, 1497, frag- 
ment ions produced by loss of the acyl glycerol portion 
of one phosphatidic acid group and/or elimination of fatty 
acyl residues, and prominent low-mass ions at m/z 137 
[glycidol phosphate] and 153 [aUyl phosphate]) (13). The 
identity of PG and CL was further verified by cochroma- 
tography on silica TLC of the phospholipid extract with 
PG or CL authentic standards. Phosphatidylethanol- 
amine (PE) was identified as a fifth phospholipid in the  
extract based on a mass spectrum showing quasimolecu- 
lar ions at m/z 676, 690, 702, 716, 718, 732, positive reac- 
tion to uinhydrin staining, and cochromatography with 
a standard. Only minute amounts of product were re- 
covered from two minor TLC fractions, and their mass 
spectra yielded tentative assignments to phosphatidyl- 
choline (PC) (also supported by cochromatography with 
a PC standard), and lyso-MPE. Upon positive mode 
FAB-MS analysis of the phospholipid extract, PE, MPE 
and DMPE species provided prominent molecular ions 
[(M + H) + and (M + Na)+l, high-mass fragraents and 
low-mass diagnostic ions consistent with the molecular 
species identified in negative mode, and with literature 
data (12,13), whereas the acidic species PG and CL were 
barely detected. The occurrence of PC (primarily as 
dioleoyl species) was confirmed by this positive mode 
FAB-MS analysis showing pseudomolecular ions (M + 
H) + and (M + Na) + at m/z 786 and 808, a fragment ion 
generated by loss of phosphocholine from (M + H) + at 
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m/z 603 (this connection between the two ions was verified 
by mass spectrometry/mass spectrometry analysis), and 
low-mass diagnostic ions at m/z 184 and 224 (12,13). Based 
on densitometry of the digitized TLC plate, the relative 
abundance of the different phospholipids in the ANUS43 
cell extract were: PC 2%, DMPE 9%, MPE 47%, PE 15%, 
PG 19%, CL 5.0%, and lyso-MPE 3%. 

Alkaline methanolysis of the ANU843 phospholipid 
extract, followed by GLC/MS characterization and 
FID-GLC quantitation of the fat ty acid methyl esters, 
revealed the large predominance of cis-ll-octadecenoic 
acid (18:1), together with low levels of cis-9-hexadecenoic 
acid (16:1), hexadecanoic acid (16:0), 11-methy141-octa- 
decenoic acid (11-Me-18:1; Ref. 14), octadecanoic acid 
(18:0), 11,12-methyleneoctadecanoic acid (19:0A) and 
eicosanoic acid (20:0) (Table 1). Minute amounts (<0.1%) 
of tetradecanoic acid (14:0), iso-pentadecanoic acid (i-15:0), 
iso-hexadecanoic acid (i-16:0), anteiso-heptadecanoic acid 
(a-17:0), iso-heptadecanoic acid (i-17:0), 9,10-methylene- 
hexadecanoic acid (17:0A) and heptadecanoic acid (17:0) 
fatty acid methyl esters were also detected by FID-GLC. 
Negative mode FAB-MS analysis of the phospholipid 
samples also suggested the presence of trace amounts of 
several unusual fatty acids detected by their carboxylate 
anion at m/z 279 (18:2), 297 (19:0 or hydroxy-18:1), 305 
(20:3), 307 (20:2), 309 (20:1), 325 (21:0 or hydroxy-20:l), 337 
(22:1), and 339 (22:0 or hydroxy-21:1). 

Effect of DHF and pSym on growth rate of R. trifolii 
ANUS43. Previous studies showed that 4 ~M DHF sup- 
plement to BIII  broth activates the expression of pSym 
nod genes at least 10-fold higher than the constitutive 
background level in ANU843 (8,15). The exponential 
growth rates of ANU843 grown in BIII  broth with or 
without 4 pM DHF, and the pSym-cured derivative 
ANU845 grown with 4 ~M DHF, were 0.29, 0.36 and 0.46 
generation/hour, respectively. These results indicate that 
DHF at 4 ~ partially inhibits growth of ANU843 and 
that  this inhibition is pSym-dependent. 

Evaluation of the influence of DHF and pSym nod genes 
on phospholipid and associated fatty acid compositions 
of R. trifolii ANU843. The phospholipid extracts obtained 
from ceils of standardized broth cultures of ANU843 
grown with or without DHF, and from the pSym-cured 
derivative ANU845 grown with DHF, were compared by 
FAB-MS analysis, two-dimensional silica TLC with video 
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densitometry quantitation and FID-GLC analysis of 
fatty acid methyl esters. These analyses did not reveal 
major changes in phospholipid or associated fatty acid 
composition of these three cultures (Figs. 1-3, Table 1), 
including the fatty acids detected in trace amounts by 
negative mode FAB-MS analysis as described above. A 
silica TLC survey of the polar lipid composition of mu- 
tant derivatives of ANU843 containing transposon inser- 
tions in selected nod genes (nodD, nodA, nodE, nodL, 
nodM or nodN) from the four operons in the 14 Kb 
HindIII pSym nod region (15) was also performed. When 
phosphomolybdic acid was used to detect phospholipids, 
all strains displayed the same qualitative and quantitative 
pattern (data not shown). However, a universal stain (25% 
H2SO4 in methanol, 150~ revealed slight differences 
among minor lipids in the extracts from wild-type and nod 
mutants (Fig. 4). Since these minor lipids did not stain 
with phosphomolybdic acid (thus were unlikely to be 
phospholipid components), and were below detection by 
two-dimensional TLC, they were not investigated further 
in this study. 
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FIG. 2. Relative abundance of individual phospholipid classes in the 
lipid extracts from R. trifolii wild-type ANUS43 grown without DHF 
(ANUS43 -- DHF), ANUS43 grown in presence of 4 ~M DHF 
(ANUS43 + DHF), and pSym-cured derivative ANU845 grown with 
4 pM DHF (ANU845 + DHF}. The minor components from both 
ANU843 and ANU845 present in the lower left quadrant of the thin- 
layer chromatography plates (Fig. 1) were not included in this quan- 
titative evaluation since the subtle variations in their relative in- 
tensity were not reproducible. See Figure 1 for abbreviations. 

TABLE 1 

Relative Abundance of Individual Fatty Acid Species in the Phospholipid Extracts from R. trifolii  
Wild-Type ANU843 Grown Without DHF (843-DHF), ANU843 Grown in Presence of 4 ~M DHF 
(843 -F DHF), and pSym-cured Derivative ANU845 Grown with 4 ~M DHF 1845 + DHF) 

Phospholipid Fatty acid (%)= 
extract 16:1 16:0 18:1 18:0 11-Me-18:1 19:0A 20:0 

843 - DHF 1.0 3.3 81.0 11.0 1.1 2.4 0.2 
(0.05) (0.30) (0.95) (0.60) (0.35) (0.20) (0.04) 

843 + D H F  0.9 3.2 81.5 10.7 1.0 2.5 0.2 
(0.25) (0.30) (1.15) (0.35) (0.05) (1.10) (0.07) 

845 + DHF 0.9 3.2 82.1 10.4 1.1 2.0 0.3 
(0.05) (0.30) (0.80) (0.50) (0.20) (0.35) (0.11) 

3% of total fatty acids. Values in parentheses correspond to the standard error of the means. See text for 
full definition of each fatty acid. DHF, 4',7-dihydroxyfiavone; pSym, symbiotic plasmid. 
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FIG. 3. Negative mode fast  atom bombardment-mass spectrometry 
spectra of phospholipid extracts from ANU843  wild-type grown 
without DHF, ANU843 grown in presence of 4 ~M DHF, and pSym- 
cured derivative ANU845  grown with 4 ~M D H F  (see text  for ion 
assignments).  See Figure 1 for abbreviations. 

The predominance of components of the PE series (PE, 
MPE, DMPE), together  with significant amounts  of PG 
and CL in R. trifolii ANU843, is consistent  with da ta  
reported for certain other Rhizobiaceae isolate ,  including 
R. meliloti (6,16), the soybean symbiont  Bradyrhizobium 
japonicurn (17,18) and species of the plant pathogen 
Agrobacter ium (19). In contrast,  R. loti contained high 
amounts  of phosphatidylserine and phosphatidylinositol 
{20), and an isolate ofR. leguminosarum (bv. viciae) lack- 
ed MPE (21). A major difference in phospholipid composi- 
t ion between ANU843 and the other  isolates of 
Rhizobiaceae reported is the level of PC (2% in ANU843, 
whereas it exceeds 20% in the other isolates). The relative 
level of PC in A.  turnefaciens, as well as in R. meliloti, has 
been shown to increase with progression of cultures from 
exponential to s ta t ionary phase (16). The fact tha t  R. 
trifolii ANU843 cells in the present s tudy were harvested 
while in exponential  ra ther  than s ta t ionary phase might  
explain why they contained a low proportion of PC. 

Several previous lines of evidence suggested tha t  
flavone-induced pSym nod expression modulates the ac- 
cumulation of membrane-associated Nod proteins and 
minor membrane glycolipids. In the present s tudy we ad- 
dressed whether the phospholipids and their  associated 

FIG. 4. One-dimensional thin-layer chromatography (TLC) analysis 
of phospholipid extracts from: (I) ANU843  wild-type, and various 
mutant derivatives (2) nodD:.zrn5, (3) nodA:.nl'n5, (4) nodE:.q'a5, (5) 
nodL.q~n5, (6) nodM::mudlacZ, (7) nodN::mudlacZ, (8) pSym-cured 
ANU845 (solvent: chloroform/methanol/ammonia, 70:35:5, by vol; 
staining: 25% H2SO 4 in methanol, 150~ Bracket indicates the area 
of the TLC where minor changes are observed. 

fa t ty  acids were also altered when Rhizobium was grown 
to express its pSym nod genes. A second reason to test  
this possibility was our finding tha t  ANU843 exhibits a 
pSym-dependent  inhibition of growth in defined medium 
when D H F  is added to activate nod expression. A com- 
bination of one- and two-dimensional TLC, FAB-MS, 
F I D - G L C  and GLC/MS analyses detected no significant 
difference in these membrane components  between 
cultures of wild type R. trifolii ANU843 and its pSym- 
cured derivative ANU845 after at least seven generations 
in flavone induction mediun~ Thus, in wild-type ANU843, 
minor membrane gIycolipids appear to be more central 
than phospholipids to the nod-encoded metabolism tha t  
enables the development  of the Rhizobium-clover  
symbiosis. 
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Age, Sex and Source of Hamster Affect Experimental Cholesterol 
Cholelithiasis 
Nariman Ayyad a, Bertram I. Cohen a, Erwin H. Mosbach a,*, Shigeo Miki a,1, Takahiro Mikami a,2, 
Yasuko Mikamia, 2 and Richard J. Stenger b 
aDepartments of Surgery, Beth Israel Medical Center and the Mount Sinai School of Medicine of the City University of New York, 
New York, New York 10003 and bDepartment of Pathology, Nassau County Medical Center, East Meadow, New York 11554 

In the present study, we examined the effect of the follow- 
ing factors on a hamster model of cholesterol cholefithia- 
sis: (i) the source of the golden Syrian hamsters (Sasc~ 
Omaha, NE or Charles River, Wilmington, MA), (ii) the 
sex of the experimental animals and (iii) their age (4 wk 
vs. 8 wk of age). All hamsters were fed a semipurified diet 
which contained cholesterol  (0.3%) and palmitic acid 
(1.2%). No cholesterol gallstones formed in any of the 
female hamsters regardless of age or source. The 4~week- 
old male hamsters from Sasco had the greatest incidence 
of gallstones (93%). The 8-week-old male hamsters tend- 
ed to have a lower incidence of cholesterol gallstones than 
the younger ones, regardless of the commercial supplier 
(67 vs. 93% for Sasco and 27 vs. 40% for Charles River). 
Female hamsters had higher fiver and serum cholesterol  
levels than the male hamsters; Charles River hamsters 
had lower serum cholesterol  concentrat ions than the 
Sasco animals. Total biliary lipid concentrat ions  were 
highest in Sasco male hamsters, but biliary cholesterol  
(mol%) was lower in the males than in the females 
(4.2-4.5% vs. 6.1-7.1%) regardless of age. The cholesterol  
saturation indices were higher in the Sasco females than 
the corresponding males; these values were lower in the 
Sasco hamsters than the Charles  River animals ,  
regardless of age or sex. The male Sasco hamsters had 
a higher total biliary bile acid concentration (98.9 mg/mL) 
than the Sasco females (58.9 mg/mL) and the Charles 
River animals (24.6 mg/mL for males and 38.2 mg/mL for 
females). The percentage of chenodeoxychofic acid in bile 
was significantly lower, and the percentage of cholic acid 
was higher in all females as compared to males. We con- 
clude that  there is a sex, age and "strain" difference in 
cholesterol cholelithiasis in hamsters; it is important to 
consider these factors when working with the hamster 
model  of gallstone disease. All female hamsters were 
markedly  resistant to the induction of cholesterol  
gallstone disease. 
Lip ids  28, 981-986 (1993). 

A number of hamster models has been used to study 
cholesterol cholelithiasis (1-5). In our laboratory, hamsters 
are fed a nutritionally adequate semipurified diet (SPD) 
containing cholesterol (0.3%} and butterfat (4.0%} to pro- 
duce cholesterol gallstones in 50-60% of the animals (6). 
When palmitic acid, a major fatty acid component of but- 
terfat, was substituted for butterfat, gallstone incidence 
*To whom correspondence should be addressed at the Department 
of Surgery, Beth Israel Medical Center, First Avenue at 16th Street, 
New York, NY 10003. 
1Permanent address: Sanshinakai Hara Hospital, Daihaku cho 
Hakata-ku, Fukuoka City 812, Japan. 
2permanent address: Institute of Pharmaceutical Sciences, 
Hiroshima University School of Medicine, Hiroshima 734, Japan. 
Abbreviations: CA, cholic acid; CDCA, chenodeoxycholic acid; 
CSI, cholesterol saturation index (indices); DCA, deoxycholic acid; 
7-keto-DCA, 3a,12a-dihydroxy-7-keto-5~-cholenic acid; FT-IR, 
Fourier transform infrared; SPD, semipurified diet. 

increased to 90% or higher (7). These earlier studies used 
young (4-week-old) male golden Syrian hamsters from 
Sasco Ina (Omaha, NE), since these animals gave the best 
and most reproducible incidence of cholesterol stones. 
Hamsters from other commercial suppliers (such as, 
Charles River Breeding Labs, Wilmington, MA) were 
significantly less susceptible to the development of 
gallstones (5,6). 

We have now examined the effect of age (4-week-old vs. 
8-week-old hamsters), sex (male vs. female animals) and 
commercial source of hamster (Sasco vs. Charles River) 
on the incidence of cholelithiasis. All animals were fed a 
lithogenic diet containing 0.3% cholesterol and 1.2% 
palmitic acid. Our results showed that  male Sasco ham- 
stem, 4 wk of ag~ had the greatest incidence of gallstones. 
Gallstone incidence tended to decrease in the older, 8-wk, 
animals. Interestingly, no cholesterol gallstones formed 
in any female hamsters, regardless of age or source. 

MATERIALS AND METHODS 

Anima l s .  Male and female, golden Syrian hamsters 
(Mesocricetus auratus), 4-week-old (48-62 g) and 8-week- 
old (93-111 g}, were obtained from two different suppliers, 
namely, Sasco and Charles River. The animals were main- 
tained with water and Purina rodent chow ad l ib i tum for 
a 1-wk quarantine period prior to the start of the experi- 
ment. All hamsters were fed the following pelleted, color- 
coded lithogenic diet (Dyets, Inc, Bethlehem, PA): 46.2% 
corn starch, 20.0% casein, 14.6% dyetrose (soluble starch}, 
10.0% fiber (cellulose}, 5.0% salt mix (modified U.S.P. XIV 
salt mix, no. 200951}, 2.0% corn oil, 1.2% palmitic acid, 
0.5% vitamin mix (no. 300000}, 0.3% cholesterol, 0.2% 
choline chloride The hamsters were randomly divided into 
eight groups as follows: group 1, 4-week-old Sasco males; 
group 2, 4-week-old Sasco females; group 3, 4-week-old 
Charles River males; group 4, 4-week-old Charles River 
females; group 5, 8-week-old Sasco males; group 6, 8-week- 
old Sasco females; group 7, 8-week-old Charles River 
males; group 8, 8-week-old Charles River females. At the 
end of the 6-wk feeding period, the hamsters were fasted 
for 24 h and then anesthetized with 20 mg of ketamine 
hydrochloride (Aveco Ca, Ina, Fort Dodge, IA). Blood was 
withdrawn by cardiac puncture for the determination of 
serum cholesterol. The gallbladder was examined for the 
presence of gallstones. Bile was removed with a syringe 
and examined under a polarizing light microscope (Olym- 
pus MCHAP microscope; Olympus Corp., Lake Success, 
NY) for the presence of cholesterol crystals or liquid 
crystals. The remaining bile was aliquoted for the deter- 
mination of biliary lipids. The liver was excised and 
weighed, and portions were taken for cholesterol analysis. 
Liver segments from hamsters in the 4-week-old categories 
were fixed in Millonig~s buffered formalin, then embedded 
in paraffin, sectioned and stained with hematoxylin and 
eosin. Using a grade scale of 0 to + + + + ,  the pathologist 
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evaluated the sections without  knowledge of the treat- 
ment category of the hamsters. This procedure was similar 
to tha t  used in a prior s tudy (8). 

A n a l y t i c a l  p r o c e d u r e s .  Biliary bile acids were deter- 
mined as the methyl ester acetates using a SPB-5 15 m 
capillary column {Supelco, Bellefont~ PA) at tached to a 
Hewlett-Packard 5890 gas chromatograph (Hewlett- 
Packard, Palo Altc~ CA); 3a, 7a-dihydroxy-12-keto-5/]- 
cholanoic acid was used as an internal standard (8). Biliary 
phospholipids were determined by an enzymatic-colori- 
metric procedure using the Wako phospholipid B kit 
(Wako Pure Chemical Industries, Ltd., Osaka, Japan). 
Cholesterol concentrations of bile, liver and serum were 
determined by gas-l iquid chromatography on a 0.5% 
OV-210 packed column, using 5a-cholestane as an inter- 
nal standard as described previously (9). 

Gallstones were analyzed by diffuse reflectance Fourier 
t ransform infrared (FT-IR) spectroscopy, using a Perkin- 
Elmer 1710 spectrometer (Perkin-Elmer Corp., Norwalk, 
CT) at tached to a Perkin-Elmer 7500 laboratory com- 
puter (10). 

C a l c u l a t i o n s  a n d  s t a t i s t i c s .  The cholesterol saturation 
indices (CSI) were determined using published methods 
(11,12). The data were reported as the mean +_ SD. Dif- 
ferences between the various experimental groups were 
calculated using ANOVA to determine the F statistic; Stu- 
dent 's t-test was applied to those values for which the F 
statistic was significant (P < 0.05) (13,14}. 

RESULTS 

All hamsters were fed the experimental diets for a 6-wk 
period. The animals remained healthy throughout  the ex- 
periment. The 4-week-old males, from either Sasco or 
Charles River, gained more weight than the corresponding 
female hamsters {Table 1}; 44 vs .  32 g for Sasco and 50 
vs .  34 g for Charles River. The 8-week-old hamsters main- 
tained the same weight or gained less weight than the cor- 
responding 4-week-old animals. There were no significant 
differences in food intake (10-11 g/d) for all eight groups. 
On the average, liver weights of female hamsters were 
larger than males for both Sasco (groups 2 and 6 vs .  

groups 1 and 5; 6.8 and 8.3 vs .  6.2 and 6.1 g) and Charles 

River (groups 4 and 8 vs .  groups 3 and 7; 5.4 and 7.5 v s . 5 . 6  

and 6.0 g). 
In all hamsters from the 4-week-old categories, the liver 

sections revealed minimal (+) bile duct proliferation in the 
portal tracts. In the livers of the Sasco hamsters, both 
male and female, the bile duct  proliferation was accom- 
partied by a mild (+) infiltration of mononuclear cells, 
mostly small lymphocytes. This was conspicuously absent 
from the portal t racts  of the Charles River animals. 
Microvesicular parenchymal steatosis was evident in all 
of the 4-week-old hamsters, generally graded as + +  to 
+ + + ,  except for the Sasco males wherein the steatosis 
was often minimal (+). The 4-week-old Sasco females also 
exhibited multiple fa t ty  cysts, a phenomenon that  was 
less prevalent or absent from the livers of hamsters in the 
other 4-week-old categories. Focal infiltrates of mono- 
nuclear cells in the lobular parenchyma were noted in all 
of the 4-week-old hamster  livers, generally graded as +, 
except for the Sasco females which frequently displayed 
more prominent parenchymal infiltrates (++ to +++) .  

Gallstone incidence was determined at sacrifice 
{Table 2). No cholesterol gallstones formed in any of the 
female hamsters, regardless of age or source. Cholesterol 
cholelithiasis in the males showed marked variability. In 
all cases, the male Sasco hamsters had a greater incidence 
of cholesterol gallstones than the male Charles River 
hamsters: group 1 vs .  group 3, 14/15 v s . 6 ~ 1 5  for 4-week- 
old, and group 5 v s .  group 7, 10/15 vs .  4/15 for 8-week-old 
animals. The older hamsters tended to have a lower in- 
cidence of cholesterol gallstones than the younger animals. 
Some 8-week-old male Sasco hamsters had pigment stones 
in the gallbladder {group 5, 4/15}. The pigment stones con- 
sisted mainly of calcium phosphate, protein and calcium 
bilirubinate. In the 4-week-old and 8-week-old Charles 
River animals, females had more pigment stones than the 
males. A few of the Sasco females had pigment stones but 
there were no significant differences among the groups. 

Table 3 summarizes the cholesterol concentrations in 
liver, serum and bile In all cases, regardless of source or 
age, female hamsters had higher liver cholesterol levels 
than males: groups 2 and 6 vs .  groups 1 and 5; 64.30 and 
60.52 vs .  34.99 and 43.68 mg/g in Sasco hamsters, and 
groups 4 and 8 vs .  groups 3 and 7; 60.10 and 57.31 vs .  

TABLE 1 

Body Weight,  Food Intake and Liver Weight  of Sasco and Charles River Hamsters  
on the Palmitie Acid Diet a 

Number Initital Final Food Liver 
of weight weight intake weight 

Group Source Age/sex animals (g) (g) (g/d) (g) 

1 Sasco 4 wk-M 15 61 _ 2 105 __ 8 b 10 - 1 6.2 +- 0.6 c 
2 Sasco 4 wk-F 13 62 _ 3 94 + 7 11 +_ 1 6.8 +- 0.9 
3 Charles River 4 wk-M 15 53 -+ 4 103 --- 12 d 10 +- 1 5.6 - 0.7 
4 Charles River 4 wk-F 18 48 + 3 82 + 6 10 - 0 5.4 --- 0.5 
5 Sasco 8 wk-M 15 111 _ 4 110 - 11 10 +- 1 6.1 - - - - -  0.9 e 
6 Sasco 8 wk-F 16 107 _ 4 124 + 6 11 +_ 0 8.3 - 0.6 
7 Charles River 8 wk-M 15 93 -+ 5 108 _ 9 10 +- 1 6.0 - 0.9 f 
8 Charles River 8 wk-F 16 93 - 4 104 ___ 8 11 +- 0 7.5 --- 1.1 

~See Materials and Methods for details of the hamster diet. The age refers to the age of the hamsters at 
the start of the experimental feeding. All hamsters were fed the diet for 6 wk. Numbers are mean +_ SD. 
M, male; F, female, bDiffers from group 2, P < 0.01. CDiffers from group 2, P < 0.05. dDiffers from group 
4, P < 0.01. eDifiers from group 6, P < 0.01. fDiffers from group 8, P < 0.01. 
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TABLE 2 

Gallstone Incidence in Sasco and Charles River Hamsters  a 

Cholesterol Pigment 
gallstones gallstones 

Group Source Age/sex (%) (%) 

1 Sasco 4 wk-M 14/15 (93) b 0/15 (0) c 
2 Sasco 4 wk-F 0/13 (0) 1/13 (8) 
3 Charles River 4 wk-M 6/15 (40) d 0/15 (0)  e 
4 Charles River 4 wk-F 0/18 (0) 6/18 (33) 
5 Sasco 8 wk-M 10/15 (67) f 4/15 (27) 
6 Sasco 8 wk-F 0/16 (0) 1/16 (6} 
7 Charles River 8 wk-M 4/15 (27} g 0/15 (0) 
8 Charles River 8 wk-F 0/16 (0) 3/16 (19) 

aSee Materials and Methods for details of the hamster diet. 
M, male; F, female. 
bDiffers from groups 2-4 and 6-8, P < 0.005. 
CDiffers from group 4, P < 0.025; group 5, P < 0.05. 
dDiffers from group 4, P < 0.005. 
eDifiers from group 4, P < 0.025. 
fDiffers from group 6, P < 0.005; group 7, P < 0.05. 
gDiffers from group 8, P < 0.05. 

42.02 a n d  44.51 m g / g  in  C h a r l e s  R i v e r  h a m s t e r s .  S e r u m  
c h o l e s t e r o l  in  S a s c o  m a l e s  (g roups  1 a n d  5, 311 a n d  326 
m g / d L )  w a s  l ower  t h a n  in  t h e  c o r r e s p o n d i n g  f e m a l e  
h a m s t e r s  ( g roups  2 a n d  6, 491 a n d  552 m g / d L )  r e g a r d l e s s  

of  age~ T h e  m a l e  C h a r l e s  R i v e r  h a m s t e r s  a l so  h a d  l ower  
s e r u m  c h o l e s t e r o l  ( g roups  3 a n d  7, 294 a n d  262 m g / d L )  
c o m p a r e d  to  t h e  f e m a l e s  {groups  4 a n d  8, 308 a n d  376 
mg/dL) ;  in  al l  cases ,  C h a r l e s  R i v e r  h a m s t e r s  h a d  l ower  
s e r u m  c h o l e s t e r o l  t h a n  t h e  S a s c o  an ima l s .  B i l i a r y  choles-  
t e ro l  w a s  h i g h e r  in  4 -week-o ld  m a l e  S a s c o  h a m s t e r s  com-  
p a r e d  t o  t h e  c o r r e s p o n d i n g  C h a r l e s  R i v e r  a n i m a l s  {group 
1 v s .  g r o u p  3, 4.46 v s .  2.36 mg/mL}.  Four -week-o ld  Cha r l e s  
R i v e r  m a l e s  h a d  l ower  b i l i a r y  c h o l e s t e r o l  l eve l s  t h a n  
8-week-o ld  m a l e s  {group 3 v s .  g r o u p  7, 2.36 v s .  3.75 
mg/mL) .  In te res t ing ly ,  8-week-old Cha r l e s  R i v e r  m a l e s  h a d  
s i g n i f i c a n t l y  h i g h e r  b i le  c h o l e s t e r o l  t h a n  t h e  f e m a l e s  
{group 7 v s .  g r o u p  8, 3.75 v s .  2.56 m g / m L ) .  

B i l i a ry  l ip ids  a n d  cho les t e ro l  s a t u r a t i o n  ind ices  are  sum-  
m a r i z e d  in  Tab l e  4. I n  S a s c o  h a m s t e r s ,  t h e  m o l %  b i l i a r y  
c h o l e s t e r o l  w a s  l o w e s t  in  t h e  m a l e s  {groups  1 a n d  5, 4.2 
a n d  4.5%} as  c o m p a r e d  t o  f e m a l e s  {groups 2 a n d  6, 6.1 a n d  
7.1%} r e g a r d l e s s  of  age.  I n  t h e  C h a r l e s  R i v e r  g roups ,  t h e  
m o l %  c h o l e s t e r o l  w a s  h i g h e r  in  t h e  8-week-o ld  v s .  t h e  
4-week-o ld  a n i m a l s  r e g a r d l e s s  of  s e x  {groups  7 v s .  3, 9.5 
v s .  7.8% a n d  g r o u p s  8 v s .  4, 8.7 v s .  7.1%}. C h a r l e s  R i v e r  
m a l e s  h a d  a h i g h e r  m o l %  p h o s p h o l i p i d  t h a n  t h e  cor respon-  
d i n g  S a s c o  m a l e s  {groups  3 a n d  7 v s .  g r o u p s  1 a n d  5; 14.1 
a n d  17.7 v s .  10.9 a n d  9.9%}. T h e  t o t a l  l i p id s  w e r e  h i g h e r  
in  S a s c o  m a l e s  t h a n  t h e  c o r r e s p o n d i n g  f e m a l e s  {groups  
1 a n d  5 v s .  g r o u p s  2 a n d  6; 14.9 a n d  14.6 v s .  9.4 a n d  

TABLE 3 

Cholesterol Levels  in Sasco and Charles River Hamsters  a 

Liver Serum Bile 
Group Source Age/sex (mg/g) (mg/dL) (mg/mL) 

1 Sasco 4 wk-M 34.99 _ 10.42 b 311 - 43 b 4.46 _ 1.44 c 
2 Sasco 4 wk-F 64.30 _+ 6.90 491 -+ 79 d 4.20 +_ 1.31 
3 Charles River 4 wk-M 42.02 + 11.86 e 294 + 42 f 2.36 +_ 1.14 g 
4 Charles River 4 wk-F 60.10 _ 12.57 308 +- 33 h 3.34 +_ 1.35 
5 Sasco 8 wk-M 43.68 -4-_ 6.37 / 326 +_- 27J 4.28 _+ 1.15 
6 Sasco 8 wk-F 60.52 +_ 5.29 552 _+ 66 h 3.49 +_ 1.21 
7 Charles River 8 wk-M 44.51 +__ 9.62 h 262 ___ 38 h 3.75 + 1.17 h 
8 Charles River 8 wk-F 57.31 --- 16.02 376 -+ 67 2.56 + 0.99 

=See Materials and Methods for details of the hamster diet. Numbers are mean -+ SD. M, male; F, female. 
bDiffers from group 2, P < 0.01. eDifiers from group 3, P < 0.01. dDiffers from group 4, P < 0.01; group 6, 
P < 0.04. eDifiers from group 4, P < 0.01. fDiffers from group 7, P < 0.04. gDiffers from group 7, P < 0.01. 
hDiffers from group 8, P < 0.01./Differs from group 6, P < 0.01. JDiffers from groups 6 and 7, P < 0.01. 
kDiffers from group 8, P < 0.02. 

TABLE 4 

Effect of Age,  Sex and Source on Biliary Lipids in the Hamster  a 

Cholesterol Phospholipids Bile acids Total lipid Cholesterol 
Group Source Age/sex (mol%) (mol%) (mol%) (g/dL) saturation index 

1 Sasco 4 wk-M 4.2 _ 1.3 b 10.9 --- 2.2 c 84.3 +_ 4.1 d 14.9 +__ 7.1 e 0.87 --- 0.25 b 
2 Sasco 4 wk-F 6.1 ___ 1.2/ 12.0 + 3.2g 81.4 +__ 4.7 g 9.4 + 3.6 h 1.43 ___ 0.43 
3 Charles River 4 wk-M 7.8 ___ 2.2 i 14.1 ___ 5.4 i 76.9 + 5.~ 4.1 ___ 1.4 k 1.67 + 0.37 
4 Charles River 4 wk-F 7.1 ___ 1.1 15.1 ___ 2.9 / 77.5 +-- 3.1 6.8 ___ 2.8 / 1.36 __- 0.29 / 
5 Sasco 8 wk-M 4.5 +_ 1.8 m 9.9 -b 2.9 n 85.6 --- 4.3 n 14.6 + 4.4 m 1.00 +- 0.36 m 
6 Sasco 8 wk-F 7.1 +__ 0.8 10.9 --- 2.6 81.3 + 2.4 6.6 --- 2.6 t 1.82 +__ 0.41 ~ 
7 Charles River 8 wk-M 9.5 +_ 1.8 17.7 + 1.8 / 72.7 ----- 2.3 t 5.2 +_ 1.2 ~ 1.72 +__ 0.20 / 
8 Charles River 8 wk-F 8.7 +-- 2.1 10.9 +-- 2.3 80.0 + 3.8 3.9 +- 1.5 2.49 + 0.91 

aSee Materials and Methods for details of the hamster diet. Numbers are mean _ SD. M, male; F, female, bDiffers from groups 2 and 
3, P < 0.01. CDiffers from group 3, P < 0.05. dDiffers from group 3, P < 0.01. eDifiers from group 2, P < 0.02; group 3, P < 0.01..fDiffers 
from group 4, P < 0.03; group 6, P < 0.02. gI)iffers from group 4, P < 0.01. hDiffers from group 4, P < 0.04; group 6, P < 0.03. ' Differs 
from group 7, p < 0.03. ~Differs from group 7, P < 0.02. ~Differs from group 4, P < 0.01; group 7, P < 0.03. tDiffers from group 8, P < 
0.01. mDiffers from groups 6 and 7, P < 0.01. nDiffers from group 7, P < 0.01. ~ from group 8, P < 0.02. 
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6.6 g/dL). On the averag~ the Sasco males had higher total 
lipids (groups 1 and 5, 14.9 and 14.6 g/dL) than the cor- 
responding Charles River males (groups 3 and 7, 4.1 and 
5.2 g/dL); a similar result was observed for the female 
hamsters (groups 2 and 6 v s .  groups 4 and 8; 9.4 and 6.6 
v s .  6.8 and 3.9 g/dL). The CSI were higher in the Sasco 
females than the males (groups 2 and 6 v s .  groups 1 and 
5; 1.43 and 1.82 v s .  0.87 and 1.00). On the average~ the 
Sasco males had lower CSI than the Charles River males 
(groups 1 and 5 v s .  groups 3 and 7; 0.87 and 1.00 v s .  1.67 
and 1.72); similar results were found in female hamsters 
{groups 2 and 6 v s .  groups 4 and 8; 1.43 and 1.82 v s .  1.36 
and 2.49}. 

Table 5 summarizes the biliary bile acid composition in 
the gallbladder at the time of sacrifice Male Sasco 
hamsters of both ages had a higher total bile acid con- 
centration as compared to the corresponding females 
(groups 1 and 5 v s .  groups 2 and 6; 98.9 and 97.0 v s .  58.9 
and 41.0 mg/mL). The total bile acid concentration did not 
differ significantly within all four groups of Charles River 
hamsters. Overall, Charles River animals had lower total 
bile acid concentrations compared to Sasco hamsters: 
groups 3 and 7 v s .  groups 1 and 5; 24.6 and 30.0 v s .  98.9 
and 97.0 mg/mL for males, and groups 4 and 8 v s .  groups 
2 and 6; 38.2 and 24.4 v s .  58.9 and 41.0 mg]mL for females. 
The female Charles River hamsters tended to have a 
higher percentage of deoxycholic acid (DCA) than the 
males {groups 4 and 8 v s .  groups 3 and 7; 12.7 and 10.8 
v s .  5.3 and 5.4%). Chenodeoxycholic acid (CDCA) was 
significantly lower in all Sasco females compared to the 
males {groups 2 and 6 v s .  groups 1 and 5; 22.6 and 21.3 
v s .  38.4 and 36.0%). Similar results were observed for the 
Charles River hamsters: groups 4 and 8, 27.6 and 25.7% 
for females v s .  groups 3 and 7, 40.8 and 43.3% for males. 
The percentage of cholic acid (CA) was higher for females 
from either Sasco or Charles River: for Sasco animals, 
groups 2 and 6 v s .  groups 1 and 5, 42.9 and 44.9 v s .  23.4 
and 20.7%; for Charles River animals, groups 4 and 8 v s .  

groups 3 and 7, 46.7 and 46.5 v s .  34.7 and 34.4% for 
females v s .  males, respectively. The keto bile acid, 3a,12a- 
dihydroxy-7-keto-5/3-cholanoic acid (7-keto-DCA acid}, was 
present in smaller amounts in male Sasco hamsters 
{groups 1 and 5) 0.3 and 0.5% as compared to the females 
{groups 2 and 6) 2.9 and 2.8%. The proportion of this bile 
acid was higher in the Charles River hamsters: groups 3 
and 7, 6.6 and 4.8% in males, and groups 4 and 8, 4.4 and 
8.3% in females, than in the Sasco hamsters. 

DISCUSSION 

Attempts to induce cholesterol cholelithiasis in hamsters 
have given variable results. These differences can be at- 
tributed to changes in dietary components {6,15-17} and 
the source of the hamsters {5,6,18}. Our laboratory has 
spent the last decade studying hamster models of 
cholelithiasis in an attempt to make them reliable and 
reproducible We have now studied the effect of ag~ sex 
and source of hamsters on gallstone incidence 

Male and female hamsters, 4-week-old and 8-week-old 
from Sasco or Charles River, were fed nutritionally ade~ 
quate SPDs containing 0.3% cholesterol and 1.2% 
palmitic acid for a 6-wk period. We have previously 
reported that the substitution of palmitic acid for butter- 
fat in a lithogenic diet enhanced cholesterol gallstone 
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incidence in the 4-week-old male golden Syrian hamster 
from Sasco (7). The 8-week-old animals had initial weights 
similar to the final weights of the 4-week-old animals 
(groups 1-4}. In the present study, palmitic acid did not 
enhance cholelithiasis in female hamsters as it did in 
males; no cholesterol gallstones formed in any of the 
females. Male Sasco hamsters had the greatest incidence 
of stones. In general, the cholelithiasis was more severe 
in young (4-week-old) hamsters than in the older (8-week- 
old) animals. The opposite effect has been found in 
humans, where gallstone incidence is more prevalent in 
females with increasing age (19). Dam (16}, who studied 
hamsters many years ag~ had shown that young hamsters 
tended to have more cholesterol gallstones than older 
animals. In addition, male hamsters tended to have a 
higher incidence of cholesterol stones than females. How- 
ever, under the conditions employed, females, too, formed 
cholesterol gallstones (16). This is different from our 
results with female hamsters who had no stones. It should 
be noted that  Dam's hamsters were of a different sourc~ 
frequently became ill and died prematurely on the fatty 
acid-deficient diet. Hikasa e t  al. (20) also demonstrated 
the influence of age on the production of gallstones in the 
hamster, with the younger hamsters having a higher in- 
cidence. Trautwein e t  al. (21) recently published a com- 
parison of gallstone incidence in three strains of hamsters: 
Charles River, Biobreeder (Ottawa, Canada) and Harlan 
Sprague-Dawley (Indianapolis, IN). Their study was not 
strictly comparable to the present experiments, since they 
used a "Dam-type" diet which contained 5% butter as fat, 
but very little essential fatty acids (21). A strain difference 
for gallstone incidence was observed, but the number, 5-7, 
of animals used was too small for statistical comparison. 

Although female hamsters did not form cholesterol 
stones, they had high CSI. Cholesterol saturation of bile 
is a necessary, but obviously not the only, determinant 
of cholesterol stone formation (22). Our previous study and 
those of others have shown that  there is an increase in 
cholesterol saturation of bile with advancing age in both 
sexes (23). However, total biliary lipid concentrations were 
significantly lower in female hamsters than in males. 
Studies in humans showed that nucleation times were pr~ 
longed in dilute gallbladder bile despite a very high CSI; 
concentrated bile had short nucleation times despite a 
relatively low CSI (24,25). In addition, individuals with 
a supersaturated bile may not form stones because the 
time required for cholesterol to nucleate may be longer 
than the residence time of the bile in the gallbladder (26). 
In our experiment, since female hamsters from both 
sources had more dilute bile than males, the nucleation 
time might have been prolonged, and gallstones did not 
form. 

Cholesterol is sohibilized in bile in two different forms: 
(i) vesicles composed mainly of cholesterol and phos- 
phofipid and (ii) micelles composed of cholesterol, phospho- 
lipid and bile salt (27-29). Cholesterol is known to nucleate 
from the vesicles; vesicles with a high cholesterol/phos- 
pholipid ratio are more prone to nucleation (30-33). Dilute 
bile may have a smaller amount of cholesterol in the 
vesicular form and therefore does not nucleate. In our ex- 
periments, the male Sasco hamsters have a twofold higher 
bile acid concentration in the gallbladder than the female 
hamsters from Sasco or the Charles River hamsters of 
either sex. Hamsters from Charles River have very dilute 

bile; the males have even more dilute bile than the females 
from Sasc(~ yet a small percentage of these hamsters 
formed gallstones. There must be other factor{s) besides 
biliary total lipid concentration that  make female ham- 
sters resistant to cholesterol gallstone formation; a hor- 
monal effect should be considered. It is also reported that 
bile contains nucleating or antinucleating agents, pre- 
sumably proteins, that  play a role in cholesterol nuclea- 
tion or lack thereof {34-37). 

It has been shown that  administration of estrogens to 
animals and humans decreased bile acid secretion, which 
would result in a rise in biliary cholesterol saturation 
(38-47). Estrogen prevents the stimulation of cholesterol 
7a-hydroxylase by dietary cholesterol in the hamster 
{38,39,41}. This may explain the lower bile acid concen- 
tration observed in female hamsters. A lower bile salt con- 
centration reduces the number of micelles. It has been 
observed that  as the number of micelles decreases, the 
cholesterol]phosphofipid ratio of vesicles decreases, and 
nucleation time increases {48). 

Biliary bile acid composition was markedly different 
among the various groups. The female hamsters had a 
lower CDCA concentration than the males. Hormones 
could be responsible for this effect, since the administra- 
tion of estrogen has been found to reduce CDCA in bile 
(44,49). Sasco males had a higher percentage of hyodeoxy- 
cholic acid and murideoxycholic acid, but a lower percent- 
age of 7-keto-DCA than the Sasco females or the Charles 
River hamsters of both sexes. These three bile acids are 
bacterial in origin. The formation of cholesterol gallstones 
could conceivably be affected by bacterial alteration of the 
biliary bile acid composition as some earlier investigators 
have indicated (50-52). The fiver normally biotransforms 
ketonic secondary bile acids, such as 7-ket~DCA to 
hydroxy acids (e.g., CA) by reduction of the keto group. 
Keto bile acids are more common in patients with fiver 
disease (53). Female hamsters may conceivably have some 
fiver injury as a result of the cholesterol diet, but a 
possible role of the 7-keto bile acid, in particular, and 
bile acid composition, in general, in lithogenesis remains 
unknown. 

Female hamsters had larger livers and higher liver 
cholesterol levels than the males, regardless of age or 
source Females store more cholesterol esters in the fiver 
than males (54). The accumulation of the cholesterol ester 
in the fiver is associated with suppression of cholesterol 
synthesis (54). This difference between male and female 
hamsters might also be hormonal in origin. Coyne e t  aL 
(38) reported that  estrogen-treated hamsters on a high 
cholesterol diet had increased liver weights, which may 
be explained in part by an impaired ability to excrete the 
high exogenous cholesterol load in the form of bile acids. 
The fatty cysts and parenchymal infiltrates in the 4-week- 
old Sasco females may reflect this impairment; however, 
similar changes were either less prevalent or absent from 
the livers of hamsters in the other 4-week-old categories, 
including the Charles River females. While none of the 
observed morphologic changes should be construed as 
reflecting substantial or irreversible fiver damage, still it 
is useful to know that  the same diet can elicit different 
morphologic alterations in the livers of hamsters, depend- 
ing on sex and source 

Our studies show that the "best" model for gallstone 
formation is the 4-week-old Sasco male hamster fed 
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p a l m i t i c  acid. A l t h o u g h  our  an ima l  mode l  is no t  iden t i ca l  
to  h u m a n  chole l i th ias i s ,  i t  shou ld  enab le  us  to  sys te -  
m a t i c a U y  examine  how ce r t a i n  d i e t a r y  c o m p o n e n t s  (fat, 
fiber), h o r m o n e s  and  s y n t h e t i c  cho l e l i t ho ly t i c  a g e n t s  af- 
fect  s t one  incidence.  I n  add i t ion ,  b e c a u s e  e x p e r i m e n t s  
(s tone fo rmat ion)  can  be  c o m p l e t e d  in on ly  6 wk, a n d  bi le  
can  eas i ly  be  ob ta ined ,  t h i s  m o d e l  is  c l ea r ly  s u p e r i o r  to  
s t ud i e s  in humans .  

I n  conclus ion ,  sex, age  a n d  source  are  i m p o r t a n t  when  
work ing  w i th  the  h a m s t e r  model  of cholesterol  cholel i thia-  
sis. O u r  r e s u l t s  show for t h e  f i r s t  t i m e  t h a t  age  a n d  sex  
m a y  affect  cholesterol  chole l i th ias i s  in h a m s t e r s  fed nutr i -  
t i onaUy  a d e q u a t e  d ie ts .  
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Preferential Reduction in Adipose Tissue a.Linolenic Acid (18:3 3) 
During Very Low Calorie Dieting Despite Supplementation 
with 18:3 31 
Anna B. Tang a, Karen Y. N ish imura b and Stephen D. Phinney. a,* 
aDivision of Clinical Nutrition and Metabolism, Department of Medicine and bSchool of Medicine, University of California at Davis, 
Davis, California 95616 

We have previously reported that the relative content of 
18:3co3 in adipose triglyceride (TG) of women was reduced 
following major weight loss while on a very low calorie diet 
(VLCD). In an attempt to prevent this loss of 18:3co3 re~ 
serves, we have tested two VLCD supplemented with vary- 
ing amounts of 18:3co3. The formula (FORM) and food 
VLCD (2.1-3.0 MJ or 500-700 kcal/d) contained 20 g/d of 
fat and provided the recommended dietary allowance for 
minerals and vitamins. FORM subjects (Group 1) were 5 
women [initial body mass index (BMI) of 36.8, 168% ideal 
body weight (IBW) who received 20 g/d of canola oil (1.6 
g 18:3~3). Their mean weight loss was 23.9 kg in a 4-5 mon 
period. Food VLCD subjects (Group 2) were 6 women (BMI 
33.9, 155% IBW) supplemented with 2 g/d of linseed oil (1.1 
g 18:3co3). Their mean weight loss was 17.4 kg in a 2-3 mon 
period. Needle biopsies of adipose tissue were obtained 
from Group 1 before, at midpoint and after weight loss; 
and from Group 2 before and after weight loss. The adipose 
TG and serum (Group 1) were separated and their fatty 
acid composition determined by thin-layer and gas chrc~ 
matography. In Group 1, adipose 18:3co3 fell from 0.65 to 
0.59 wt%, then to 0.52 wt% during weight loss. In Group 
2, it fell from 0.77 to 0.64 wt%. The fall in adipose 18:3r 
with weight loss was significant at P = 0.01 (Group 1) and 
P < 0.01 (Group 2). There were no differences between 
responses to the 1.1 g/d or 1.6 g/d 18:3co3 supplements. The 
relative content of 18:3co3 in serum free fatty acids from 
Group I was reduced after major weight loss. Thus, in both 
groups the co3 supplementation did not help to maintain 
adipose tissue 18:3~3 during rapid weight loss, and its 
decrement may affect circulating lipid pools. As adipose 
18:2co6 did not change with weight loss, this reduction in 
the ratio of ~6 precursor to co3 precursor could eventual- 
ly alter the balance of their products as well. 
Lipids 28, 987-993 (1993). 

Very low calorie diets (VLCD; less than 3.3 MJ/d or 800 
kcaYd) have been used extensively to achieve rapid weight 
loss. Many concerns regarding the safety of VLCD in treat- 
ing moderate to severe obesity have been addressed in the 
past two decades (1,2), but the issue concerning the degree 
to which functional tissue is preserved during and after ma- 
jor weight loss remains. Thus, attention has been focused 

iThis work was presented in part at the North American Society for 
the Study of Obesity, Sacramento, California, 1991. 
*To whom correspondence should be addressed at the Division of 
Clinical Nutrition and Metabolism, UCD School of Medicine TB-156, 
Davis, CA 95616. 
Abbreviations: BMI, body mass index {weight in kilogram divided 
by the square of height in meters); DHA, docosahexaenoic acid 
(22:6oJ3); EPA, eicosapentaenoic acid (20:5co3); EFA, essential fatty 
acid; FFM, fat-free mass; GC, gas chromatography; IBW, ideal body 
weight; PL, phospholipids; RDA, recommended dietary allowance; TG, 
triglyceride; TLC, thin-layer chromatography; VLCD, very low calorie 
diet(s). 

on nutrient composition, especially high quality proteins and 
supplements, and their relation to preserving lean tissue and 
vital organ function (3-6). However, limited studies have 
been done to examine the effects of VLCD with varying fat 
composition on adipose essential fatty acid (EFA) reserves 
and their content in serum lipid fractions (7,8). 

Humans undergoing rapid weight loss during a VLCD 
derive a majority of their daily energy needs from adipose 
tissue In addition to the oxidation of fatty acids from adi- 
pose triglycerides (TG) to meet energy needs, EFA are 
mobilized to meet other physiological and metabolic needs. 
The effect of weight loss on adipose tissue composition has 
received little attention since the pioneering work of Hirsch 
(9) over 30 years aga Given a 2.5 MJ (600 kcal) per day fat- 
free diet for up to 150 d, Hirsch (9) reported that obese 
humans showed no change in the proportion of palmitic 
(16:0), oleic (18:1co9) and linoleic acids (18:2co6) in adipose 
tissu~ despite over 30 kg of weight loss. The response of 
the lesser components, such as arachidonic acid (20:4co6), 
orlinolenic acid (18:3co3), eicosapentaenoic acid (20:5co3; EPA) 
and docosahexaenoic acid (22:6co3; DHA), to weight loss was 
not reported in those studies. However, the fate of these 
minor components of adipose tissue are of increasing interest 
in view of their important roles in membrane function, where 
they do exist in greater concentration, and from which 
substrates for eicosanoid synthesis are derivecL Furthermor~ 
the relative homogeneity of adipose tissue composition 
among people of diverse ethnic backgrounds and diets 
(10-12) suggests that its composition is regulated to some 
degre~ possibly to fulfill some metabolic or physiological 
neecL 

In a previous study (13) we examined adipose fatty acid 
composition of two groups of obese women on VLCD before 
and after undergoing 15-30 kg of weight loss. Neither diet 
group received co3 fatty acid supplements, and the daily in- 
take of this class of fatty acid was estimated at <200 mg. 
Following weight loss, their remaining body adipose tissue 
content of 18:1co9, 18:2co6 and 20:4co6 had not changed~ but 
18:3~3 fell significantly in the first group (0.67 to 0.56 wt%, 
P < 0.001) and similarly in the second (0.71 to 0.59 wt%, 
P = 0.03). 

a-Linolenic acid cannot be synthesized endogenously by 
humans and must be obtained through their diet. It  is also 
the metabolic precursor for the elongation and desaturation 
products 20:5co3 and 22:6co3. Dietary intake of 20:5co3 and 
22:6co3 has been associated with reduced risk for athero- 
sclerosis (14-16). Repeated weight loss in adults has been 
found to predispose them to early atherosclerosis (17,18), 
perhaps due to the depletion of co3 fatty acid stores. Al- 
though the essentiality of the co3 family remains a topic of 
debat~ the two case reports in the literature of symptomatic 
human deficiency (19,20) suggest that the minimum main- 
tenance co3 fatty acid intake should be 0.5-1.0% of calories. 
A recent study of young adults reported the intake of 18:3co3 
at 0.3% of total energy (21). This implies that the co3 nutri- 
ture of much of the population may be marginal Seen from 
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this perspective, the loss of 18:3co3 from adipose TG dur- 
ing rapid weight loss may have important health implica- 
tions. 

Due to our previous findings (13) and the evidence dis- 
cussed now on the importance of w3 fatty acids in metabo- 
lism, we have conducted a follow-up study. We have assessed 
whether additional supplementation of VLCD with 1.1 or 
1.6 g/d of 18:3co3 helps to maintain 18:3co3 levels in adi- 
pose and serum during prolonged dieting (for up to six 
months) in obese females. 

MATERIALS AND METHODS 

This project was conducted with two separate groups of 
subjects. Both groups were studied in a multidisciplinary 
weight management clinic at the University of California 
at Davis. The subjects received one of two VLCD provid- 
ing between 1.9-3.0 MJ {450-700 kcal) daffy with different 
protein, carbohydrate and fat contents. The study pro- 
tocols were approved by the Human Subjects Review 
Committee at the University of California at Davis. Writ- 
ten informed consent was obtained from each subject prior 
to participation. 

Subjects. Volunteers for this study were recruited from 
a group of subjects who responded to newspaper adver- 
tisements. Preselection criteria included normal medical 
history, physical examination, electrocardiogram and rou- 
tine hematological and serum biochemical studies to rule 
out cardiac, hepatic, renal, thyroid and pancreatic beta- 
cell dysfunction. All subjects were weight stable within 
a 3 kg range for the month prior to the study. An initial 
diet history indicated no restriction of animal products 
or vegetable fats in their habitual diets. Group i contained 
5 obese females ages 38 to 44. They were from 25 to 76 
kg above ideal body weight [IBW; taken as the median 
value of the medium frame range from the Metropolitan 
Life Insurance Tables (22)]. The subjects were given a for- 
mula VLCD containing canola oil. Group 2 contained 6 
obese females ages 37 to 44. They were from 15 to 64 kg 
above their IBW. These subjects were assigned to a com- 
mon food VLCD and supplemented with linseed oil cap- 
sules. The characteristics of Group 1 and Group 2 sub- 
jects are shown in the Results section in Table 1. 

Diets. During the first two weeks of the outpatient pro- 
tocol, all subjects were prescribed a 4.1 MJ/d {1000 kcaYd 
diet) common food diet containing 90 g of protein. Follow- 
ing the two-week adaptation period, subjects were assign- 
ed to one of two VLCD. 

The formula diet (Sandoz, Minneapolis, MN) provided 
a daffy intake of 2.8 MJ (660 kcal) with 90 g protein, 30 
g carbohydrate and 20 g of fat. The protein source for this 
formula was pasteurized egg albumin and casein, and the 
fat source was canola oil (11% saturated, 58% monoun- 
saturated, 23% 18:2o06 and 8% 18:3co3L The mineral and 
vitamin content of the formula met or exceeded the recom- 
mended dietary allowances (RDA) (23) for minerals, trace 
minerals and vitamins. Subjects in both groups were also 
prescribed 1.5-2.0 L of noncaloric fluids and up to 3 g of 
sodium daffy with bouillon to maintain euvolemia despite 
the nutritional ketosis induced by the VLCD. 

The common food VLCD consisted of three daily por- 
tions of lean meat, low-fat fish or poultry providing less 
than 10 g of carbohydrate and 1.5 g protein per kg IBW 
in 1.9-2.5 MJ (450-600 kcal) daffy. The lipid content of 

this diet consisted of those fats inherent in the foods 
selected, and was judged by diet history to range from 
15-20 g/d. Based upon the diet histories of the subjects 
and published tables for the fat ty acid contents of these 
animal fats, approximately 10% of this dietary fat was 
18:2o~6 and 1% 18:3co3 (for estimated daily intakes of 2 
g and 0.2 g, respectively). The mean co3 fatty acid intake 
from fish as 20:5co3 and 22:6co3 was estimated at less than 
100 mg/cL This diet was supplemented daffy with 2 linseed 
off capsules (1.1 g/d 18:3co3), 25 mEq of potassium bicar- 
bonate (K-Lyte, Bristol, Evansville, IN), 4 tablets of 
calcium/magnesium antacid (CalcitreL Sterling, New York) 
prodding 800 mg and 200 nag of these minerals, respec- 
tively, and a multivitamin with minerals (Centrum, 
Lederle). In total, the food portions plus supplements pro- 
vided at least 100% of the RDA (23) for the major and 
trace minerals and vitamins. The calories given to all sub- 
jects on the formula diet were fixed; whereas the common 
food VLCD intake was variable, depending upon stature. 
The range of energy intakes between groups during the 
VLCD varied from 660 kcal/d for the former to 450-600 
kcaYd for the latter. Thus, the diets were similar in energy 
content but were neither precisely isocaloric nor isonitro- 
genous. Their total ~03 contents from all sources were 1.6 
g/d and 1.4 g/d, respectively. 
Monitoring. Body weight and breath acetone (by gas 

chromatography; Caldetect Inc, Richmond, CA) were mea- 
sured weekly. The weekly weights and breath ketones ef- 
fectively monitored for subject adherence to the diets dur- 
ing the outpatient protocol. 
Body composition analysis. Body composition of Group 

I was determined by hydrostatic weighing, as previously 
published (13), before dieting, at approximately 12-15 kg 
of weight loss, and following 17-30 kg of weight loss; while 
body composition of Group 2 was done before dieting and 
following 7-26 kg of weight loss. Body density and per- 
cent body fat were calculated using the Siri formula (24) 
and Brozek equation {25), respectively. Fat-free mass 
(FFM) was calculated as body weight minus total body 
fat. 

Serum sampling and analysis. Fasting blood was drawn 
by venipuncture with minimal hemostasis from Group 1 
subjects before the initial diet, early in the diet {month 
2) and late in the diet {month 4 to month 6). Lipids were 
extracted from 2 mL of serum using 6 mL of chloro- 
form/methanol (2:1, voYvol) {26). The phospholipid, free fat- 
ty  acid, TG and cholesteryl ester fractions were separated 
by thin-layer chromatography (TLC), transesterified us- 
ing 5% methanolic HC1, and their fatty acid composition 
was determined by capillary gas chromatography (GC) 
(13,27). The serum cholesteryl ester data are not reported, 
due to difficulties with sample recovery following the TLC 
step. 
Adipose tissue sampling and analysis. Subcutaneous 

adipose tissue was obtained by biopsy with a 14-gauge 
needle following local anesthesia. Group 1 subjects were 
biopsied from the lateral thigh before and after a mean 
of 14 kg of weight loss, and after a mean of 24 kg lost. 
The initial and final serum samples coincided with the in- 
itial and final adipose biopsies. Group 2 subjects were 
biopsied from the lateral thigh before and after a mean 
of 17 kg weight loss. After careful washing in saline solu- 
tion and blotting, the adipose tissue was extracted in a 
ground glass homogenizer (26), the triglyceride fraction 
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TABLE 1 

Characteristics of Subjects 

Initial Weight Weight 
Age Height weight loss loss rate 
(yr) (cm) (kg) %IBW = BMI b (kg) (kg/wk) 

Group 1 (formula VLCD c containing canola oil) 
Mean 41 168 104.6 169 36.8 23.9 1.21 
SEM 1 4 11.0 11 2.5 2.4 0.10 

Group 2 (food VLCD supplemented with linseed oil) 
Mean 39 166 92.1 154 33.9 17.4 1.51 
SEM 2 2 7.1 15 3.2 3.0 0.17 

aIBW, ideal body weight, taken at mid-range of medium frame value. 
bBMI, body mass index {weight in kilogram divided by the square of the height in 
milligrams). 
eVery low calorie diet(s). 
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was separated by TLC and its fatty acid composition was 
determined by capillary GC. The specific details of this 
procedure have recently been published in detail (13). 

Statistical analysis. Data analysis was performed 
using the PC-SAS (28) package on a microcomputer. 
Changes in the level of each specific fat ty acid were as- 
sessed in Group 1 by repeated measures analysis of vari- 
ance (ANOVA), and in Group 2 by paired t-test. Due to 
the number of individual tests done with each diet group, 
the threshold for significance was P < 0.01. Data are 
reported as means (SEM). 

RESULTS 

The characteristics of the two groups of subjects par- 
ticipating in this study are shown in Table 1. The two 
groups had similar age, height, initial body weight, %IBW, 
and body mass index (BMI). All the subjects exceeded the 
standards for obesity as determined by percent IBW and 
BMI, and all lost at least 0.9 kg per week. The mean rates 
of weight loss for the Group 1 and 2 subjects are shown 
in Table 1, and each subject's cumulative loss in Figure 1. 

The data for Figure 1 are calculated as percent loss from 
initial weight, and this figure illustrates the consistent 
rate of loss within and between diet groups. These results 
indicate that little, if any, additional fat calories were con- 
sumed during the VLCD by our subjects. Adherence to 
the VLCD was further supported by breath acetone deter- 
minations. The subjects achieved and sustained values ex- 
ceeding the equivalent of 0.4 mM/}-hydroxybutyrate dur- 
ing the VLCD. This increase over baseline values (less than 
0.05 mM in the pre-weight loss phase) indicated consis- 
tent avoidance of unprescribed dietary carbohydrate. 

Body composition data for Group 1 and Group 2 are 
shown in Table 2. Total adipose weights are provided at 
each time point, plus total change for these parameters 
and FFM across weight loss. The changes in body com- 10 
position were similar for both diets. There were no signifi- 
cant differences between the diets for total weight loss, 
fat loss or loss of FFM. A mean weight loss of 23.9 ___ 2.4 
kg was observed in the Group 1 and 17.4 + 3.0 kg in the 
Group 2 subjects, corresponding to 22.8 and 18.2% reduc- 
tion in initial body weight. The weight loss as fat was 87% 0 
for Group 1 and 70% for Group 2 subjects. 

The fatty acid contents of adipose tissue from the lateral 
thigh regions of Group 1 and Group 2 subjects are shown 
in Table 3. For Group 1, a-linolenic acid declined signifi- 

cantly with weight loss from 0.65 to 0.52 wt% (20%, P = 
0.01). Using the body composition data, the loss of 18:3r 
from adipose stores was 1.2 g/eL Oleic acid and 22:5003 both 
showed slight rises after weight loss (P = 0.007 and P = 
0.003, respectively), and 18:3006 showed a slight decline 
(P = 0.006). For Group 2, the only significant change with 
weight loss occurred in 18:3003, which fell from 0.77 to 0.64 
wt% (17%, P < 0.01). Again from the body composition 
data, the rate of 18:3003 loss from adipose stores was 1.6 
g/d. 

The fat ty acid constituents of the serum phospholipid 
(PL) fraction of Group 1 at three time points before and 
during the rapid weight loss phase are shown in Table 4. 
There were no significant changes in the PL co6 or 003 fatty 
acids. The serum free fatty acids for Group 1 subjects are 
shown in Table 5. Among the nonessential fatty acids, 14:0 
declined (P = 0.003) with the VLCD, and 18:1009 rose (P 
-- 0.005). Among the 006 family, the only change was a 
fall in 18:3006 (P = 0.01). In the 003 class, 18:3003 sustained 
a significant (P < 0.01) decline Neither 20:5003 nor 22:6003 
underwent significant chang~ The serum TGs for the 
Group 1 subjects are shown in Table 6. There were no 

~0 

20 

t0 

FIG. 1. Rates of weight  loss for formula (Group 1) and common food 
very low calorie diets) (VLCD) (Group 2) subjects, calculated as pew 
cent of initial weight, and indicating uniform adherence to the VLCD. 
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TABLE 2 

Body Composition a 

A.B. TANG E T  AL. 

Before During After Change with VLCD 

Subject Total Adipose Total Adipose Total Adipose Total FFM Adipose 

Group 1 
Mean 104.6 50.6 90.2 42.8 80.7 29.9 23.9 3.2 20.7 
SEM 11.0 6.1 10.6 4.6 9.6 5.3 2.4 1.2 1.7 

Group 2 
Mean 92.1 40.0 n.d. n.d. 74.8 27.8 17.4 5.2 12.2 
SEM 7.1 5.2 n.d. n.d. 4.4 3.5 3.0 1.5 2.0 

aTotal weight, adipose weight and fat-free mass (FFM) in kg; n.d., not determined. VLCD, very low calorie 
diet(s). 

s ignif icant  changes among  the nonessent ia l  f a t t y  acids. 
In  the w6 family, 18:3w6 fell (P < 0.01 for both). There 
were no signif icant  changes in the  co3 family wi th  the 
VLCD. 

DISCUSSION 

Our previous s t u d y  had  shown tha t  VLCD employed for 
rapid  weight  loss in humans  selectively reduce the con- 
tent  of a-linolenic acid in the remaining body adipose pool 
(13). This f inding was consis tent  across two separa te  
groups of subjects  experiencing 15-25 kg  of weight  loss 
and was independent  of the type  of VLCD (food or for- 
mula) employed. I t  also implied a need for w3 f a t t y  acid 
supplementat ion to avoid t issue reduction of this nutrient.  
In  the  present  study, we assessed two VLCD providing 
1.6 g/d of 18:3co3 (formula diet  conta ining canola oil) or 
1.4 g/d (common food plus l inseed oil capsules). The diet- 
induced reduct ion of 18:3co3 in adipose TG was similar  in 
the two groups and was comparable  to t ha t  found in the  
previous s tudy  (in which the diets  provided < 0.2 g co3 
dally). There were no other  consis tent  changes in the adi- 

pose fa t ty  acid composit ion in either diet group. Thus, the 
18:3w3 supplementat ion did not  prevent the loss of 18:3w3 
from adipose stores dur ing  the VLCD. 

The 18:3w3 supplement  dose used in th is  s tudy  was 
determined us ing  the da t a  from the body  composi t ion 
s tudies  of our previous work (13). Assuming  uniform loss 
from different anatomic sites, to ta l  a-linolenic acid disap- 
pearance from adipose TG was de termined to be 171 g in 
140 d, or 1.2 g/d. This amount  represented about  0.5% of 
dal ly  energy expendi ture  and is very close to the esti- 
mates  of minimum human need determined in two case 
s tudies  descr ibing overt  deficiency of th is  required nutri-  
ent  (19,20). We decided on supplement  doses for the  pres- 
ent  s tudy  t ha t  would equal (linseed) or exceed (canola) the 
projected min imum need, hoping t h a t  this  would protect  
the  relat ive content  of 18:3w3 in adipose t r ig lyce r ide  
Despi te  the supplements,  however, the calculated rates of 
18:3co3 loss from adipose tr iglyceride were 1.2 and 1.6 g/d 
for Groups 1 and 2, respectively. Clearly these 18:3co3 sup- 
p lements  did not  pro tec t  adipose reserves. Linoleic acid 
mobilization,  on the other  hand, was determined to be 22 
g/d, providing more than  10% of to ta l  energy needs. This 

TABLE 3 

Adipose Triglyceride Fatty Acid Composition 

Group 1 (wt%; n = 5) Group 2 (wt%; n -- 6) 

Before During After Before After Fatty 
acids Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 

14:0 2.41 0.07 2.36 0.05 2.27 0.07 2.59 0.15 2.33 0.07 
16:0 19.07 0.32 19.60 0.20 19.27 0.21 18.87 0.47 22.20 3.29 
18:0 2.82 0.23 2.96 0.19 2.88 0.16 2.47 0.21 2.70 0.24 

16:1 a 7.52 0.16 6.54 0.29 6.23 0.32 7.45 0.61 7.29 0.74 
18:1 b 45.27 d 1.52 45.85 0.22 46.698 0.26 44.17 0.38 43.01 2.41 
20:1 c 0.60 0.01 0.63 0.01 0.69 0.01 0.60 0.02 0.57 0.07 

18:2w6 15.60 0.51 15.43 0.45 15.41 0.42 16.55 0.83 15.36 1.57 
18:3w6 0.09 d 0.00 0.08 0.00 0.07 d 0.00 0.11 0.01 0.10 0.00 
20:2w6 0.22 0.00 0.23 0.01 0.26 0.01 0.23 0.01 0.22 0.02 
20:3w6 0.28 0.02 0.31 0.02 0.35 0.03 0.31 0.03 0.33 0.05 
20:4w6 0.40 0.01 0.42 0.02 0.41 0.02 0.46 0.06 0.45 0.07 
22:4w6 0.16 0.01 0.18 0.01 0.21 0.01 0.17 0.02 0.14 0.02 

18:3w3 0.65 d 0.02 0.59 0.02 0.524 0.01 0.77 ~ 0.05 0.64 e 0.05 
20:5co3 0.04 0.00 0.03 0.00 0.03 0.00 0.06 0.01 0.06 0.03 
22:5co3 0.15 0.01 0.15 d 0.00 0.17 d 0.01 0.14 0.02 0.20 0.04 
22:6w3 0.10 0.01 0.10 0.00 0.10 0.01 0.09 0.01 0.15 0.06 

aSum of 16:1co9 and 16:1co7. 
bSum of 18:1co9 and 18"1w7. 
cSum of 20:1co9 and 20:1w7. 
dValues differ P ~< 0.01 by least significant difference test for Group 1. 
~Significant decrease at P < 0.01 by paired t-test for Group 2. 
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TABLE 4 

Serum Phospholipid Fa t ty  Acid Composition, Group 14 

Fa t ty  Before Early Late 

acid Mean SEM Mean SEM Mean SEM 

14:0 0,32 0.08 0.24 0,04 0.19 0.02 
16:0 27.55 0.90 30.88 0.50 28.96 0.74 
18:0 11.72 0.73 10.10 0.37 9.92 0.46 

16:15 0.89 0.19 0.68 0.07 0.59 0.07 
18:1 c 10.20 0.52 9.73 0.48 9.77 0.28 
20:3co9 0.17 0.06 0.09 0.01 0.07 0.01 

18:2oo6 18.22 1.61 16.52 1.10 17.75 1.43 
18:3co6 0.09 0.02 0.05 0.00 0.04 0.01 
20:2006 0.32 0.04 0.20 0,01 0.25 0.02 
20:3co6 3.05 0.76 1.93 0.32 1.95 0,31 
20:4co6 11.22 1.49 13.54 O. 56 14.08 0.97 
22:4co6 0.45 0.03 0.42 0.04 0.48 0.04 

18:3co3 0.16 0.02 0.12 0.02 0.13 0.02 
20:5co3 0.58 0.10 0.44 0.03 0.59 0.22 
22:5co3 0.92 0.09 0.80 0.11 1.05 0.10 
22:6co3 3.40 0.54 3.94 0.28 3.81 0.42 

aData are wt%, means of n = 5; before, before weight loss; early, first i-2 
low calorie diet(s) (VLCD); late, 3-5 mon of VLCD, 
bSum of 16:1o~9 and 16:1co7. 
cSum of 18:1co9 and 18:1c07. 

mon of very 

TABLE 5 

Serum Free Fatty Add Composition, Group I a 

Before Early Late 
Fatty 
acid Mean SEM Mean SEM Mean SEM 

14:0 1.96 ~e 0.08 1.46 d 0.08 1.48 e 0.07 
16:0 24.20 0.90 23.75 0.68 22.56 0.79 
18:0 8.01 1.17 8.15 0.40 7.90 0.51 

16:1 b 4.19 0.18 3.89 0.36 3.57 0.35 
18:1 c 35.16 e 1.56 39.82 0.41 41.52 e 0.59 
20:3o)9 0.48 0.27 0.50 0.39 0.27 0.07 

18:2o;6 14.64 1.59 13.02 1.33 13.22 1.30 
18:3w6 O.12f 0.01 0.09 0.01 0.06 f 0.01 
20:2006 0.25 0.01 0.25 0.02 0.31 0,03 
20:3co6 0.28 0.05 0.26 0.02 0.24 0.04 
20:4006 1.11 0.11 1.04 0.06 0,91 0.09 
22:4006 0.16 0.02 0.21 0.05 0,17 0.03 

18:3o)3 0.82 g 0.18 0.62 0.15 0,45 g 0.12 
20:5a~3 0.07 0.01 0.05 0.01 0,03 0,01 
22:5003 0.15 0.02 0.15 0.03 0.11 0,03 
22:6co3 0.42 0.06 0.42 0.07 0.27 0,07 

aData are wt%, means of n = 5; before, before weight loss; early, first 1-2 mon of VLCD; 
late, 3-5 man of VLCD. 
bSum of 16:1co9 and 16:1o)7. 
cSum of 18:1009 and 18:1o~7. 
dp ~ 0.01 by analysis of variance (ANOVA). 
ep ~ 0.02 by ANOVA. 
fP <~ 0.05 by ANOVA. 
ep ~ 0.03 by ANOVA. 
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TABLE 6 

Serum Triglyeeride Fatty Acid Composition, Group 1 a 

Fatty Before Early Late 
acid Mean SEM Mean SEM Mean SEM 

14:0 1.65 0.50 0.68 0.06 0.68 0.08 
16:0 24.84 1.49 25.51 0.54 24.22 0.52 
18:0 3.11 0.41 3.19 0.24 2.83 0.18 

16:1 b 4.95 0.78 3.57 0.21 3.14 0.41 
18:1 e 36.61 0.66 39.80 1.27 40.70 0.99 
20:3w9 0.73 0.56 0.14 0.02 0.21 0.03 

18:2co6 18.52 2.44 18.30 1.57 19.02 1.65 
18:3r 0.40 d 0.07 0.27 0.09 0.25 d 0.10 
20:2r 0.21 e 0.03 0.14 e 0.01 0.18 0.01 
20:3r 0.30 0.03 0.20 0.02 0.23 0.01 
20:4r 1.75 0.46 2.17 0.24 2.39 0.33 
22:4oJ6 0.23 0.04 0.24 0.02 0.27 0.06 

18:3co3 0.76 0.07 0.61 0.13 0.64 0.10 
20:5o~3 0.13 0.03 0.12 0.03 0.17 0.02 
22:5w3 0.40 0.08 0.37 0.05 0.49 0.06 
22:6w3 0.49 0.14 0.65 0.10 0.47 0.16 
aData are wt%, means of n = 5; before, before weight loss; early, first 1-2 mon of VLCD; 
late, 3-5 mon of VLCD. Abbreviations as in Table 5. 
bSum Of 16:1co9 and 16:1G07. 
CSum of 18:1w9 and 18:1co7. 
dp <~ 0.03 by ANOVA. 
ep ~ 0.05 by ANOVA. 

was 5- to 20-fold in excess of the min imum amount  to 
avoid EFA deficiency in ra ts  (29) and in humans  (30-32). 
Given this degree of excess provision, there was no de- 
crease in adipose TG 18:2w6 relative content.  

Among  the serum fractions, the mos t  notable observa- 
tion was the decline in free fa t ty  acid 18:3w3 dur ing the 
VLCD. Unlike the precursor 18:3co3, the co3 product f a t ty  
acids EPA and D H A  in serum showed no consis tent  
change with the diet. As 18:3co3 has  no known essential  
functions in its own r ight  other  than  as a precursor for 
EPA and DHA,  this decline in its level in adipose and in 
circulatory pools carries no immediate  risk. Nonetheless, 
there could be late sequelae if the 18:3co3 were not replaced 
in the post-weight loss phase, as slow equilibration with 
the hepatic 18:3co3 substra te  pool may impact  production 
of 20:5Go3 or 22:6co3, allowing their  contents  in serum or 
t issues to eventually decline. 

Another  interest ing observat ion from the serum lipid 
fraction f a t ty  acid profiles is the low level of 18:2co6 a t  
all t ime points as compared to previously published values 
for lean adul ts  using the same analytical  methodology  
(33). Jones  and Schoeller (34) have shown tha t  humans  
preferentially oxidized polyunsatura ted  compared to sat- 
urated and monounsa tu ra ted  f a t ty  acids, and t ha t  lean 
and obese subjects  differ in their  responses to diets vary- 
ing in po lyunsa tura ted  to sa tura ted  f a t t y  acid rat io (35). 
These observations,  along with our da ta  suggest ing low 
18:2co6 in serum fractions at  baseline and during the 
VLCD, suggest  an abnormali ty in the regulation of 18:2co6 
content  in the various serum lipid fractions in obesity. 
This is consis tent  with our observat ions in the obese 
Zucker ra t  (36), in nondiet ing obese humans  (37) and in 
obese humans  prior to major  weight loss (38). I t  is clear 
tha t  the low 18:2co6 in the three serum fractions did not  

represent overt  EFA deficiency, as PL 20:3oJ9 was not ele- 
vated. 

The mechanism for the selective loss of 18:3o~3 from 
adipose TG and serum free f a t ty  acids remains unclear. 
Raclot and Groscolas (39) have shown tha t  18:3r is pre- 
ferentiaUy released from s t imulated adipocytes, and 
Clouet et  al. (40) reported preferential in vitro mitochon- 
drial oxidation of ~linolenic acid in the nonesterified form_ 
As the subjects  in our s tudy  were in marked  negat ive 
energy balance, dietary 18:3~3 would be presented to mus- 
cle in free f a t ty  acid form, predisposing it to preferential 
/3-oxidation in the mitochondria.  This may  par t ia l ly  ex- 
plain the significant reduction in 18:3~3 in the serum free 
f a t ty  acid fraction. 

The health significance of the reduction in adipose 
18:3w3 with rapid weight loss remains to be determined. 
One determinant  of the physiologic importance of the de~ 
cline in adipose 18:3r is the extent  to which it interacts  
with other  t issue f a t ty  acid pools. Due to the higher rate 
of adipose fa t ty  acid turnover than  oxidation, a reduction 
in adipose 18:3r will eventually reduce i ts  content  in 
other  t issue pools. 

Another  potent ia l  consequence of reduced body ~3 
f a t ty  acid stores would be a decrease in the product ion 
of EPA and D H A  from 18:3w3. Al though this conversion 
has been reported to be so slow as to be inconsequential 
(41), other studies indicate that anabolic conversion oc- 
curs at a meaningful rate in humans. For example, dietary 
18:3o~3 supplementation increases 20:5co3 content (42-45), 
and vegan vegetarians do not show depletion of EPA and 
DHA from serum PL (33). These products of 18:3co3 
modulate cellular response to injury and infection {46,47) 
and reduce atherosclerosis in an animal model (16) and its 
manifestations in humans {14,48,49). This participation 
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of ~03 f a t t y  acids in the  pa thogenes i s  of co rona ry  occlu- 
sion offers a po ten t ia l  exp lana t ion  for the  f indings  of  
H a m m  e t  al. {17) and Lissner  et  aL {18}, who observed t h a t  
repea ted  weight  loss in adu l t s  predisposed t h e m  to  ear ly  
atherosclerosis.  I f  weight  loss reduces  b o d y  o~3 stores  in- 
dependent  of  the  type  of fat  in take  this  m a y  no t  be subse ~ 
quen t ly  replaced dur ing  weight  regain if d ie ta ry  co3 in- 
take  is marginal .  Ba r r  e t  al. (21) recent ly  repor ted  t h a t  
18:3co3 cons t i t u t ed  0.3% of calories in a g roup  of y o u n g  
adul t s  given a free choice diet. Thus,  a subt le  b u t  chronic  
r isk s ta te  could be established if recurrent diet ing depletes 
co3 reserves and intake dur ing maintenance or weight  gain 
does no t  allow effective repletion. I n  view of the  observa-  
t ion  t h a t  as few as three  fish meals  per  week {providing 
a mean  of  0.5 g/d of  co3 f a t t y  acids} can reduce 
atherosclerosis r isk {14}, this  possible explanat ion  for the  
increased co rona ry  r i sk  wi th  repea ted  weight  loss is no t  
beyond  reason. 

In  conclusion,  we have observed  a cons i s ten t  decline in 
adipose 18:3c03 con ten t  wi th  ma jo r  weight  loss induced 
by  very  low calorie dieting. This change  occurred indepen- 
dent  of the  t y p e  of V L C D  {food or  formula} and  despi te  
m o d e r a t e  s u p p l e m e n t a t i o n  wi th  18:3w3. B o t h  the  
m e c h a n i s m  t h r o u g h  which  this  f a t t y  acid is select ively 
removed  f rom adipose t i ssue  and  the  hea l th  impl ica t ions  
of this  f inding deserve fu r the r  study. 
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Previous studies from our laboratory have shown that 
retinitis pigmentosa {RP), a family of hereditary retinal 
degenerations, is often accompanied by abnormal levels of 
cholesterol or polyunsaturated fatty acids. The require 
ment of the retina for n-3 fatty acids is well known, and 
a defect in the supply of these lipids (~g., by apolipoprc~ 
teins) could affect the course of the disease. The present 
study confirms and extends a report on apolipoprotein E 
(apo E) isoforms in German RP patients [JAhn, Oette, 
Esser, Bergmann, and Leiss, (1987) Ophthalmic Res. 19, 
285-288] which showed a tenfold increased frequency of 
the E2/E2 phenotype compared to the average German 
population. In our study, apo E phenotypes were determin- 
ed in the probands of 100 Scottish RP families. The fin- 
dings revealed a 4~fold increase in the incidence of E2/E2 
and an 8-fold increase in E4/E4 compared to a Scottish con- 
trol population. These increases were statistically signifi- 
cant at the P < 0.05 and P < 0.01 levels, respectively. To 
investigate the possibility that some of these apparent 
E2/E2 or E4/E4 phenotypes might actually be new apo E 
mutations, we examined the behavior of the apo E on 
sodium dodecyl sulfate-polyacryIAmlde gels {E2 migrates 
anomalously) and on isoelectric focusing gels following 
cystesmlue modification of cyste'mes. These studies show- 
ed that two RP patients possibly had new apo E muta- 
tions, though amino-terminal sequence analysis revealed 
no changes in the sequence of the first 19 residues; fur- 
ther sequence analysis is obviously warranted. 
Lipids 28, 995-998 (1993). 

Retinitis pigmentosa (RP) is a family of hereditary retinal 
degenerations characterized by tunnel vision and night 
blindness, characteristics which are consistent with the 
deterioration of rod photoreceptor cells. 

Photoreceptor outer segments are highly enriched in 
polyunsaturated fatty acids and especially in docosahex- 
aenoic acid (22:6n-3, DHA), which comprises as much as 
50% of the total fatty acids (1). The continual process of 
outer segment renewal requires the supply of n-3 fatty adds, 
in particular DHA, and thus any imbalance might lead to 
their degeneration. This is supported by evidence from 
dietary studies on rats and rhesus monkeys where animals 
deprived of dietary DHA developed visual defects similar 
to RP (2-5). Therefore it seems possible that the phot~ 

ZCurrent address: Division of Biochemistry and Immunochemistry, 
National Institute of Hygienic Sciences, 18-1 Kamiyoga 1-chome, 
Setagayu-ku, Tokyo 158, Japan. 
2Current address: Fraser Williams (scientific Systems) Ltd., London 
House, London Road South, Poynton, Cheshire, SK12 1YP, United 
Kingdom. 
*To whom correspondence should be addressed at Department of 
Pharmaceutical Sciences, University of Strathclyde, 204 George St., 
Glasgow G1 lXW, United Kingdom. 
Abbreviations: AD, autosomal dominant; AR, autosomal recessive; 
apo, apolipoprotein; DHA, docosahexaenoic acid (22:6n-3); RP, retinitis 
pigmentosa; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis; VLDL, very low density lipoproteins. 

receptor degeneration seen in RP may be due to a defective 
supply of the appropriate lipids to the retinal 

Various lipid defects have been observed in different types 
of RP. Converse and colleagues (6,7) first reported a trend 
of hyperlipidemia in RP patients when compared to controls 
This was especially noted in men over 35 years of age and 
hemizygotes of X-linked families. Factors such as diet and 
lifestyl~ which might influence lipid levels, did not differ 
between the affected and control groups (8). An increase in 
total serum cholesterol was also noted in a German study 
of RP subjects, and this was found especially in individuals 
with autosomal dominant (AD), autosomal recessive (AR) 
and simplex RP (9). In contrast, hypolipidemia was observed 
in a number of RP families with AD inheritance (6,10). 

In another study, low levels of DHA were found in the 
plasma of affected X-linked and ADRP patients, compared 
to their unaffected relatives (6,8,11,12); however, in one AD 
family, high levels of DHA were reported in the plasma of 
affected ADRP subjects compared to their unaffected 
relatives (13). Thus, the pattern of lipid abnormalities ap- 
pears to vary from one type of RP to another, and this is 
consistent with the heterogeneity of the disease However, 
the question is whether such defects in lipid metabolism play 
a role in the pathogenesis of some forms of RP. 

An investigation of specific categories of lipids may hold 
the answer. For enmmpl~ apolipoproteins (ape) play a pivotal 
role in lipoprotein transportation and metabolism (14-16). 
Genetic variations of apo E have been shown to be 
associated with lipid abnormalities; in particular there is an 
association between the phenotype E2/E2 and type III 
hyperlipidemia (17). In view of this, Jahn and co-workers 
{18,19) conducted a survey of apo E phenotypes in the Ge~ 
man RP populatiorL A 10-fold increase in the prevalence of 
E2/E2 was observed in the RP population, in addition to 
an increase in the heterozygotes E3/E2 and E4/E3, when 
compared to German controls This was statistically signifi- 
cant at the P < 0.001 level for the E2/E2 homozygete and 
at P < 0.05 for the heterozygote phenotypes, respectively. 
As ape E2 is a primary gene product, it seems unlikely that 
its high incidence is secondary to the RP in these patients. 
The data suggest that the effect on lipid metabolism caused 
by apo E2 may play a role in the pathogenesis of RP in these 
patients. 

In view of these findings, we investigated the incidence 
of ape E phenotypes in the Scottish RP population and also 
the contribution that apo E may have in the etiology of RP. 

METHODS 
Blood samples were collected in potassium ethylenedi- 
aminetetraacetic acid tubes and plasma separated by cen- 
trifugation. Apo E phenotyping was performed using the 
conventional isoelectric focusing of delipidated very low 
density lipoproteins (VLDL) as described by WardeU et  
al. {20). During the later stages of this study, a recently 
developed, rapid micromethod by Menzel and Utermann 
(21) was adopted. This method, based on isoelectric 
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focusing of delipidated plasma followed by immunoblot- 
ting using polyclonal anti-apo E antibody, has the addi- 
tional advantage that fresh plasma is not required; it can 
be performed on stored, frozen plasma. 

For the chemical modification studies, the plasma was 
first treated with cysteamine as described by Weisgraber 
et  al. (22). The samples were then subjected to immuno- 
blotting as befor~ 

To determine the apparent molecular weight of apo E, 
electmphoresis on sodium dodecyl sulfate-polyacrylamide 
gels {SDS-PAGE) was performed. This method of identi- 
fying apo E variants by difference in molecular weight 
was initially described by Utermann and colleagues (23) 
who used the SDS-PAGE method of Neville {24). This 
method was adopted as well as the SDS-PAGE system 
developed by Laemmli (25). 

The amine, terminal sequencing studies were performed 
as described by Matsudaira {26). This involved directly 
sequencing proteins that were blotted onto polyvinylidene 
difluoride membranes which were stained in 0.1% Coomas- 
sie blue R250 in 50% methanol. The apo E band was iden- 
tified, cut out and directly sequenced using the Edman 
method (27). 

RESULTS AND DISCUSSION 

The survey of the incidence of apo E phenotypes in the 
Scottish RP population (Table 1) reveals significant diffe~ 
ences when the percentages of the phenotypes are com- 
pared to a control Scottish population (taken from a study 
by Cumming and Robertson, Ref. 28). There is a 4-fold in- 
crease in the E2/E2 phenotype but even more striking is 
the 8-fold increase in the incidence of E4/E4 in the RP 
population when compared to the controls. The increases 
in the E2 and E4 homozygotes compared to the other 
phenotypes were statistically significant at the P < 0.05 
and P < 0.001 levels, respectively, as analyzed by 2 X 2 
Chi-squared tests. This finding is interesting in that the 
increase in E4/E4 was not previously observed in the Ger- 
man study (18,19). There is very little difference among 
(control) European populations in the frequencies of the 
various apo E phenotypes (18-20,28,29). 

The significance of this finding to RP is of interest. It  is 
known that both E2 and E4 are "dysfunctional" isoforms 
in their binding to receptors and catabolism (14,30); the 
increased prevalence of these isoforms in RP may have 
some significance in the pathogenesis of the disease 

There are several possible explanations for the above 
findings. The first is that E2 or E4 might cause some 
types of RP. This is very unlikely, as the incidence of these 
isoforms is much greater than the incidence of RP (1 in 
2000 or more) (31,32). Secondly, RP might be polygenic 
or multifactorial, at least in the RP patients who are 
homozygous for either E2 or E4. That is, the patient 
would inherit the RP gene, but the disease would only be 
expressed if they also inherited a "dysfunctional" apo E 
phenotype such as E2/E2 or E4/E4. This possibility is 
perhaps consistent with the occurrence of E2/E2 and 
E4/E4 in simplex cases of RP in both the study by Jahn 
et  aL (18,19) and in our study (Table 2). 

Another possibility is that there is a new variant of apo 
E in these RP patients that  resembles E2 or E4 but is 
in fact directly involved either alone or with another gene 
or factor in the pathogenesis of RP in these patients. This 
last hypothesis was investigated further. 

First, to determine whether the E2 and E4 isoforms 
from the selected E2/E2 and E4/E4 patients had the 
predicted number of cysteine residues in their sequence, 
chemical modification using cysteamine was performed 
{22). In this method, E2 with two cysteine residues moves 
to the E4 position (in IEF gels); E3, with one cysteine, 
also moves to the E4 position, and E4, with no cysteines, 
does not react with cysteamine and so does not move at 
all. The isoelectric focusing patterns of the eight E4 
homozygotes were the same before and after treatment 
with cysteamine, indicating that they had no cysteamine 
residues, as predicted (22). The E2 band in three out of 
four E2/E2 subjects behaved as expected (Fig. 1), that is, 
the E2 band moved up two positive charge units to the 
E4 position, indicating the presence of two cysteine 
residues. However, in one of the E2 homozygotes (IC) the 
"E2" band moved up only one charge unit, indicating that 
this isoform has only one cysteine residue instead of the 
predicted two residues. The cysteamine result for IC sug- 
gests that perhaps this is a variant of the E3 isoform 
(which has one cysteine residue) and that perhaps there 
is a substitution elsewhere in the sequence causing the 
charge difference, thus causing it to focus at the E2 posi- 
tion. This possibility was further investigated by measur- 
ing the mobility of the apo E isoforms on SDS-PAGE. 
The E2 isoform can be distinguished from E3 and E4 by 
its slower mobility (L~, higher apparent molecular weight) 
on SDS-PAGE (23). Figure 2 (method of Laemmli, Ref. 
25) shows that two subjects (BH & IC)(lanes c and d) 

TABLE 1 

Incidence of Apolipoprotein (aim) E Phenotypes in the Scottish Retinitis Pigmentosa (RP) 
Population Compared to Scottish Controls 

Aim E phenotypes ~ 

E2/E2 E3/E2 E4/E2 E3/E3 E4/E3 E4/E4 

Scottish RP (N = 100) 4 b 20 1 44 23 8 c 
(%) (4) (20) (1) (44) (23) (8) 
Scottish controls (N = 4 0 0 )  d 2 51 11 233 99 4 
(%) (1) (12) (2) (59) (25) {1) 
aApo E phenotypes were determined by isoelectric focusing and immunoblotting (21). 
bStatisticaUy significant at the level P < 0.05. 
cStatisticaUy significant at the level P < 0.01. 
dData are from Reference 28. 
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TABLE 2 

Distribution of Apolipoprotein (apo) E Phenotypes in the Scottish Retinitis Pigmentosa (RP) Population 
by Gender and Type of RP 

997 

Apo E phenotypes a 
E2/E2 E3/E2 E4/E2 E3/E3 E4/E3 E4/E4 Total 

Gender 
Male 2 12 1 25 14 3 
Female 2 8 0 19 9 5 

57 
43 

100 

Type of RP b 
X-L 0 1 0 3 2 0 6 
AD 1 7 0 12 4 3 27 
AR 0 0 0 1 2 0 3 
Mult. 0 1 0 5 3 0 9 
Simp. 2 10 1 20 9 5 47 
Usher 1 1 0 2 2 0 7 
LMBB 0 0 0 1 0 0 1 

100 

aApo E phenotypes were determined by isoelectric focusing and immunoblotting (21). 
bThe types of RP are: X-L: X-linked; AD: autosomal dominant; AR: autosomal recessive; Mult.: multiplex; 
Simp.: simplex; Usher: Usher Syndrome; LMBB: Laurence-Moon-Bardet-Biedl Syndrome. 

FIG. I. Immunoblot of delipidated plasma, separated on an isoelec- 
trie focusing gel (21), depicting the apolipoprotein E isoforms of four 
E2/E2 retinitis pigmentosa patients and the effect of cysteamine 
treatment. The positions of the normal E4, E3 and E2 isoforms are 
indicated. The vertical lanes contain the following samples: lanes 
a, f: patient BH, treated (a) and untreated (f), respectively; b, c: pa- 
tient WA, treated (b) and untreated (c); d, g: patient IC, treated (d) 
and untreated (g); e, h: patient AP, treated (e) and untreated (h). 

displayed two distinct bands; one band corresponded to 
the position of E2 and the other to the position of E3 and 
E4 (which have identical positions). Gels of patients AP 
and WA (not shown) showed a single band at the E2 posi- 
tion. Similar results were obtained with SDS-PAGE by 
the method of Neville (24)(data not  shown). I t  is possible 
tha t  the lower band seen in lanes c and d could be the 
result of proteolysis; however it is perhaps unusual to get 
such a strong, distinct band formed by proteolysis, and 
no such effect was seen in any of the other lanes or in 
previous studies (23). 

The SDS-PAGE results for IC are consistent with the 
cysteamine modification result tha t  indicated an apo E 

FIG. 2. Sodium dodecyl sulfate-polyacrylamide gel (according to 
Laemmll, Ref. 25) of delipidated very low density lipoprotein (VLDL) 
from selected retinitis pigmentosa patients, illustrating the mobility 
of their apo E. Lanes a and k contain low molecular weight protein 
markers, whose molecular weights in kDa are shown on the y axis. 
E2, E3 and FA designate the position of these isoforms. The other 
lanes are as follows: b: pooled VLDL; ~.. patient IC (E2/E2); d: pa- 
tient BH (E2/E2); e: patient AP (E21E2); f: E3/E2 standard; g: patient 
LG (E41E4); h: patient JB (FAIE4); i: patient MS (EA/E4); j: patient 
HM (E4/E4). 

variant  similar to E3. However, BH had two cysteine 
residues as determined by cysteamine modification (Fig. 
1, lane h). I t  is therefore possible tha t  these two patients 
have different apo E variants. I t  has been shown that  the 
E2 variants E2 (Lys 146-~Gln) and E2 (Arg 145-~Cys) 
migrate on SDS-PAGE to the positions of E3 and E4 (23), 
as in our two patients. Therefor~ these two patients could 
have substitutions similar to these variants or could have 
new variants altogether. The amino-terminal sequences 
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(up to  19 residues) of these  two pa t i en t s  (IC & BH) and 
two E4 homozygote  pa t ien ts  revealed no differences when 
compared  to  the  predic ted amino- terminal  sequence (33). 
Therefore, it seems tha t  if var iants  exist, the subst i tu t ions  
are fur ther  a long  in the  sequence. 

The evidence so far po in t s  toward two individuals  hav- 
ing apo E variants,  bu t  the  exact  posit ions of the substi tu- 
t ions  have ye t  to be determined.  

Apo  E has  also been found to be syn thes ized  and 
secreted in o the r  t issues such  as kidney, adrenal  gland,  
brain  and  re t ina  (34,35). I t s  role in lipid up t ake  has  been 
d e m o n s t r a t e d  in pho to recep to r  cells (36). Growing  
evidence sugges t s  t h a t  apo E plays  an i m p o r t a n t  role 
within the  nervous  system, for example" in nerve regenera- 
t ion  (16). A l t h o u g h  the  funct ion  of apo E in the  re t ina  is 
still unclear, it is possible t h a t  apo E m a y  be involved in 
the  ma in tenance  and repair  of the  pho to recep to r  mem- 
branes  and, if defective, m a y  lead to  their  degenerat ion.  

I n  conclusion,  if a va r i an t  of apo E exis ts  in these  pa- 
t ients,  i t  is reasonable  to  pos tu la te  t h a t  a defect  in lipid 
me tabo l i sm (caused by  defective b ind ing  of the  va r i an t  
to  the  receptors) could diminish the  supply  of lipid to  the  
retina, and  this  m a y  eventual ly  lead to  their  ret inal  
dystrophy.  Fur the r  invest igat ion is warranted  to establish 
the  role of apo E in RP. 
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Different Resistance of Mammalian Red Blood Cells to Hemolysis 
by Bile Salts 
G. Salvioli*, E. Gaetti, R. Panini, R. Lugli and J.M. Pradelli 
Geriatrics and Gerontology, University of Modena, Ospedale Estense, 41100 Modena, Italy 

To evaluate why hemolysis of red blood cells (RBC) by bile 
acids varies in different mammalian species, we determined 
the mean corpuscular volume (MCV), lipid content and the 
concentrations of the conjugates of deoxycholate and of 
NaCI inducing 50% hemolysis of RBC from healthy 
humans, pigs, horses, cows, sheep and jaundiced humans. 
A volume of 0.05 mL of washed RBC at 1% hematocrit, 
which has the same lipid content but different phospho- 
lipid composition and number of erythrocytes (owing to 
the variable MCV), was incubated in taurodeoxycholate 
(TDC) solution (0-5 mM) to determine the TDC concentra- 
tion inducing 50% hemolysis (TDCs0). The TDCs0 was 
highest in RBC of sheep and decreased within the series 
sheep > pig > cow > horse > healthy human > jaundiced 
haman, which have generally increasing MCV. The osmotic 
resistance followed an inverse order, with jaundiced haman 
> healthy human > horse > cow > pig > sheep. Although 
we found no correlation between the TDC50 and 
phospholipid composition of the erythrocytes tested, the 
extent of bile salt-induced hemolysis seemed to depend on 
both the MCV and the number of erythrocytes in the in- 
cubation medium. 
Lipids 28, 999-1003 (1993). 

Red blood cells (RBC) from different mammalian species 
have a remarkably similar lipid content per milliliter of 
packed cells (1), but their phospholipid composition (1-3), 
mean corpuscular volume (MCV) (2) and osmotic resistance 
(4) vary widely. Sphingemyelin (SM) and phosphatidylcho- 
line (PC) are preferentially located in the outer leaflet of the 
RBC membrane and represent about 45-60% of total phos- 
pholipids (PL) (5); their proportions vary in RBC from dif- 
ferent animal species (1). Furthermore the lipid composi- 
tion of RBC membranes has been considered an important 
factor influencing the susceptibility to damage from bile 
salts. Coleman et  aL (6) have shown that cow and sheep 
RBC, whose PC content is very low and is replaced by SM, 
are more resistant to glycocholate-induced hemolysis than 
human erythrocytes. 

In this study we evaluated whether criteria, besides RBC 
membrane composition, were correlated with bile salt- 
induced hemolysis of RBC from different species. Variations 
in the MCV of mammalian erythrocytes may contribute to 
the different hemolytic effects observed with detergent bile 
salts. 

MATERIALS AND METHODS 

Taurodeoxycholate (TDC) and glycodeoxycholate (GDC) 
(Na + salt, grade A) were purchased from Calbiochem 

*To whom correspondence should be addressed at the University of 
Modena, Ospedale Estense, Viale Vittorio Veneto 9, 41100 Modena, 
It~dy. 
Abbreviations: GDC, glycodeoxycholate; MCV, mean corpuscular 
volume; PL, phospholipid; PS, phosphatidylserine; RBC, red blood 
cells; SM, sphingomyelin; TDC, taurodeoxycholate; TDC50 , TDC con- 
centration inducing 50% hemolysis; TLC, thin-layer chromatography. 

(Milan, Italy) and were more than 96% pure as judged by 
thin-layer chromatography (TLC). Blood from healthy 
human subjects and from humans with obstructive jaun- 
dice, which have large RBC (7), was drawn into heparinized 
vacutainer tubes. Blood from pigs, cows, sheep and horses 
was obtained from local slaughterhouses. Cell indices 
(MCV and mean cell hemoglobin) were evaluated in an S- 
plus Coulter Counter Analyzer (Coulter, Hialeah, FL). 
Blood samples were centrifuged and the plasma buffy coat 
was removed. Then the RBC were washed three times with 
15 mM tr/s(hydroxymethyl)aminomethane buffer (pH 7.4) 
containing 145 mM NaC1 and 5 mM glucose The lipid con- 
tent of RBC was determined after extracting 1 mL of 
packed RBC according to Rose and Oklander (8); PL (9) 
and cholesterol (Biochemia kit no. 676535, Boehringer 
Mannheim, Mannheim, Germany) were determined on the 
chloroform extracts. The PL classes contained in RBC 
membranes were separated by two-dimensional TLC on 
silica gel G plates (Merck, Darmstadt, Germany), using 
chloroform]methanol/aqueous ammonia (65:35:5, by vol) 
as the first solvent and chloroform]acetone]methanol/ace- 
tic acid/water (50:20:10:10:5, by vol) as the second (10). The 
fractions were located with iodine vapor and scraped off 
the silica gel plates; PL were measured after digestion with 
perchloric acid (9). Fractions were identified by com- 
parison with standards (Supelco, Milan, Italy). 

The hemolytic effect of TDC and GDC was evaluated 
as follows: Washed RBC at 1% hematocrit were incubated 
in TDC and GDC solutions (0-5 mM) in 15 mM of the 
abovementioned TRIS buffer, pH 7.4, for 45 min, at a final 
volume of 5 mL. Afterwards, the samples were centri- 
fuged at 5,000 rpm for 4 min (model 153, Microfuge; Beck- 
man Instruments, Fullerton, CA), and the extent of 
hemolysis was evaluated by comparing absorbance at 546 
nm of 100-fold serial dilutions of the supernatant with 
that  of RBC totally lysed in distilled water. 

Osmotic fragility of the different RBC was evaluated 
according to Parpart e t  al. (11). The mean cell fragility 
was taken as the NaC1 concentration (g/dL) at which 50% 
of the RBC were hemolyzed (12). 

RESULTS 

Table 1 reports the cell parameters of the RBC tested. The 
MCV increased along the order sheep, cow, horse, pig and 
human; the largest RBC came from jaundiced humans 
(MCV 115 ~m3). Cholesterol and phospholipid content 
{mg/mL) of the packed RBC was relatively constant in all 
species, as previously reported by Nelson (1). Even though 
the lipid content per RBC was greater in humans than 
in pigs, horses, cows and sheep, the lipid content of RBC 
from cholestatic humans was even higher (Table 1). 

The same volume of packed RBC {0.05 mL) from the 
various species tested in the hemolysis experiments con- 
tained different numbers of cells, even though the total 
lipid content and the cholesterol to PL molar ratio were 
roughly the same (Table 2). 

Figure 1 shows the hemolysis induced by increasing con- 
centrations of TDC. RBC from sheep, pig and cow were 
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TABLE 1 

P a r a m e t e r s  of  E r y t h r o e y t e s  f r o m  Di f f erent  A n i m a l  Species  a 

Ch/PL Lipids 
MCV b S.A. c MCH d Ch e PLf molar (g/cell) , 
(~n 3) (~m2) g ( p g )  (mg/mL) (mg/mL) ratio (X 10-13) n 

Healthy 
humans 
(n -- 5) 87 • 3 142 30 • 1 1.21 • 0.3 2.69 • 0.4 0.91 3.3 __- 0.3 

Obstructive 
jaundice 
(n = 3) 115 ___ 2 160 33 ----- 2 1.34 • 0.2 2.88 • 0.5 0.94 4.6 ___ 0.2 

Cow 
(n -- 4) 49 • 2 90 14 + 1 1.38 • 0.3 2.86 • 0.4 0.97 1.9 • 0.4 

Pig 
(n ---- 4) 66 • 2 95 17 +_ 1 1.37 • 0.3 2.82 • 0.5 0.98 2.6 + 0.3 

Horse 
(n ---- 3) 54 • 4 83 18 • 1 1.38 • 0.2 2.85 • 0.6 0.98 2.2 • 0.1 

Sheep 
(n ---- 3) 25 • 3 70 12 • 1 1.39 + 0.2 2.84 • 0.4 0.99 1.6 • 0.1 

aThe values indicate means • SD. 
bMCV, mean corpuscular volume. 
cS.A., surface area. 
dMCH, mean cell hemoglobin. 
eCh, cholesterol; mg/mL of packed red blood cells. 
fPL, phospholipid; mg/mL of packed red blood cells. 
gValues were taken from References 12, 13 and 15-17. 
hGrams of lipids per red blood cell (• 10-13). 

m u c h  more  r e s i s t an t  to  T D C  t h a n  hea l thy  h u m a n  
e ry th rocy tes ;  the  l a t t e r  cells were less prone to  TDC-  
induced hemolysis  t han  the  larger ones t h a t  were obta ined  
f rom j a u n d i c e d  humans .  Hor se  R B C  showed an inter- 
med ia t e  behavior.  Because  the  G D C  concen t r a t ions  caus- 
ing  50% hemolys i s  ove r l apped  the  va lues  r epor t ed  for 
TDC, these  have  no t  been  repor ted .  

A t  a c o n s t a n t  v o l u m e  of i ncuba t ed  RBC, the  T D C  con- 
c e n t r a t i on  c a u s i n g  50% hemolys i s  (TDCso) inc reased  in 

the  order  sheep > p ig  > cow > horse  > hea l thy  h u m a n  > 
j a u n d i c e d  h u m a n  (Table 2). The  p lo t  of TDCs0 vs .  ery- 
t h rocy t e  M C V  gave  a s t r o n g  n e g a t i v e  corre la t ion,  which  
reached  s t a t i s t i c a l  s igni f icance  (r= - 0 . 8 3 ) ( P  < 0.02) (Fig. 
2). 

A t  TDCs0, the  n u m b e r  of bile sa l t  molecules  per  R B C  
in the  i ncuba t i on  t ubes  was lowest  for horse  and  h ighes t  
for p ig  (Table 2); no cor re la t ion  was  found  be tw een  th is  
ra t io  and  TDC50 (r = 0.5; P = no t  s ignif icant) .  

TABLE 2 

P a r a m e t e r s  for TDC-Induced  H e m o l y s i s  a 

Number of Lipid content TDC molecules c 
RBC in the in the 
incubation incubation tube TDC50 b RBC number 

tube (X 10 6) (g X 10 -7) (mM) (• 10 8) 

Healthy 
humans 
(n = 5) 574 _ 42 1894 _+ 107 1.38 -- 0.2 71.4 • 5.4 

Obstructive 
jaundice 
(n = 3) 435 • 40 2001 • 124 1.24 + 0.2 84.2 • 6.2 

Cow 
(n -- 4) 1064 • 82 2022 • 138 2.43 _ 0.3 68.6 • 4.7 

Pig 
(n = 4) 806 • 71 2096 +_ 99 3.00 • 0.4 110.8 • 7.2 

Horse 
(n = 3) 960 • 68 2112 • 107 1.89 + 0.2 58.8 • 5.0 

Sheep 
(n = 3) 1280 • 98 2048 • 111 3.72 • 0.4 86.0 • 6.4 

aThe values indicate means + SD. The final volume of incubation medium was 5 mL (1% 
Ht). 
bTDC50: Taurodeoxycholate (TDC) concentration inducing 50% hemolysis. 
CNumber of TDC molecules per erythrocyte in the incubation medium at TDCs0. RBC, 
red blood cells. 
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FIG. 1. Hemolysis  of red blood cells from healthy human (0),  
cholestatic pat ient  ([~), cow (11), sheep (A), pig ( �9 ) and horse (A), in- 
duced by inctenslng concentratious of taurodcoxycholate (TDC). The 
data shown are the means of three experiments. The final volume 
of the incubation medium was 5 mL (1% Ht). 

TABLE 3 

NaCI Concentrations Inducing 50% Hemolys i s  a 

NaCI MCV 
(g %) (~rn 3) 

Healthy 
humans 
(n = 5) 0.44 +_- 0.05 87 + 3 

Obstructive 
jaundice 
(n = 3) 0.41 +__ 0.06 115 __+ 2 

Cow 
(n = 4) 0.57 ----- 0.08 49 +_ 2 

Pig 
(n = 4) 0.62 ----- 0.10 66 +_- 2 

Horse 
(n = 3) 0.52 +_ 0.08 54 ___ 4 

Sheep 
(n = 3) 0.63 + 0.07 25 + 3 

~rhe values indicate means +_ SD. MCV, mean corpuscular volume. 

Hemolytic  behavior also seems to be correlated with the 
physical characteris t ics  of the erythrocytes  studied. The 
osmotic  resistance of RBC from different m a m m a l i a n  
species decreased with MCV {Table 3). The correlations 
between the NaC1 concentration inducing 50% hemolysis 
and bo th  MCV {r = -0.86) {P < 0.001) and TDCs0 (r = 
0.95, P < 0.003) were s ta t is t ical ly  significant. 

The RBC of the species s tudied had variable amounts  
of choline-containing PL {Table 4), as reported by  Nelson 
(1,3). In particular, SM accounted for more than  50% of 
total  PL in cow and sheep RBC, whereas PC content  was 
near  zero in these species. In  contrast ,  SM proport ions 
are similar in human, pig and horse RBC, even though the 
la t ter  two have smaller MCV and a higher resistance to 
TDC than  human  RBC. The correlation between SM con- 
tent  of RBC membranes  {expressed as percent of total  PL} 
and the TDCso was not  s ta t is t ical ly  significant {Fig. 3). 

D I S C U S S I O N  

Previous studies have indicated that RBC containing SM 
are more resistant to bile salt-induced hemolysis {6}. 
Several hematological parameters, such as MCV, surface 
area and sur face t~volume ratio differentiate erythrocytes 
from different mammal i an  species (12-17}; surface area 
is negat ively correlated with  the volume of the RBC (18). 
Hypotonic  stress reduces the surface-to-volume ra t i a  and 
hemolysis occurs after the cells have become spherical and 
have reached a critical volume. Osmotic  resistance is 
s t rongly correlated to the surface-to-volume ratio of the 
RBC (7,18), and it increases with MCV (4,12) {Table 3). An 
increment  of bo th  the surface area and the surface-to- 
volume ratio, as occurs in cholesterol-enriched RBC of 
cholestatic humans, enhances osmotic resistance (7) {Table 
3); these erythrocytes  are res is tant  to hemolysis  f rom 
hypotonic stress but  are susceptible to the action of deox- 
ycholic acid conjugates. By  contrast ,  e rythrocytes  with 

4 _  

3 ~  

E v 

32- 
e~ 
p. 

I I I I I I I I I I I I I 
2 0  4 0  6 0  8 0  1 0 0  1 2 0  

R B C  v o l u m e  (~m3) 

FIG. 2. Correlation between taurodeoxycholate (TDC) concentrations 
able to induce 50% hemolysis (TDCso) and mean corpuscular volume 
of  the red blood cells (RBC) tested (~tm 3) (r = --0.83, P < 0.02). Sym- 
bois indicate RBC from healthy human (O), cholestatie human (r3), 
cow (11), sheep (A), pig ( e )  and horse (ZD. 

TABLE 4 

Phospholipid Composition of Red Blood Cells 
from Various Animal Species a 

(% of total phospholipids) 

LPC PI PS SM PC PE Other 

Healthy 
humans 1.6 1.8 1 2 . 9  2 5 . 7  3 9 . 5  26.2 3.1 

Obstructive 
jaundice 1.3 1.8 1 2 . 6  2 3 . 4  3 2 . 4  26.1 2.2 

Cow _b 2.1 1 5 . 9  50.8 1.5 26.8 2.7 
Pig 0.9 2.7 16.1 20.1 3 0 . 3  28.2 1.6 
Horse 1.2 1.2 1 6 . 2  2 0 . 1  3 4 . 3  25.0 1.9 
Sheep _b 1.8 1 4 . 2  56.2 1.6 24.4 1.6 

=The data were taken from three healthy humans, two humans with 
obstructive jaundice and three Animals each for cow, pig, horse and 
sheep. LPC, lysophosphatidylcholine; PI, phosphatidylinositol; PS, 
phosphatidylserine; SM, sphingomyelin; PC, phosphatidylcholine; 

PE~_ NotPh~176 
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FIG. 3. Correlation between taurodeoxycholate (TDC) concentration 
inducing  50% h e m o l y s i s  (TDC50) and the percentage  of  
sphingomyelin in red blood cell (RBC) membranes (r = 0.60; P = 
N.S.). Symbols indicate RBC from healthy human (O), cholestatic 
patient ([]), cow (11), sheep (A), pig ( o )  and horse (A). 

small surface-to-volume rat i~ such as those from sheep 
and cow, are osmotically fragile but  resistant to bile salts 
(19). Erythrocytes  with small MCV would lyse at lower 
bile salt concentrations if cell swelling alone were respon- 
sible for breaking down the cell membrane  Instead, 
the smaller cells are more resistant to the detergent  ef- 
fect of tauroconjugates of deoxycholic acid (Table 2) (Fig. 
2), even if the number  of TDC molecules per erythrocyte  
required to obtain 50% hemolysis does not  vary  accord- 
ingly (Table 2). 

Few data  are available on the mechanisms underlying 
hemolysis induced by bile salts; at  appropriate concen- 
trations bile salts solubilize RBC membrane consti tuents 
(20), but  like other anionic drugs, sublytic concentrations 
of bile salts actually protect against hypotonic stress (21). 
Hypotonic hemolysis and hemolysis induced by bile salts 
thus occur via different mechanisms. 

Bile salt hemolysis is traditionally evaluated by incubat- 
ing packed RBC with serial concentrations of bile salts 
(6). In our hemolysis experiments, 0.05 mL of packed RBC 
contained a variable number of cells but  the same amount  
of lipids (Table 2); therefore the volume of packed erythro- 
cytes used in the hemolysis experiments contained more 
cells when these had a small MCV, as for sheep, pig and 
cow.  

As the concentration of TDC required to determine 50% 
hemolysis was inversely correlated with the volume of the 
erythrocytes  tested (r = -0.83;  see Fig. 2), it seems tha t  
some physical characteristics of the single erythrocyte  
play a role in determining the extent  of hemolysis in the 
presence of TDC. 

The variable resistance to damage by bile salts has been 
a t t r ibuted  to the peculiar PL composition of RBC from 
some animal species (2,6). In fact, SM largely replaces 
phosphatidylcholine in cow and sheep RBC (1) (Table 4). 
SM-rich membranes are typically less fluid and are lysed 
more slowly by bile salts than are more fluid membranes 
(19}. Moreover, SM reduces the permeability to water (22) 
and phosphates (23}. The influx of glycerol, phosphate and 
urea decreases when the ratio of poly- to monounsaturated 

fa t ty  acids in the membrane decreases (4,5), as is the case 
in pig and sheep RBC (23,24). 

The correlation between TDC-induced hemolysis and 
SM percentage in RBC membranes was not  statist ically 
significant (Fig. 3). Schubert  and Schmidt (25) demon- 
s t ra ted in vitro tha t  SM does not  stabilize membranes 
against  bile salt  damage, as suggested by Lowe and Col- 
eman (19) for erythrocytes.  The lat ter  authors incubated 
RBC at a concentration of 2% (by vol), so that  the number 
of cells changed widely for the different animal species 
tested. Support  for the importance of additional factors 
besides lipid composition comes from the hemolytic be- 
havior of RBC from pig and horse; the erythrocyte  PL 
composition in these species compares well with tha t  in 
humans, bu t  pig and horse RBC are smaller and have a 
TDC-resistance similar to those rich in SM. 

In conclusion, several factors, including membrane char- 
acteristics and PL composition (6), influence the resistance 
of RBC to bile salts. In this s tudy we have shown tha t  
both  the MCV and the number  of erythrocytes  present 
s trongly influence the extent  of bile salt-induced hemol- 
ysis. 
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Fatty Acid Content and Composition of Oenothera hookeri Seeds 
Containing Mutant Plastids 
Melvin D. Epp and Michael R. Pollard* 
The Plant Cell Research institute, Inc., Dublin, California 94568 

The effects of plastid mutations on seed oil content and 
fatty acid composition are of considerable interest. Seeds 
of a number of plastome mutants produced by the pm 
plastome mutator line of Oenothera hooker/were therefore 
harvested to investigate these effects. The mutants were 
altered solely in their plastome: each seed lot had the same 
nuclear background. To facilitate the study, a rapid single 
step method was developed to simultaneously assay both 
oil content and fatty acid composition of small quantities 
of Oenothera seed. The lipid analyses showed that the 
mutated plastome often changed the oil content of the 
seeds, and that such changes always reduced oil content. 
Strong negative correlations were observed between oil 
content and palmltate or y-linolenate, and a strong positive 
correlation was observed between oil content and linoleate. 
This is the first instance to our knowledge in which plastid 
mutations have been unequivocally demonstrated to af- 
fect seed oil content and composition. Such effects would 
be indirect, since the mutated plastid genes would not be 
the structural genes for enzymes on the pathway of oil 
biosynthesis. The plastid mutations demonstrate another 
layer of potential complexity in understanding oilseed 
genetics. 
Lipids 28, 1005-1009 (1993). 

Analysis of the inheritance of oil content in seeds of diverse 
species, such as rapesesd (I), soybean (2,3), sunflower {4) and 
lupin {5), has shown that seed oil content is determined 
largely by the genotype of the maternal parent and that the 
effect of the genotype of the seed embryo is small By con- 
trast, seed oil composition is largely under the control of 
the genotype of the developing embryo with smaller and 
variable maternal influences. For example, in soybear~ 
maternal influences have been reported to influence oleate 
and linoleate levels {3), but not linolenate {3,6) or stearate 
levels (7). Maternal control of seed oil content in rapeseed 
does not persist into the F2 generation and appears not to 
be under cytoplasmic control {1). It was therefore reasoned 
that maternal control of oil content was mediated by a 
metabolic dependence of the developing embryo off the seed- 
bearing plant {8). However, it has been suggested that other 
factors, such as genetic cytoplasmic elements or even en- 
dosperm tissue, might play a role in seed off biosynthesis 
{5). The effects of cytoplasmic inheritance on fatty acid com- 
position and content are documented for corn (9). Sixteen 
male sterile cytoplasms (presumably mutations in the mitc, 
chondrial genome) were examined in two nuclear back- 
grounds. The oleate and linoleate levels were similar in the 
different cytoplasms, while oil content varied considerably. 

Oenothera has recently received considerable attention as 
a producer of y-linolenic acid (10-12). Oenothera biennis is 
grown commercially for seed productiorL Another facet of 
the genus Oenothera is the availability of plastome mutants 

*To whom correspondence should be addressed at Agrigenetics L.P., 
5649 East Buckeye Rd., Madison, WI 53716 
Abbreviation: GC, gas chromatography. 

generated by plants homozygous for the recessive gene pm, 
plastome mutator (13). This gene functions similar to other 
nuclear gene~induced plastid mutator systems (14) and in- 
cludes the induction of plastid mutations with many dif- 
ferent phenotypes (13,15). The precise function of p m  is not 
lmowr~ but it is believed to be involved in chloroplast DNA 
replication or repair (16). 

Chloroplast mutants are maintained as mosaics on plants 
with normal green plastids. Oenothera has biparental trans- 
mission of plastids, and mutant plastids can be transmit- 
ted sexually if flowers develop on stems which have mutant 
plastids in the subepidermal histogenic tissue layer LII, 
since the pollen and egg cells are derived from this tissue 
(17). When a flower which derives from LII with mutant 
plastids is self-pollinated, all the seeds are composed of 
tissues with mutant plastids only. By identifying variega- 
tion on sibling plants within a population derived from the 
self-pollination of a single inbred plant, the nuclear genetic 
influences can be kept constant, and one can studythe dif- 
ferences generated by the plastid mutations, 

Most, if not all of the genes coding for the enzymes of 
fatty acid and lipid synthesis are nuclear encoded (18). Als~ 
it is known that the site of de novo fatty acid biosynthesis 
in plants is the plastid (19). Thus, it is of interest to see how 
plastid mutations would affect seed oil content and com- 
position in Oenothera, since the mutations would not 
directly affect enzymes on the pathway. To facilitate this 
study, a rapid, single-step method was developed to simul- 
taneously assay the oil content and fatty acid composition 
of small quantities of Oenothera seeds. 

MATERIALS AND METHODS 
Plant  material. Plants of an inbred line (84007) of 0. 
hooked strain Johansen with plastome I were used as the 
control for this study. Plants of an inbred line (84009) of 
0. hooked  strain Johansen with plastome I and 
homozygous for the gene p m  were used as the source of 
plastome mutations. During the course of the growing sea- 
son, over 100 of the 411 sibling plants within 84009 de- 
veloped variegated sectors. Once a mutational sector was 
evident, the sector remained stable in color and enlarged 
in a manner consistent with the patterns of growth and 
development characteristic of Oenothera. A sample of sec- 
tors was selected for analysis, which typified the range 
of possible mutant phenotypic colors. The photosynthetic 
lesions of these mutant chloroplasts were not determined. 
All experimental plants were grown together in a green- 
house to minimize environmental factors that might alter 
oilseed content and composition. Seed from self-pollinated 
flowers originating from 17 different sectors that included 
mutant subepidermal histogenic layer II were harvested. 
Additionally, the seeds of two green plants were harvested 
individually for use as controls. Paired comparisons were 
made with two plants where seeds were produced both on 
an all-green branch and on a mutant sector. Also compared 
were two mutants on a single plant. For both types of 
paired comparisons, analyses will reflect plastid differ- 
ences, because the nuclear contribution i s  identical. 
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For the analysis of tissues with plastome mutations, the 
seeds were from individual plants or from individual sec- 
tors on single plants. Because the nuclear genetic 
background of these sibling inbred plants were similar, 
the differences between mutan ts  is thought  to reflect the 
influence of the chloroplastic mutan ts  themselves. 

Lipid analysis. Seeds were weighed into 50-100 mg lots, 
dried to constant weight at 80~ and reweighed. The seeds 
were transferred to glass reaction tubes with Teflon-lined 
screw caps, and the derivatization reagent was addecL This 
reagent was composed of 2.0 mL of 5% sulfuric acid in 
methanol and 1.0 mL of either benzene or toluene contain- 
ing a tr iheptadecanoin internal s tandard at  a concentra- 
tion of 0.5 mg/mL. The seeds plus reagent were heated 
at 90-100~ for 4 h, cooled, and 3 mL of water addecL The 
tubes were shaken vigorously and then centrifuged to 
break the emulsion and give phase separation. An aliquot 
of the upper phase was injected directly onto the gas 
chromatography (GC) column. 

GC analysis was performed using a 30 m • 0.25 mm 
fused silica column coated with Supelcowax 10 (Supelc~ 
Bellefonte, PA) s ta t ionary phas~ run isothermally at 
245 ~ with injector and flame-ionization detector  temp- 
eratures set at  250~ using a "splitless" injection m o d e  
Peak areas were measured with an electronic integrator. 
Because the variation in f a t ty  acid chain length is very  
limited, f a t ty  acid quant i ta t ion used peak areas without  
applying any corrections. 

Multiple Soxhlet extractions of ground seeds with hex- 
ane were used to determine seed oil content. Linear regres- 
sion analyses were performed on the seed oil content  and 
fa t ty  acid composition data  set to determine r 2 values. 

RESULTS AND DISCUSSION 

Determination of fatty acid content and composition. 
Because of the limited amount  of seed tissue available 
from the pm mutants ,  in some cases between 0.1-0.2 g, 
routine methods of oil content  analysis {by nuclear 
magnetic resonance and gravimetrically by oil extraction 
with organic solvents} were considered inappropriate for 
accurate and quant i ta t ive measurements.  However, it  
seemed reasonable tha t  the small seeds of O. hookeri {ca. 
0.45 mg each} could be derivatized directly in the presence 
of an internal standard, allowing the derivatization rea- 
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gent to also perform the organic extraction. A similar ap- 
proach was used to rapidly screen leaf lipids for fa t ty  acid 
composition {20}. Although the use of such direct deriva- 
t ization methods on plant tissue to determine fa t ty  acid 
composition is well known, their  use to determine fa t ty  
acid content  has only recently been demonstrated (21}. 

Soxhlet  extract ion of control seeds gave 0.247 mg oil 
per mg seed. Transmethylat ion of this oil in the presence 
of an internal s tandard gave 0.214 mg fa t ty  acids per mg 
seed. For crushed seeds, the derivatization/extraction was 
rapid {< 30 rain), bu t  for whole seeds it  was also complete 
within two hours. The final values for the extract ion/de 
rivatization protocol with crushed or whole seeds were 
slightly higher than for the extracted oil. Six independent 
determinations of f a t ty  acid content  gave 0.217 • 0.003 
mg fa t ty  acids per mg  seed {Table 1, Exper iment  1). This 
indicated tha t  a high degree of reproducibility is possible 
for this type  of analysis. Fa t ty  acid composition of the 
extracted oil differed only marginally from tha t  obtained 
by the derivatization/extraction protocol. The comparison 
was repeated in a second experiment (Table 1, Experiment  
2). The slightly higher fa t ty  acid contents  compared to 
Exper iment  1 may have resulted from a new batch of 
tr iheptadecanoin internal s tandard being made up, the 
quali ty of the internal s tandard being a potential  source 
of error between experiments.  

The results reported from Exper iments  1 and 2 (Table 
1) are in general agreement with those reported in the 
li terature for O hookeri (10). The small differences could 
easily be due to either genotypic differences within the 
species, or environmental differences during plant growth 
and seed set (22). The method can thus be used to ac- 
curately, rapidly and simultaneously screen for both fa t ty  
acid composition and oil content in small batches of dried 
seeds. 
Analysis of the fatty acid content and composition of 

Oenothera seeds. Table 2 shows the seed weights and seed 
lipid analyses for 17 different mutants and five controls 
{"normal green") of O hookeri. The sectors producing 
these seeds were considered independent plastome muta- 
tional events, because the sectors were not evident in the 
cotyledonary tissues and, in most cases, not in the first 
few leaves of the maternal plants. The colors of the sec- 
tors ranged from "white" to "yellow" to "light green" and 
"yellow green". The frequency of the mutational events, 

TABLE 1 

Comparison of Methods for Analysis of Seed Fatty Acid Composition and Content in Oenothera hookeri 

Fatty acid 
Extraction Number of content 
method replications (mg/mg seed) 16:0 

Fatty acid composition (%) 

18:0 18:1 18:2 18:3 a 

Experiment 1 
Soxhlet 1 0.214 5.50 2.03 5.41 76.77 10.28 
Derivatization 6 0.217 __. 0.003 5.74 +_ 0.14 2.12 ___ 0.06 5.44 _ 0.08 76.78 --- 0.60 9.91 +- 0.65 

Experiment 2 
Soxhlet 3 0.225 _ 0.001 5.48 _ 0.02 2.00 --- 0.01 5.34 _ 0.02 77.11 - 0.04 10.07 +- 0.04 
Derivatization 6 0.228 _ 0.004 5.66 _ 0.09 2.08 _ 0.04 5.37 +_ 0.10 76.81 - 0.25 10.08 --- 0.44 

Taken from Reference 10 
Soxhlet 1 0.241 6.3 2.4 9.3 74.0 7.0 

%8:3 is solely ?-linolenic acid. 

LIPIDS, Vol. 28, no. 11 (1993) 



1007 

0 

~6 

~6 

5 ,,.i ~  oo 

r 

,.~ o0 

t~ 
" 0  

o~ 

! 

~ 
~  ~ 

o,i r 1 6 2  

O ~ ' , D  
+1 r o~ 
LQ 

+1 u5 ~5 
r ~'~ t,-- 

+1 ~ 'R. L ~ L Q  

+1 '~. '~. r  
o3 
r 

,"t. 

r r -FI ~ 
oO 
LQ 

r ~5.4 r r  

O'~ o 3 r  

oO 

~•  

~, ~ $ $ ~., ~ ~, , 

O 0 0 0  O0 O0 O0 0r 0 0 ~ O  

~x 

~.~ 

m 

g~ 

I 
N 

~ ~ ~  ~ ~ 

, ~  

~~ ~ 

= = = =  , ~ P r  

LIPIDS, Vol. 28, no. 11 (1993) 



1008 

M.D. EPP AND M.R. POLLARD 

the spectrum of phenotypic differences and the cytr 
plasmic transmission of the variegation were consistent 
with published data (13). Although the mutational fre- 
quency of plants homozygous for pm is approximately 
1,000 times higher than spontaneous rates (13), the rate 
is still sufficiently low that  only rarely do two mutations 
occur on a single plant within a single growing season. 
Thus the sectors were expected to give results that would 
be consistent even when sexually transmitted to subse- 
quent generations. In Table 2, oil content is reported on 
a dry weight basis. The seed weights ranged from 0.36 
to 0.50 mg per seed, indicating good seed fill in all cases 
except for 84009-139. In 84009-139, the seeds were 
uniformly smaller and had much lighter colored seed 
coats. The sector for this mutant involved a whole branch 
and also showed reduced seed weight. The other mutants 
were maintained as periclinal chimeras in which LII  had 
the mutant plastids, and LIII  was normal green. The 
tissues with mutant plastids derived their energy from 
the normal green portions of the plant. This juxtaposi- 
tion of mutant and green tissues may influence the 
response of the mutants. Some examples of the influence 
of adjacent tissue have been described in Oenothera (23) 
involving nuclear-plastome incompatibilities. However, 
since the seeds with mutant plastids differ from the seeds 
with wild-type plastids, this influence may cause some 
modulation in response but the influence was insufficient 
to compensate for the defects in the mutant plastids. 

The oil content of the bulked seeds was 22.7%, and the 
range for seeds from individual normal green plants was 
20.4 to 26.1%. The range of oil content values for the seeds 
with mutant plastids was 6.2 to 25.6% with 10 of the 17 
seed lots from mutant plastid sectors falling within the 
wild-type range. No plastid mutations were observed 
which increased oil content. 

The results of three paired analyses are presented in 
Table 2. In two comparisons, seeds from both the normal 
green portion of the plant and seeds from a mutant sec- 
tor on the same plant were analyzed. In both single plant 
comparisons, the seeds in the green portion were a little 
heavier. In the 84009-213 comparison, the fatty acid con- 
tent of the seeds from the green tissue exceeded the con- 
tent of the seeds from mutant tissue~ but in the other ex- 
ample (84009-20) the fat ty acid content was equivalent. 
Mutant seeds from 84009-213 had a significantly higher 
percentage of y-linolenic acid than seeds from the "nor- 
mal green" sector control. The third paired analysis in- 
volved two different plastid mutations on one plant, 
84009-389. Both mutations had average seed weights 
below 0.4 mg/seed, with fatty acid contents below 20%, 
and both had y-linolenic acid above 13%. Overall, the 
paired analyses show the uniqueness of each plastome 
mutation when the environmental factors and the nuclear 
genetic influences are kept constant. 

Seeds from 13 additional mutant sectors were analyzed 
without a green paired control. The results of these 
analyses are listed in Table 2 in order of decreasing oil con- 
tent. There was a strong inverse correlation between 
palmitate and oil content (r 2 = 0.926). Seeds from green 
control tissues had a palmitate range of 5.6-6.2%, while 
seeds from mutant tissues ranged from 5.9 to 10.3%. The 
inverse relationship between palmitate and oil content is 
interesting in the light of the current emphasis on breed- 
ing oilseeds for reduced saturated fatty acid levels. Other 
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significant trends were an increase in y-linolenate (r 2 = 
0.629) and a decrease in linoleate (r 2 ---- 0.781) as the fatty 
acid content decreased, and an inverse relationship be- 
tween linoleate and y-linolenate (r ~ = 0.700). For 
linoleate, seeds of control tissues ranged from 73.4 to 
75.9%, and the seeds with mutant plastids ranged from 
65.3 to 74.7%. The ranges for }~linolenate were 9.5 to 10.6% 
for the controls and 10.8 to 15.9% for the seeds from 
mutants. The changes in fat ty acid composition are a 
reflection of the fatty acid composition of the triacyl- 
glycerol fraction (data not shown), which is the dominant 
lipid in the seed oils of all the mutants. 

The changes in the level of y-linolenic acid are of par- 
ticular interest because, in Oenothera, rlinolenic acid is 
a seed-specific fatty acid. It is reported to be absent in 
leaves (12). The biosynthesis of y-linolenic acid is believed 
to occur by the cytoplasmic desaturation of sn-2-1inoleoyl 
phosphatidylcholine and has been most extensively 
studied on Borago officinalis (24). The A6 desaturase is 
presumably coded by a nuclear gene, as plastid-encoded 
gene products are not exported to the cytoplasm. We can 
speculate that the plastome-mutant modulation in the 
relative amount of y-linolenic acid might be controlled by 
the flux through the lipid biosynthetic pathway, since 
there appears to be an inverse relationship between the 
amounts of linoleic and y-linolenic acid. A reduced flux 
would result in a longer residence time for linoleoyl 
moieties in phosphatidylcholine molecules, increasing 
their availability for A6 desaturation. In some of the 
mutants, not only does the percentage of y-linolenic acid 
in the oil increase, but the actual content of y-linolenic acid 
on a percentage of seed weight basis also increases. 
Clearly, further experiments to test lines such as 
84009-389, -348 or -353 for the inheritance of increased 
y-linolenate and for seed yield would be worthwhile. Con- 
versely, breeders selecting for higher y-linolenate in 
Oenothera seed oils should be aware of the inverse linkage 
between y-linolenate and oil content, and the potential in- 
fluence of cytoplasmic (plastid) genetics; they may prefer 
to make selections to break this linkage and to look for 
nuclear-encoded traits. 

The implication is that in some general way these mu- 
tant plastids have a genetic defect which prevents the 
plastids from developing into fully functional, photosyn- 
thetically active chloroplasts. This represents the visual 
basis upon which the mutants were identified and se- 
lected. The results in Table 2 would indicate that these 
lesions appear also to affect the accumulation and pro- 
cessing of fatty acids in seeds. The plastid mutations in- 
volved in this study have not been analyzed for their fine 
structure using electron microscopy. However, four other 
pro-induced mutants have been analyzed (15). In these 
four mutants, the internal membranes were reduced in 
quantity in phenotypes with less color. In particular, 
mottled mutants had developed disorganized membranes, 
yellow had a few too many abnormal thylakoids, and white 
had little to no internal membranes. A recent analysis of 
leaf tissues from a specific O. hookeri plastome mutant, 
pm7, showed that approximately equal amounts of plastid 
membrane components (fatty acids, acyl lipids and caro- 
tenoids) were present in both mutant and wild-type (25). 
Instead, there appeared to be a defect in chloroplast pro- 
tein processing, which resulted in a lack of photosynthetic 
electron transport chain activity, thylakoid membrane 
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s t ructures  and chlorophyll biosynthesis.  Fa t t y  acid bic~ 
synthesis was not affected and was apparently not t ightly 
linked to the development  of a functional photosynthe t ic  
apparatus .  

For fa t ty  acid synthesis in seeds, the pro-induced muta- 
t ions involve biosynthet ic  activity, which precedes the 
need for fully developed chloroplasts  since only leuco- 
p las ts  (proplastids) exist  in developing seeds during the 
t ime when the seeds oils are synthesized. However, the 
present  s tudy  has  demonst ra ted  tha t  it is possible for 
mutat ions in the plastid genome to significantly alter seed 
oil content and modulate seed oil composition. This is not 
a surpris ing result, bu t  we believe t ha t  this is the first 
t ime such a phenomenon has been directly demonstrated.  
I t  is not  clear exact ly wha t  the influence of pigment-  
deficient maternal  t issue is on the change in oil accumula- 
t ion in the developing embryo and whether  or not  the 
p lant  adjus ts  its seed set  to compensate  for the reduced 
photosynthate .  Indeed, the s implest  explanat ion is t ha t  
the changes in oil composit ion and content  are mediated 
through reduced pho tosyn tha te  availabili ty in the sup- 
por t ing  materna l  tissues. However, the paired compari-  
sons do strongly suggest  tha t  the mutan t s  themselves are 
a major  de terminant  in bo th  accumulat ion and composi- 
tion. 

The effects of these plastome mutat ions  on seed oil con- 
ten t  and composit ion are a lmost  certainly indirect; t ha t  
is, the mu ta t ed  genes do not  code for enzymes directly 
involved in lipid biosynthesis. However, these results high- 
l ight the effect of an addit ional genetic component ,  the 
plastid, which can br ing addit ional complexi ty  to our 
unders tanding  of seed oil genetics. Whether  the observa- 
t ion tha t  plast id muta t ions  only decrease oil content,  and 
the relationships between oil content  and pa lmi ta te  or 
linoleate are universally applicable to all oilseeds, remain 
to be determined, as do the mechanisms underlying these 
effects. 
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Preliminary investigation of the phospholipid fatty acid 
composition of the tropical marine sponge Amphimedon 
terpenensis by gas chromatography/mass spectrometry 
revealed the presence of some novel brominated fatty 
acids. Two new brominated fatty acids, (5E, 9Z~6-brom~ 
5,9-tetracosadienoic acid (2a) and (5E, 9Z~Gbromo-5,9- 
pentacosadienoic acid (3a) were subsequently isolated 
from a chloroform/methanol 13:1, vol/vol) extract of the 
sponge and characterized as their methyl esters 2b and 
3b. The known brominated fatty acid (5E, 9Z~-6-bromo- 
5,9-hexacosadienoic acid (4a) was also isolated. The new 
fatty acid methyl esters were confirmed as brominated 
A5,9 acid derivatives by chemical ionization mass spec- 
trometry. The position of the bromine substituent was 
determined to be C-6 by nuclear magnetic resonance 
techniques while the stereochemistry of the two double 
bonds was deduced by nuclear Overhauser enhancement 
difference spectroscopy. The biosynthetic implications of 
the co-occurrence of the three brominated acids are 
discussed. 
Lipids 28, 1011-1014 (1993). 

Marine sponges (Phylum porifera) are characterized by 
wide variation in sterol composition and by the presence 
of nuclear-modified or side Chain alkylated sterols (1,2), 
some of which are cell membrane components (3,4). The 
unusual composition of marine sterols is frequently com- 
plemented by the presence of unusual phospholipid fatty 
acids (1,5), and is presumed to result in a unique mem- 
brane structure which may be an important factor in the 
survival of this "dead end" phylum. Characteristics of the 
fatty acids isolated from sponges include long carbon 
chains (C24-C34 very long chain fatty acids, VLFA) with 
novel branching and unsaturation patterns or substi- 
tuents (1,6,7). 

The tropical marine sponge Arnphirnedon terpenensis 
contains low levels of A5,7 sterols with conventional side 
chains (8), together with large quantities of a tetracyclic 
diterpene" diisocyanoadociane 1 (Scheme 1), recently 
shown by us to be associated with the sponge cell mem- 
branes (9). This raised the intriguing possibility that the 
phospholipid components of this sponge might be 
modified in order to accommodate the terpene within a 
stable lipid bilayer, which prompted us to analyze the fatty 

*To whom correspondence should be addressed. 
Abbreviations: CIMS, chemical ionization mass spectrometry; 
COSY, correlation spectroscopy; ECL, equivalent chain length; 
E IMS, electron impact mass spectrometry; FAME, fatty acid methyl 
ester; FTIR, Fourier transform infrared; GC, gas chromatography; 
HMQC, heterouuclear multiple quantum coherence; HPLC, high- 
performance liquid chromatography; MS, mass spectrometry; NMR, 
nuclear magnetic resonance; NOE, nuclear Overhauser enhancement; 
VLFA, very long chain fatty acid. 

acids present in A. terpenensis; we now report the struc- 
tures of two new brominated fatty acids characterized as 
their methyl esters using nuclear magnetic resonance 
(NMR) and mass spectrometric (MS) analysis. 

CH3(CH~ n C H 2 " r ~ , ~ ' ~ B  r (cH2)3CO2R 
�9 ,o.. . . . . .  ,~ 

~ C  (2a) R = H,n= 12 
(2b) R = Me, n = 1 2 
(3a) R ffi H, n ffi 1 3 
(31~) R = Me, n = 13 
(4a) R = H, n = 14 

(1) (4b) R = Me, n = 14 

SCHEME 1 

EXPERIMENTAL PROCEDURES 
Sponge samples. Specimens of A. terpenensis (Australian 
Museum No. 4978) were collected near Townsville using 
scuba, specifically from John Brewer Reef at -15  m in 
November 1987 and at -10  m from Davies Reef in 
December 1989. 

Extraction and isolation of phospholipids. A. terpenen- 
sis (10 g) collected in November 1989 was extracted 
with CHC13/methanol (1:1, vol/vol) to yield total lipids 
(350 mg). The neutral lipids, glycolipids and phospholipids 
were separated according to the procedure of Privett et al. 
(10). A portion of the phospholipid extract (50 mg) was 
transmethyiated with 1.4 M HC1 in methanol and the 
resulting fatty acid methyl esters (FAME) purified by 
passage through a short plug of florisil (200 mesh; Aldrich, 
Milwaukee, WI) using toluene as eluant. After solvent 
removal, the residue was dissolved in hexane and analyzed 
by capillary gas chromatography (GC) using a Hewlett- 
Packard (Palo Alto, CA) 5790A series gas chromatograph 
equipped with a 25-m (0.3 mm i.d,) SE-54 coated, fused 
silica column programmed at 170-320~ and  an auto- 
matic injector system (sampler model 7672A), injector 
(model 3392A) sampler/event control module (model 
19405A), together with a computerized fatty acid library 
(software S/N 2614R100027, version 1.2) previously used 
for the fatty acid analysis of Pseudaxinyssa sp. (11), 
Tethya sp. (12) and a hymeniacidonid sponge (13). 

Isolation and identification of fatty acids. A specimen 
of A. terpenensis (380 g wet weight) collected in November 
1989 was washed in sea water and carefully cleaned of all 
non-sponge debris and chopped into small pieces. After 
freeze-drying, the sponge was extracted with CHC13/ 
methanol (1:1, vol/vol) yielding a total of 15.6 g of lipids 
(4.1%). A portion (3.12 g) was transmethylated with 14% 
BF3/MeOH under N 2, and the FAME were purified by 
silica column chromatography using hexane/diethyl ether 
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(19:1, vol/vol) as eluant to give 50 mg of FAME extract. 
A 1-mg portion of FAME was dissolved in 0.25 mL hex- 
ane and passed through a short silica column (thin-layer 
chromatography grade. 5 cm height silica) eluting with 
hexane (10 mL). After solvent concentration, the resulting 
hexane extract (1 mL) was analyzed by GC. For the isola- 
tion and characterization of individual FAME, the remain- 
ing extract {49 mg) was first purified by reverse-phase 
high-performance liquid chromatography (HPLC) (Waters 
MiUipore" Bedford, MA; M6000 puml~ U6K injector, R401 
differential refractometer) using two Altex Ultrasphere 
ODS columns (10 mm i.d. • 25 cm) in series and absolute 
methanol as the mobile phase at 3 mL/mirL Fractions iden- 
tified by GC as containing brominated FAME were fur- 
ther purified by reverse-phase HPLC using two Altex 
Ultrasphere ODS columns (10 mm i.d. • 25 cm) and 
acetonitrile/methanol/ethyl acetate (11:4:4, by vol) as 
mobile phase at 2 mL]min to give methyl (5E, 9Z)-6-bromo- 
5,9-tetracosadienoate (2b; HPLC retention time in MeOH 
relative to methyl palmitate" 1.97; 0.50 mg, 1.0%), methyl 
(5E, 9Z)-6-bromo-5,9-pentacosadienoate (3b; HPLC reten- 
tion time in MeOH relative to methyl palmitate" 2.29; 1.75 
mg, 3.5%), and methyl (5E,9Z)-6-brom~5,9-hexacosadien~ 
ate (4b; HPLC retention time relative to methyl palmitate 
2.70; 0.65 mg, 1.3%), respectively. Further processing of 
the crude extract provided 2.1 mg of 2b, 10.6 mg of 3b 
and 2.7 mg of 4b. N-Acyl pyrrolidide derivatives were 
prepared by direct treatment of methyl esters with pyr- 
rolidine/acetic anhydride (10:1, vol/vol) in capped vials at 
100~ for 1 h, followed by ethereal extraction from the 
acidified solution and purification by short column 
chromatography using hexane/diethyl ether {8:2, vol]vol) 
as eluant. Samples for 1H NMR were run as solutions in 
CDC13 on a Varian XL-400 (Palo Alto, CA), JEOL 
GX-400 {Tokyo, Japan) or a Bruker AMX-500 spectro- 
meter (Karlsruhe. Germany), referenced to CHC13 at 
d 7.25. Samples for 13C NMR were run as solutions in 
CDC13 on a Bruker AMX-500 spectrometer with Waltz 
decoupling referenced to CDC13 at 77.0 ppm. A 2D COSY 
(correlation spectroscopy)-45 spectrum was run on a 
Varian XL-400 spectrometer using a spectral width of 
2946 Hz, an acquisition time of 0.17 s and a pulse delay 
of 1.0 s. Sixteen scans were accumulated for each of 256 
increments into each of 1024 data points. The spectrum 
was zero-filled before Fourier transformation. Nuclear 
Overhauser enhancement (NOE) difference spectra were 
obtained on a JEOL GX-400 spectrometer using a 90 ~ 
pulse and a 20 s pulse delay. A heteronuclear multiple 
quantum coherence (HMQC) experiment was run on a 
Bruker AMX-500 spectrometer using 8 scans for each of 
512 increments accumulated into 2048 data points, with 
a 0.6 s delay for the Bird Sequence. and 3 s recycle delay 
(14). The experiment was optimized for a z3C-~H one- 
bond coupling constant of 135 Hz. The phase cycling pro- 
gram TPPI was use& Prior to Fourier transformation, the 
initial data matrix was zero-filled in each dimension and 
multiplied by a sine-squared bell function in both the tl 
and t2 dimensions. The spectrum was not symmetrized, 
but the Tz noise was eliminated using the program 
Aurel ia.  Samples for electron impact mass spectrometry 
(EIMS) were dissolved in hexane and run on a Hewlett- 
Packard HP 5995 GC/MS instrument in the direct inser- 
tion mode while samples for chemical ionization mass 
spectrometry (CIMS) were run on a Ribermag R-10-10 

quadrupole mass spectrometer with ammonia as reagent 
gas. GC/MS samples were analyzed using a Ribermag 
GC/MS/DS system which combines a Ribermag R-10-10 
quadrupole mass spectrometer with a Carlo Erba series 
4160 Fractionvap chromatograph {Carlo Erba, Milano, 
Italy) containing a fused silica column (28 m • 0.32 ram) 
with SE-54 (J&W Scientific Inc., Folsom, CA). Samples 
for Fourier transform infrared (FTIR) spectrometry were 
run on a Bomen DA3.26 spectrometer (Bomen, Quebec, 
Canada) as solutions in CHCI3. 

A FAME extract of a hymeniacidonid sponge was pre- 
pared by CHC13/MeOH treatment of wet tissue (21.2 g) 
followed by methylation as described above 

RESULTS 

The major fatty acids of A.  t e rpenens i s  were identified 
in standard fashion from GC equivalent chain length 
(ECL) values and EIMS of methyl esters and N-acyl pyr- 
rolidides. As shown in Table 1, the most abundant phos- 
pholipid fatty acids were generally 16:0 and 18:0 together 
with 3,7,11,15-tetramethylhexadecanoic acid (phytanic 
acid); however, the three brominated acids, initially de- 
tected by GC/MS, were also present in significant quan- 
tity. Complete phospholipid fatty acid analyses of 
A.  t e rpenens i s  will be presented in a separate paper (15fl. 

Samples of each new brominated FAME were purified 
by reverse-phase HPLC and their structures elucidated 
by NMR and MS. Under CIMS conditions, the major 
brominated FAME, 3b, had strong peaks due to (M + 
NH4 +) adduct ions with the 51:49 ratio characteristic of 
a single bromine substituent. The molecular ion (m/z 472, 
470) corresponded to a molecular formula of C26H4702Br, 
confirming a C25 acid, while major peaks at 391, 251 and 
141 were assigned as shown in Scheme 2. Under EIMS 
conditions, 3b showed a major peak at m/z 74 (McLafferty 
rearrangement) together with a series of peaks at m/z 391, 
359, 341 and 317, closely corresponding to those for a C26 
monobrominated FAME 4b recently reported from 

TABLE 1 

Major Phospholipid Fatty Acids of Amphimedon terpenensis 
by Analytical GC a 

FAME ECL % 

16:0 16.00 13.5 
18:0 18.00 2.6 
Phytauic acid 17.74 10.0 
24:2 + Br (2b) 26.24 0.7 
25:2 + Br (3b) 27.28 2.5 
26:2 + Br {4b) 28.31 1.1 
18:1 17.76 2.1 
aNormalized to phytamc acid, average of three values. Other fatty 
acids present in A. terpenensis are identified in Reference 15. Ab- 
breviations: GC, gas chromatography; FAME, fatty acid methyl 
esters; ECL, equivalent chain length; Br, brominated. 

141 -D,- 
CH3(CH 2) 13C1"12"~251 ~ ' ~  (CH2)3CO2Me 

Br" 391 

SCHEME 2 
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a hymeniacidonid sponge (13), except for the 14 amu mass 
difference. E IMS of the pyrrolidide derivative of 3b gave 
weak molecular ions at 511 and 509 in the expected rati~ 
together  with ions at  430, 260, 258, 180 (assigned as in 
Scheme 3) and 113 (McLafferty rearrangement). This 
mass spectrum corresponded to tha t  reported for the pyr- 
rolidide of 4b apart  from the 14 amu difference. 

251 260 /25B  
and 1BO - - ~  ~. ] 

CH3(CH2)I3CH2 "~ ~ ~ 
B r  - 430  0 

SCHEME 3 

The s t ructure  of 3b was unambiguously elucidated by 
400 MHz NMR in CDC13. Downfield signals in the spec- 
t rum were a triplet (1H) at d 5.85 together  with a com- 
plex 2H multiplet at d 5.31-5.41. The methylene envelope 
at d 1.25-1.40 integrated for 26 protons while the presence 
of a triplet integrating for 3H at d 0.87 ruled out chain 
branching. The connectivi ty from (H-2)2 at  d 2.32 (t) to 
H-5 at 6 5.85 was deduced from a COSY-45 spectrum as 
was tha t  from (H-7)2 at  d 2.45 (t) to (H-11) 2 at d 2.06 (rn). 
In particular, (H-7)2 and H-5 showed only one cross peak 
each in the COSY-45; therefore, the bromine subst i tuent  
was located at  C-6, consistent  with the downfield shift of 
the adjacent H-5 relative to H-9 and H-10. Full 1H and 
13C assignments are given in Table 2. 

The absence of prominent  bands between 960-980 
cm - '  in the F TIR  spectrum of 3b suggested a Z config- 
uration for the A9 double bond (13,16). This stereochem- 

TABLE 2 

Proton and 13C Nuclear Magnetic Resonance (NMR) Data 
for Breminated Fatty Acid Methyl Esters (2b)-(4b) a 

Compound 
2b 3b 3b 4b 

NMR data 
No. 1Hb 1Hb 13cr 1Hb 

1 - -  - -  1 7 3 . 6  - -  

2 2.32 (7.4) e 2.32 (7.4) e 33.2 2.32 
3 1.71 (7.4) e 1.73 (7.4) e 24.4 1.71 (7.4) e 
4 2.06 2.06 28.9 2.06 
5 5.84 (7.7) e 5.85 (7.6) e 131.7 5.84 (7.8) e 
6 - -  - -  1 2 6 . 3  - -  

7 2.45 (7.6) e 2.45 (7.5) e 35.6 2.45 (7.6) e 
8 2.30 2.29 25.8 2.30 
9 5.32 5.31 127.3 5.32 

10 5.41 5.41 131.5 5.41 
11 2.06 2.06 27.3 2.06 

252412-23 0.87 1.20-1.40 _ {1.25-1.40 0.87 {29.7 14.1 { 1.20-1.40 

26 -- -- -- 0.88 
OMe 3.67 3.67 51.5 3.67 
aSolution in CDCI 3. 
bill at 400 MHz. 
c13C at 125 MHz. 
dProtonated signals assigned by heteronuclear multiple quantum 
coherence spectroscopy (14). 
ej values in parentheses. 

istry, together with the E stereochemistry for the A5 dou- 
ble bond, were confirmed by the observation of NOE ef- 
fects between H-4 and H-7 and between H-8 and H-11. 
The 5E, 9Z stereochemistry has been found previously in 
brominated fa t ty  acids (13,16). 

The second new brominated FAME was suggested by 
its GC and HPLC characteristics to be the C24 acid 2b, 
and this identification was confirmed by NMR, MS and 
HPLC. Under EI  conditions, 2b showed the expected 
series of peaks at  377, 345, 327, 303, 236, 141 and 74. The 
N-acyl pyrrolidide showed weak molecular ions at 497 and 
495 together  with ions at 416, 260, 250, 180 and 113. The 
proton NMR spectrum was identical to tha t  of 3b except 
tha t  the methylene envelope integrated for 24 protons. 
The lack of prominent  IR bands between 960-980 cm -~ 
suggested a Z configuration for the A9 double bond. 

The remaining brominated FAME 4b was identified as 
the C26 acid by comparison of its GC, MS and NMR data  
with the compound reported recently by L a m e t  al. (13). 
The stereochemistry of the two double bonds of 4b was 
confirmed as 5E, 9Z by co-injection of a purified sample 
of 4b from A. terpenensis with a crude extract  prepared 
from a hymeniacidonid sponge. 

DISCUSSION 

Litchfield and Morales (17) reported high levels of long- 
chain fa t ty  acids in sponges of the class Demospongiae, 
and furthermore suggested that  these "demospongic" fat- 
ty  acids might  be membrane components.  Bergquist  and 
colleagues (18,19) reported on the fa t ty  acid composition 
of 85 species of Porifera and noted tha t  seasonal and 
geographic variations occur, restr ict ing the chemotax- 
onomic relevance of fa t ty  acid data. Brominated fa t ty  
acids have to date been found in Xestospongia spp. (C9, 
C16 and C1s acids), in Petrosia spp (Cls, C27 and C2~ acids) 
and in a sponge tentatively identified as belonging to the 
fami ly  Hymen iac idon idae  (C26 acid) (13,16,20-27). 
Xestospongia and Petrosia represent very closely related 
genera with similar skeletal morphology, internal struc- 
ture, growth form and ecology. I t  is now agreed tha t  both 
genera belong within the family Nepheliospongidae (order 
Nepheliospongida). The precise taxonomic s ta tus  of the 
sponge used in this s tudy is unclear; it may prove to be 
a new genus, certainly within the order Haplosclerida, but  
the presence of isonitrile metabolites is reminiscent of 
some AxineUida. Until fur ther  electron microscopy can 
be done on cell structure, the sponge is referred to the 
genus Amphirnedon (family Niphatidae, order Haplo- 
sclerida) (28). I t  is possible tha t  the presence of bro- 
minated fa t ty  acids may represent a useful taxonomic 
characteristic with which to position sponges in the 
Nepheliospongida and Haplosclerida. The species sample 
is too small at the present to make any strong sugges- 
tion on tha t  matter. 

Fa t ty  acids with a A5,9 subst i tut ion pa t te rn  are char- 
acteristic of marine sponges (2,5,7,8,13,16). The VLFA 
isolated in this s tudy have exclusively A5,9 unsaturation. 
There is no evidence for the presence of trienoic acids such 
as 24:3 or 26:3 (2,13) or the corresponding monoenoic acids 
24:1, 25:1 and 26:1 (2,11-13) in A. terpenensis. Although 
Carballeira and Shalabi (27) recently reported the isolation 
of C27 and C2s brominated fa t ty  acids from a Petrosiid 
sponge, the isolation of 24:2 brominated, 25:2 (brominated) 
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and  26:2 (brominated) represents  an in te res t ing  example  
of such h o m o l o g y  in a mar ine  s p o n g e  

The b iosynthes i s  of  b romina ted  f a t t y  acids has  been 
evalua ted  by  L a m e t  al. (13) and was found to  confo rm to 
the  current ly  accepted mode  of f a t t y  acid b iosynthes is  in 
mar ine  sponges  (1). The  bromine  subs t i t uen t  is introduc-  
ed following chain e longat ion  and desa tu ra t ion  of a 16:0 
precursor.  I n  this  manner,  the  fo rmat ion  of 24:2 bro- 
mina ted  and  26:2 bromina ted  acids m a y  be explained, bu t  
our  isolat ion of a 25:2 b romina ted  acid sugges t s  t h a t  
sponges  m a y  addi t ional ly  have the  capac i ty  to chain ex- 
tend,  desa tu ra te  and  funct ional ize  an odd  ca rbon  chain 
leng th  f a t t y  acid a l sa  Odd  carbon  chain f a t t y  acids, such  
as 15:0 and  17:0, general ly  have a branched  s t ruc tu re  
ra ther  than  s t ra ight  chain s t ructure  and are usually found 
in bacteria.  A.  terpenens i s  conta ins  b o t h  bacter ia l  and 
cyanobac ter ia l  s y m b i o n t s  (10), thus  an addi t ional  con- 
sideration is which of the  three cell types,  sponge, bacter ia  
or cyanobacter ia  contains the brominated fa t ty  acids. This 
ques t ion  is be ing  addressed in ano ther  repor t  f rom our  
g roup  (15). 
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Overoxidation of a-tocopherol (la) by silver nitrate pro- 
duces tocored (ga) as a major product. The aim of the pres- 
ent work was to elucidate the pathway of formation of 
tocored using the a-tocopherol model compound, 2,2,5,7,& 
pentamethyl-6-chromanol (lb). Oxidation of lb by silver 
nitrate in ethanol produces 2-(~hydroxy-3-methylbutyl)- 
3,5,6-trimethyl-l,4-benzoqninone (6b) and 2,2,7,&tetra- 
methylchroman-5,6-dione (gb, the model compound of 
tocored) as major products. Formation of 6b is rapid and 
is accompanied by an equally rapid fall in pH. Formation 
of 9b only occurs after 6b has reached maximum concen- 
tration and has begun to decline. It appears that acid pro- 
motes the dehydration and recyclization of 6b into a 
qninone methide (2b), which is then rehydrated into 5- 
hydroxymethyl-2,2,7,8-tetramethyl-C~chromanol (5b), the 
phenolic isomer of the quinone 6b. Oxidative deformyla- 
tion of 5b leads to 9b. It is also demonstrated that 6b, 
heated in ethanol in the presence of acid and in the ab- 
sence of any oxidizing agent, is converted into 9b, lb, 
5-ethoxymethyl-2,2,7,8-tetramethyl-6-chromanol (4b) and 
2-(3-hydroxy-3-methylbutyl)-3-ethoxymethyl-5,~dimethyl- 
1,4-benzoquinone (7b). It seems that dehydration and 
recyclization of 6b into 5b occurs as above and that 6b 
then oxidizes 5b into 9b, while being reduced into the 
hydroquinone of 6b (6bH2). Compound 6bH 2 then cyclizes 
in acid to lb. A possible alternative pathway from 6b to 
9b that does not involve 5b is also discussed. These results 
suggest that 6b and, by implication, 0~tocopheryl quinone 
(6a), is not a stable compound and, in the presence of acid, 
is readily oxidized to 9b. 
Lipids 28, 1015-1020 (1993). 

We have suggested that the superior performance of 10b 
over lb in the uninitiated system may be due to oxida- 
tion products of 10b rather than to 10b itself {10). Thus 
2,2,7,8-tetramethylchroman-5,6-dione (9b), which is a 
major oxidation product of 10b (Kohar, I., and Southwell- 
Keely, 1Tr., unpublished results} has antioxidant activity 
and may extend the activity of 10b, whereas 2-(3-hydroxy- 
3-methylbutyl)-3,5,6-trimethyl-l,4-benzoquinone (6b), 
which is the major oxidation product of lb, has no antiox- 
idant activity {10}. 

Compound 9b, in addition to being a major oxidation 
product of 10b, can also be formed by overoxidation of lb 
{11}. Treatment of lb with silver nitrate at 65~ in ab- 
solute ethanol for 2 h gave 9b {40%} and 5-ethoxymethyl- 
2,2,7,8-tetramethyl-6-chromanol (4b, 30%} as the major 
products 112). Formation of both these compounds is 
believed to occur through an intermediate quinone 
methide (2b) {Scheme 1). Addition of ethanol to 2b would 
form 4b, whereas addition of water to 2b, followed suc- 
cessively by oxidation, further addition of water, defor- 
mylation and further oxidation would form 9b {12}. 
Although this reaction was performed in absolute ethanol, 
there was sufficient water {0.5%} in the solvent to account 
for formation of compound 9b by this pathway. Nonethe- 
less, there was an overwhelming excess of ethanol in the 
reaction, and this led to the thought that compound 4b 
might also be an intermediate in the formation of 9b. The 
earliest report of compound 9b, which did not include 
characterization of its structure, indicated that  it could 
be formed from lb and also from 6b by silver nitrate ox- 
idation {11}. Although 6b was not a significant product 

There has been much discussion in the literature as to 
whether a- or y-tocopherol is the better antioxidant. Much 
of the early work suggested that y-tocopherol (10a) was 
a better antioxidant than a-tocopherol (la) {1-4), whereas 
more recent work has suggested the reverse (5-8}. It has 
been proposed that  antioxidant activity may be best 
assessed in an initiated autoxidation system and that, in 
such a system, la is better than 10a (9). Using an un- 
initiated autoxidation system, we have found that 2,2,7,8- 
tetramethyl-6-chromanol (10b}, the model compound of 
10a, was a far superior antioxidant to 2,2,5,7,8-penta- 
methyl-6-chromanol (lb), the model compound of la (10). 
Thus our results agree with those in the early literature 

*To whom correspondence should be addressed at Department of 
Organic Chemistry, University of New South Wales, P.O. Box 1, 
Kensington, N.S.W., 2033, Australia. 
Abbreviations: E I, electron impact; HPLC, high-performance liquid 
chromatography; IR, infrared; MS, mass spectrum; NMR, nuclear 
magnetic resonance; TLC, thin-layer chromatography; UV, 
ultraviolet. 
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of our silver nitrate oxidation of lb, it was decided to 
follow the rate of oxidation of compounds 4b, 5b and 6b 
in turn with silver nitrate to determine the most probable 
pathway to 9b. 

MATERIALS AND METHODS 

Infrared (IR) spectra were determined on a Perkin Elmer 
(Norwalk, CT) 580B spectrometer, ultraviolet (UV) spec- 
tra on a Perkin Elmer 124 double beam spectrophotom- 
eter. 1H and 13C nuclear magnetic resonance (NMR) spec- 
tra were recorded on a Bruker (Karlsruhe, Germany) AM 
500 spectrometer and were taken in CDC13 and are re- 
ported in parts per million downfield from tetramethyl- 
silane as internal standard. Electron impact (EI) mass 
spectra were determined at 70 eV on an A E I  (Manchester, 
England) MS 12 spectrometer, pH Measurements were 
made on a Crison micropH 2001 pH meter (Crison In- 
struments, Barcelona, Spain). 

Compound lb (13), together with its spirodimer (14) and 
spirotrimer (14), 5-ethoxymethyl-2,2,7,8-tetramethyl-6- 
chromanol (4b) (15), 5-hydroxymethyl-2,2,7,8-tetramethyl- 
6-chromanol (5b) (16), 2-(3-hydroxy-3-methylbutyl)-3,5,6- 
trimethyl-l,4-benzoquinone (6b) (11), 5-formyl-2,2,7,8-tetra- 
methyl-6-chromanol (17}, 1H-2,3-dihydro-3,3,5,6,9,10,11 
a(R)-heptamethyl-7 a(S)-(3-hydroxy-3-methylbutyl)pyran- 
o[2,3-a]xanthene-8(7aH),ll(llaH)dione (18), 2-(3-hydroxy- 
3-methylbutyl)-3-hydroxymethyl-5,6-dimethyl.l,4-benzo- 
quinone (8b) (16) and 2,2,7,8-tetramethylchroman-5,6-dione 
(9b) (12), were prepared as reference compounds by known 
methods. 

Hexane (Ajax Chemicals, Auburn, Australia) and iso- 
propanol (BDH Chemicals, Poole, England) for high- 
performance liquid chromatography (HPLC) were passed 
through an Activon (Sydney, Australia) 0.45-~m filter, 
degassed (Waters Associates pump, Waters Associates, 
Milford, MA) and sonicated (Branasonic 12, Branson, 
Danbury, CT) before use HPLC employed a Waters Ass~ 
ciates M-45 solvent delivery system, U6K injector, with 
a 2-mL loop, a model 440 fixed wavelength (280 nm) detec- 
tor, a National Pen Recorder (Matsushita, Yokohama, 
Japan) VP-6513A and an SIC Chromatocorder 12 (Alpha- 
tech, Toky~ Japan) integrator. All compounds other 
than 5b were separated isocratically using hexane]iso- 
propanol (95:5, vol/vol) on a Waters ~Porasil column 
(10 ~m; 300 • 3.9 ram) at a flow rate of 1.1 mL/min. 
Separated compounds had the following retention times 
(rain): 4b, 3.0; lb, 3.4; 6b, 5.1; 7b, 6.3; 9b, 7.2; and 8b 14.0. 
For reasons that are not clear, but have to do with the 
lability of the compound, 5b could not be detected with 
this system or in other normal phase systems (19), but 
was detected using methanol/water (92.5:7.5, vol/vol) as 
eluent on a Lichrosorb Cm column (10 ~Lrn; 250 X 4.6 
mm) (Alltech Associates, Deerfield, IL). Compounds 5b, 
6b and 9b have the same retention time (3.7 rain) in this 
reverse-phase system. Therefore, in order to determine 
the concentration of 5b, duplicate samples were analyzed 
by normal- and revers~phase HPLC, as above. The con- 
centrations of 6b and 9b, determined by normal-phase 
HPLC, were converted into the corresponding areas for 
the reverse-phase system, and these were subtracted from 
the reverse-phase peak, which contained all three com- 
pounds. 

Oxidationprocedura The following oxidation procedure 
was applied to compounds lb, 4b, 5b and 6b and is il- 
lustrated for compound lb. 

Oxidation of lb by silver nitrate in absolute ethanol. 
Compound lb (50 mg) was dissolved in absolute ethanol 
(45 mL) and heated to 60~ An aliquot (2 mL) was taken 
as a control, then silver nitrate (500 mg) and absolute 
ethanol (5 mL) were added. The solution was stirred at 
60~ for 3 h, during which it became orange-red and silver 
precipitated. Aliquots (2 mL) were taken for analysis at 
the following intervals (2, 5, 10, 15, 30, 60, 120 and 180 
re_in). Each aliquot was diluted with water (5 mL) and ex- 
tracted with diethyl ether (3 • 5 mL). The combined ether 
extracts were washed with water (2 • 5 mL), dried 
(Na2SO4) and the solvent removed in vacua The dry 
residue was dissolved in a little light petroleum and dried 
again under nitrogen. All fractions were analyzed quan- 
titatively by HPLC. 

pH of the reaction between lb and silver nitrate. Com- 
pound lb (25 rag) was dissolved in absolute ethanol (25 
mL) and an aliquot (3 mL) taken immediately, diluted with 
distilled water (7 mL), and the pH determined. Silver 
nitrate (250 mg) was added to the remaining solution (22 
mL), and the solution was heated at 60~ Aliquots (3 mL) 
of the reaction mixture were taken at various intervals 
(1, 2, 5, 10, 20, 30 and 45 rain) and added to cold distilled 
water (7 mL) to slow the reaction. The solutions were 
allowed to come to room temperature for pH determina- 
tion. The pH values shown in Figure 1 are those of the 
diluted solutions. No attempt was made to correct the pH 
for dilution as the nature of the acidic material was 
unknown. 

pH of the reaction between 4b and silver nitrate. The 
protocol for this reaction was exactly the same as for the 
reaction between lb and silver nitrate. 

Oxidation of 6b by silver nitrate in absolute ethanol. 
Compound 6b (100 mg) was dissolved in absolute ethanol 
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= 5 

o, 4 

4.0"] 3 
, , ] , ~  2 I - , - , - , - , - , 

3"ST~'~II~.C.L 0 10 20 30 40 50 

"= 2.0 

i 1.5 
~ 1.0 

0.5 

0.0 
0 50 I00 150 200 

Time (rain) 

FIG.  I. Formation of products in the reaction between silver nitrate 
and 2,2,5,7,8-pentamethyl-6-chromanol (Ib) in absolute  ethanol  at  
60~ II, Ib; O, 5-ethoxymethyl-2,2,7,8-tetramethyl-6-chromanol (4b); 
n ,  2~3-hydroxy-3-methylbutyl)-3,5,6~trimethyl-l,4-benzoqninone (6b); 
* ,  2,2,7,$tetramethylchroman-5,6~iione (9b). Insert shows the change 

in pH during the course of reaction. 
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(20 mL), heated to boiling and an aliquot (1 mL) was taken 
as a control. Silver nitrate (1 g) was added, and the solu- 
tion was stirred under reflux for 3 h. After 50 min the color 
turned orange" and after 60 min red crystals appeared on 
the wall of the flask. Aliquots {1 mL) of the reaction mix- 
ture were taken for HPLC analysis at the following inter- 
vals (5, 10, 15, 30, 60, 90, 120 and 180 rain}. The aliquots 
were diluted with water, extracted with diethyl ether and 
analyzed by HPLC as described previously. 

Reaction of 6b with O.03M sulfuric acid in absolute 
ethanol. Fifty mg of 6b was added to a 0.03-M solution 
of sulfuric acid in absolute ethanol (10 mL), and the solu- 
tion heated at 60~ under nitrogen. Aliquots (1 mL) of 
the reaction mixture were taken for HPLC analysis at the 
following intervals (10, 20, 30, 45, 60 and 90 min). One 
mL of brine was added to each aliquot, and the solution 
extracted with diethyl ether (3 • 1 mL). The combined 
ether extracts were washed with brine (5 • 1 mL) and 
distilled water (1 mL), dried (Na2SO4) and the solvent 
removed in vacua 

Reaction of 6b with 5b in absolute ethanol containing 
0.001 M sulfuric acid. To a 0.001 M solution of sulfuric 
acid in absolute ethanol (5 mL) was added 5b (25 mg) and 
6b (25 mg), and the solution heated at 60~ Aliquots 
(0.5 mL) of the reaction mixture were taken for HPLC 
analysis at the following intervals (3, 5, 15, 30, 45 and 60 
min). One mL of brine was added to each aliquot, and the 
solution extracted with diethyl ether (3 • 1 mL). The com- 
bined ether extracts were washed with brine (5 • 1 mL) 
and distilled water (1 mL), dried (Na2SO4) and the sol- 
vent removed in vacua 

Isolation of 2-(3-hydroxy~-rnethylbutyl)-3-ethoxymethyl- 
5,6-dimethyl-l,4-benzoquinone (Tb). Compound 4b (50 mg} 
and silver nitrate (500 mg) were added to absolute ethanol 
(50 mL), and the solution heated at 60~ for 3 h during 
which time the solution changed to blood red and silver 
precipitated. Water (25 mL) was added, and the solution 
was extracted with diethyl ether {3 • 25 mL). The com- 
bined ether extracts were washed with water (3 • 25 mL), 
dried (Na2SO4) and the solvent removed in vacua The 
residue was chromatographed on thin layers of silica 
gel GF2~4 [solvent, petroleum hydrocarbon (b.p. 
60-80~ acetate. 1:1, vol/vol]. The fractions were 
located under UV light and eluted with distilled chloro- 
fortrL The solvent was removed under a stream of nitrogen. 
Major bands with the following R~ values were isolated: 
0.26 {yellow, 13.4 mg), 0.39 {yellow, 6b, 12.6 mg), 0.51 (9b, 
15.7 mg), 0.65 {colorless, changing to yellow-orange on 
thin-layer chromatography; unidentified, 5.5 mg), 0.82 
{yellow; unidentified, 1.2 mg). The yellow band with Rf 
0.26 was identified as 2-(3-hydroxy-3-methylbutyl)-3-eth- 
oxymethyl-5,6-dimethyl-l,4-benzoquinone (7b) and had the 
following spectral data: UV ( ~ ,  hexane) 260, 265 (sh) 
nm; IR(KBr) (cm-1}: 3437 {OH}, 2975, 2932, 2875, 1648 
(C--O), 1467, 1449, 1379, 1304, 1279, 1237, 1219, 1153, 
1124, 1099 (C-O-C), 1030, 937, 910, 877, 761, 727. MS 
(EI) m/z (rel. intensity}: 280 (M +) (2), 262 (7), 234 (33), 221 
(50), 176 (100). 1H NMR (CDC13): 6 1.20 (t, 3H, J = 7.0 
Hz, -O-CH2-CH3), 1.25 (s, 6H, 2 • CH3), 1.62 (m, 2H, 
=C-CH2-CH2}, 2.01 {s, 6H, 2 X =C-CH3), 2.67 (m, 2H, 
=C-CH2-), 3.55 (q, 2H, J = 7.0 Hz, -O-CH2-CHa}, 4.40 
{s, 2H, =C-CH2-O-}; 13C NMR (CDCI3): 6 187.77, 186.72, 
148.48, 140.88, 140.69, 138.32, 70.84, 66.81, 62.60, 43.17, 
29.18 (2 peaks}, 21.98, 15.25, 12.45, 12.36. 

RESULTS 

Figure 1 shows that compound lb was oxidized completely 
to 6b in 10 min, after which the concentration of 6b fell 
gradually, but it was still the major product (70 mole %) 
after 180 min. Compound 9b did not appear until 10 min 
and then rose gradually to 28% at 180 min. Compound 
4b rose rapidly to 5% within 5 min and then fell very 
slowly to zero at 180 min. The product distribution in this 
present silver nitrate oxidation of lb differed a great deal 
from that observed previously {12}. The major product by 
far in the present reaction was compound 6b, which was 
only observed in very small amounts in the previous reac- 
tion {12}. By contrast compound 4b, which had been one 
of the major products in the previous reaction {12}, was 
only a very minor product in the present reaction. The 
reason for this product reversal may be the amount of 
water in the reaction. Thus the molar ratio of water/lb in 
the present reaction (16:1) was much greater than in the 
previous study (3:1). It has been shown that  a relatively 
low concentration of water in the presence of a large excess 
of ethanol favors the formation of 6b rather than 4b {20}. 

The fact that compound 9b did not appear until lb had 
disappeared completely suggests that 9b was a secondary 
product. Also, compound 9b only began to form after 6b 
had reached a maximum and was beginning to decline. 
This suggested that 9b was being formed from 6b. In order 
to test this theory, 6b was heated at 60~ and, subse- 
quently, at 78~ in ethanol in the presence of silver nitrate, 
but was found to be stable and unchanged after several 
hours. The original report of the formation of 9b indicated 
that  it could be formed from 6b, as well as from lb (ll). 
The lack of reactivity of 6b in our reaction was in conflict 
with the original report until it was realized that the 
original authors had used a much more concentrated solu- 
tion of 6b (13 mg/mL) than we had used (1 mg/mL). On 
changing to a more concentrated solution (5 mg/mL) 
and heating at 78~ we observed the results shown in 
Figure 2. The reaction showed a lag period of almost one 
hour before any change occurred, after which 6b was con- 
verted fairly rapidly into 9b. The reason for this lag period 
is unknown. As 6b at a concentration of 1 mg/mL was 
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FIG. 2. Formation of 2,2,7,8-tetramethylchroman-5,6-dione (9b) from 
the reaction of silver nitrate with 2-(3-hydroxy-3-methylbutyl)- 
3,5,6-trimethyl-l,~benzoquinone (6b) in absolute ethanol at 78~ 
D, 6b; e ,9b .  
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stable when heated directly with silver nitrate at 78~ 
but decomposed steadily at 60~ after it was formed in 
the lb oxidation {Fig. 1), it appeared that another product 
of the lb oxidation might be promoting the decomposi- 
tion of 6b. A study of pH change during lb oxidation 
revealed an initial, rapid drop to pH 2.7, followed by a 
much slower rise (insert, Fig. 1). A pH of 2.7 corresponds 
closely to that which would have been obtained if lb had 
dissociated completely. However, as lb is a very weak acid, 
these results suggest that silver nitrate reacts with lb to 
liberate a proton as follows: 

Ag + + ArOH --" Ag + A r 0 H  +o "~ ArO. + H + [1] 

This pH drop was definitely due to reaction between silver 
nitrate and lb, because a solution of silver nitrate in 
ethanol had a pH of 6.5. 

In order to determine the effect of acid on the course 
of reaction, 6b was heated at 60~ under nitrogen in the 
presence of 0.03 M sulfuric acid and in the absence of 
silver nitrate. Figure 3 shows that  the concentration of 
6b fell by 40% within 2 man and then by a further 30% 
in the next 88 rain. Compound 6b was converted into 4b, 
lb, 7b and 9b. When this reaction was repeated using 
0.03 M hydrochloric instead of sulfuric acid, the rate was 
faster and the same products were formed (results not 
shown). One may conclude that, in the presence of acid, 
6b is readily dehydrated to 2b~ which can then add ethanol 
to form 4b (Scheme 1). Alternatively, 2b can add water 
to form 5b (16), which may react with ethanol in acid solu- 
tion to form 4b. Formation of 9b, and particularly lb, in 
this reaction is more difficult to explain. Compound 9b 
is believed to be formed by the oxidative deformylation 
of 5b (12) (see Equation 4). However, as the reaction of 
6b with sulfuric acid was performed under nitrogen, the 
only oxidant present was 6b itself. A possible explanation 
is that 6b was dehydrated by acid to 21~ which then added 
water to form 5b. Compound 5b is a phenol (reducing 
agent) that may be able to react with 6b (oxidizing agent) 
to form 9b (oxidation product) and the hydroquinone of 
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FIG.  3. Formation of products in the reaction of 2-(3-hydroxy-3- 
methylbutyl)-3,5,6-trimethyl-l,4-benzoquinone (6b) with 0.03 M sul- 
furic acid in absolute ethanol at  60~ under nitrogen; I ,  2,2,5,7,8- 
pentamethyl-6-chromanol (lb); O, 5-ethoxymethyl-2,2,7,&tetramethyl- 
6-chromanol (4b); [~, 6b; A, 2-(3-hydroxy-&methylbutyl)-3-ethoxyme- 
thyl-5,6-dimethyl-l,4-benzoquinone (7b); o ,  2,2,7,8-tetramethyl- 
chroman-5,6<lione (9b). 
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FIG.  4. Formation of products in the reaction of 2-(~hydroxy-3- 
methylbutyl)-3,5,6-trimethyl-l,4-benzoquinone (6b) with 5-hydroxy- 
methyl-22,7,8-tetramethylJ'o~ahromanol (5b) in the presence of 0.001 M 
sulfuric acid in absolute ethanol at  60~ under nitrogen; O, 
2,2,5,7,8-pentamethyl-6-chromanol (lb); A, 5-ethoxymethyl-2,2,7,8- 
tetramethyl~rJ~romanol (4b); O, 5b; I1, 6b; o ,  2-(3-hydroxy-3-methyl- 
butyl)-3-ethoxymethyl-5,6-dimethyl-l,4-benzoqninone (Tb); A, 2,2,7,8- 
t etramethylchroman-5,6-dione (9b). 

6b (6bH2; reduction product). In acid solution, 6bH2 
would cyclize to lb (11). To test this hypothesis, compound 
6b was reacted with 5b at 60~ in the presence of 0.001 
M sulfuric acid (to simulate the approximate pH of the 
lb oxidation) (Fig. 4). Compound 4b was the major prod- 
uct, and 9b, 7b and lb were formed in smaller amounts. 
Although initially there were equal amounts of 6b and 5b 
in the reaction mixture, it appears that the first step in- 
volves the effective isomerization of 6b into more 5b, and 
thus the concentration of 5b rises as that of 6b falls. 

H +, -H20, +H20 
6b �9 5b [2] 

A number of reactions then follow. Compound 5b reacts 
very readily with ethanol in the presence of acid to 
form 4b (Eq. 3; Fig. 5), and the reaction does not re- 
quire 6b. 
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FIG. 5. Formation of ~et~oxymethyl-2,2,7,8-tetramethyl~'~remanol 
(4b) from the reaction of 5-hydroxymethyl-2,2,7,8-tetramethyl-6- 
chromanol (5b) in the presence of 0.001 M sulfuric acid in absolute 
ethanol at  60~ O, 4b; A, 5b. 
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H + 
5b + EtOH -~ 4b [3] 

Compound 6b reacts with 5b in the presence of acid (but 
not  in its absence) to form 9b and lb  (Fig. 4). The conver- 
sion of 5b into 9b is a four-electron oxidation, and, 
therefore, the production of one mole of 9b would require 
two additional moles of 6b and lead t o  the formation of 
two moles of lb  (Eqs. 4 and 5) 

H + 
2 X 6b + 5b + H 2 0 ~  2 X 6bH 2 + 9b + HCHO [4] 

2H + 
2 X 6bH 2 ~ 2 X l b +  2H2 O 

I n  summary, Equat ions  2, 4 and 5 give: 

3 X 6 b ~ 9 b  + 2 X lb + H20 + HCHO 

It  is possible to conceive of an additional pathway from 
6b to 9b, which does not  involve the intermediacy of 5b 
(Scheme 2). Thus, enolization of 6b, followed by the addi- 
t ion of water, would yield 1,4-dihydroxy-2,3-dimethyl-5- 
( 3 -hyd roxy -3 -me thy lbu ty l ) -6 -hyd roxyme thy lbenzene  
(8bH2), the hydroqulnone of 8b. 

6b + H20 ~ 8bH 2 [7] 

A second molecule of 6b could then oxidize 8bH2 to 8b 
and be reduced to 6bH2: 

6b + 8bH 2 "~ 8b -{- 6bH 2 

Addition of water to 8b would form 4,6-dihydroxy-2,3- 
dimethyl-5-(3-hydroxy-3-methylbutyl)-6-hydroxymethyl- 
cyclohexa-2,4-dienone (llb), which could deformylate to 
1 ,2 ,4- t r ihydroxy-5,6-dimethyl-3-I3-hydroxy-3-methyl-  
butyl)benzene (12b). 

8b + H20 --~ lib [9) 

llb--* 12h + HCHO [10] 

00~ H OH 
0 

t 
14 

~ 0 7  oHOH 
-HCHO ~ 

HO" ~ v ~.) OH 
OH 12.b 

} H20 

OH 0 
13b 9b 

o.o" 

=4" 
I ,." W ox 

It 

SCHEME 2 

As discussed previously (12), the deformylation is a 
typical  retro-aldol type of reaction whose driving force is 
the establishment of aromaticity in 12h. Cyclization of 12b 
would produce 2,2,7,8-tetramethyl-5,6-dihydroxychroman 
(13b), which could be oxidized by a third molecule of 6b 
to form 9b. 

12b -~ 13b + H20 [11] 

6b + 13b "-~ 9h + 6bH 2 [12] 

Cyclization of 6bH2 in acid conditions would yield lb: 

2 X 6bH 2 - *  2 • l b +  2H20  [13] 

[5] The sum of Equat ions  7-13 is Equat ion 6. 
In order to determine whether  4b could be converted 

into 9b, it  was oxidized with silver ni t rat~ Figure 6 shows 
tha t  oxidation of 4b, al though relatively rapid, is much 

[6] slower than that  of lb  and appears to go through a 20-min 
lag period before commencing. During the lag period the 
pH dropped from 6.2 to 4.2 (insert, Fig. 6), so tha t  acid 
appears to play a role in this reaction also. Compound 9h 
was a major product  of the reaction, bu t  it  did not  appear 
until after 30 min and was, therefor~ a secondary product. 
The first-formed product  was again compound 6b, which 
reached a maximum in 90 min and then began to decline. 
Thus it appeared tha t  4b was being converted via 2b into 
6b and then into 9h as befor~ Although compound 9b 
formed more slowly than 6b, it reached a higher concen- 
t ra t ion at  240 rain and was formed more rapidly than  in 
the oxidation of lb. 

Compound 5b, which was believed to be a key in- 
[8] termediate in the formation of 9b from lb (12), was ox- 

idized completely by silver ni t rate  within 20 min (Fig. 7). 
Although 9b was the major product  of the reaction (90% 
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FIG. 6. Formation of products in the reaction between silver nitrate 
and 5-ethoxymethyl-2,2,7,8-tetramethyl-6-chromanol (4b) in absolute 
ethanol at 60~ O, 4b; I ,  2-(3-hydroxy-~methylbutyl)-3,5,6-tri- 
methyl-l,4-henzoquinone (6h); A, 2-(~hydroxy-3-methylbutyl)-3~eth- 
oxymethyl-5,6-chm" ethyl-l,4-benzoquinone (Tb)~ * ,  2,2,7,8-tetramethyl- 
chroman-5,6-dione (gb). Insert shows the change in pH during the 
course of reaction. 
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FIG. 7. Formation of products in the reaction between silver nitrate 
and 5-hydroxymethyl-2,2,7,8-tetramethyl~,romanol (5b) in absolute 
ethanol at 60~ O, 5-ethoxymethy|-2,2,7,8-tctramethyl-6-chromanol 
(4b); /% 5b; A, 2-(3-hydroxy-~methylbutyl)-3-hydroxymethyl-5,6-di- 
methyl-l,4-benzoquinone (8b); e ,  2,2,7,8-tetramethylehroman-5,6- 
dione (9b). 

the concomitant  format ion of l b  in mild acid conditions. 
I t  is also possible tha t  6b may  be converted into 9b 
wi thout  the intermediacy of 5b as shown in Scheme 2. 

Acid also promotes  the loss of ethanol from 4b and its  
conversion into 2b. Surprisingly, in this reaction 2b does 
not  proceed directly to 5b and 9b but  ra ther  to 6b. Then 
as the acid increases further, 6b is recyclized to 2b and 
then to 5b and 9b. Thus  the oxidation of lb  is under the 
control of the equilibria 4b ~ 2b ~ 3b "~ 6b (Scheme 1). 
In the absence of water, the major  product  is 4b (20). In  
the presence of water, the equilibria shift  to the r ight  and 
a mixture of 4b and 6b will be formed, with 6b dominat ing 
as the concentration of water rises. Then as the acid in- 
creases, the equilibria shift  to the left and to the key inter- 
mediate  2b, which undergoes hydrat ion and fur ther  
oxidation. 

I t  is worth not ing tha t  the spirodimer and spirotr imer  
of l b  were not  observed in any of the  reactions. This con- 
firms previous observations tha t  2b shows a much greater 
tendency to react  with nucleophiles, such as water  and 
alcohols, than  it does to polymerize (20). 

after 180 min) and was formed faster  in this reaction than 
in any other reaction, it was formed predominant ly  after  
5b had disappeared. Thus it  mus t  be concluded tha t  9b 
was, at  least  in part ,  a secondary product  of this reaction 
as well. Compounds  4b and 8b were formed more rapidly 
than  9b early in the reaction and subsequent ly  declined. 
Thus, i t  would appear  t ha t  5b undergoes three separate  
reactions simultaneously, oxidative deformylat ion to 9b, 
oxidation to 8b and reaction with ethanol  to form 4b. 
Again it appeared tha t  4b and 8b were being converted 
into 9b. A possible pa thway from 4b to 9b would be p r o  
tonat ion of the e thoxy oxygen of 4b, followed by  loss of 
ethanol to form the quinone methide 2b. Addition of water  
to 2b would form 5b, oxidative deformylat ion of which 
would yield 9b. The pathway by which 8b is converted into 
9b is not  clear but  may  involve acid-catalyzed cyclization 
to the enol of 5-formyl-2,2,7,8-tetramethyl-6-chromanol 
followed by  oxidative loss of formic acid to form 9b. 

DISCUSSION 

Compound 9b can be formed from lb, 4b, 5b and 6b and 
is formed mos t  rapidly from 5b, suggest ing tha t  5b is the 
immediate  precursor of 9b. In  all oxidations except  tha t  
of 6b, compound 9b was a secondary product. Conversion 
of l b  into 9b may  be explained as in Scheme 1. Reaction 
of silver ion with lb  produces silver meta l  and the radical 
cation of lb  (Eq. 1). Dissociation of the radical cation 
liberates the chromanoxyl radical of lb  and a proton which 
causes an immediate  drop in p H  (Eq. 1). Two molecules 
of the  chromanoxyl  radical disproport ionate  to give one 
molecule of the unstable  intermediate  quinone methide 
2b and one molecule of lb  (21-23). Compound 2b can react 
immediate ly  with ethanol to form 4b. Alternatively, 2b 
may  react  wi th  a proton to form 3b, which can then react  
with water to form 6b and regenerate a proton. Compound 
6b is unstable  in the presence of acid and undergoes 
dehydration and recyclization into 2b. Compound 2b then 
undergoes hydrat ion to 5b and oxidative deformylat ion 
to 9b. Al though silver ni trate  is the oxidant  for the defor- 
myla t ion  of 5b, it is interest ing to note tha t  6b is also 
capable of br inging about  the deformylat ion of 5b with 

ACKNOWLEDGMENTS 
Thanks are due to N. Juranario for running the IR spectra, to H. 
Stender for the NMR spectra and to Dr. J. Brophy for the mass 
spectra. 

REFERENCES 

1. Olcott, H.S., and Emerson, O.H. (1937) J. Am. Chem. Soc 59, 
1008-1009. 

2. Hove, E.L., and Hove, Z. (1944) J. BioL Chem. 156, 623-632. 
3. Lea, C.H., and Ward, R.J. (1959)J. Sci. FoodAgria 10, 537-548. 
4. Skinner, W.A., and Parkhurst, R.M. (1970) Lipids 5, 184-186. 
5. KunkeL H.O. (1950)Arch. Biochem. 30, 317-325. 
6. Burton, G.W., and Ingold, K.U. (1981) J. Am. Chem. Soc. 103, 

6472-6477. 
7. Fukuzawa, K., Tokumura, A., Ouchi, S., and Tsukatani, H. (1982) 

Lipids 17, 511-513. 
8. Niki, E., Tsuchiya, J., Yoshikawa, Y., Yamamot~ Y., and Kamiya, 

Y. (1986) Bull Chem. Soa Japan 59, 497-501. 
9. Burton, G.W., and Ingold, K.U. (1986) Aca Chem. Res. 19, 

194-201. 
10. Suarna, C., and Southwell-Keely, ~ (1991) Lipids 26, 187-190. 
11. John, W., DietzeL E., and Emte, W. (1939) Z. PhysioL Chem. 257, 

173-189. 
12. Suarna, C., Baca" M., Craig, D.C., Scudder, M., and Southwell- 

Keely, P~. (1991) Lipids 26, 847-852. 
13. Smith, L.I., Ungnade, H.E., Hoehn, H., and Wawzonek, S. (1939) 

J. Org. Chem. 4, 311-317. 
14. Skinner, W.A., and Alaupovic, P. (1963) J. Org. Chem. 28, 

2854-2858. 
15. Sumarno, M., Atkinson, E., Suarna, C., Saunders, J.K., Cole, E.R., 

and Southwell-Keely, l~r. (1987) Biochim. Biophys. Acta 920, 
247-250. 

16. Suarna" C., Sumarno, M., Nelson, D., and Southwell-Keely, l~r. 
(1988) Lipids 23, 1129-1131. 

17. Nakamura, T., and Kijima" S. (1972) Chem. Pharm. Bull. 20, 
1681-1686. 

18. Suarna, C., Craig, D.C., Cross, K.J., and Southwell-Keely, ~ (1988) 
J. Or E. Chem. 53, 1281-1284. 

19. Baca" M., Suarna" C., and Southwell-Keely, l~r. (1991) J. Liquid 
Chromatogr. 14, 1957-1966. 

20. Suarna, C., Baca" M., and Southwell-Keely, ~ (1992) Lipids 27, 
447-453. 

21. Becker, H-D. (1965)J. Org. Chem. 30, 982-989. 
22. Boguth, W. (1969) in Vitamins andHorrnones (Harris, R.&, WooL 

I.G., Loraine, J.A., and Munson, P.L., eds.) VoL 27, pp. 1-15, 
Academic Press, New York. 

23. Bolon, D.A. (1970)J. Org. Chem. 35, 715-719. 

[Received September 29, 1992, and in revised form August 7, 1993; 
Revision accepted August 7, 1993] 

LIPIDS, Vol. 28, no. 11 (1993) 



1021 

Synthesis and Antitumor Activity of 1-fl-D-Arabinofuranosylcytosine 
Conjugates of Optical Isomers of Ether and Thioether Lipids 1 
Chung II Hong*, Seung-Ho An 2, Alexander Nechaev, Alan J. Kirisits, Rakesh Vig and Charles R. West 
Department of Neurosurgery, Roswell Park Cancer Institute, Buffalo, New York 14263 

Four 1-fl-D-arabinofuranosylcytosine conjugates (ara-C) (la, 
b and 2a, b) of sn-1 and sn-3 isomers of 1-(~octadecyl-2-~ 
palmitoylglycerol and its 1-~alkyl analogue have been syn- 
thesized, and their antitumor activity against L1210 lym- 
phoid leukemia in mice were compared with those of the 
previous conjugates (3a, b) of racemates in order to dete~ 
mine the significance of chirality of the glycerol moieties 
for activity. Administration (i.p.) of a single dose (300 
mg/kg) of conjugates of sn-1 (la), sn-3 (2a) and rac (3a) iso- 
mers of the ether lipid increased lifespan of i.p. implanted 
L1210 lymphoid leukemic DBA/2J mice by 169, 175 and 
236%, respectively. The sn-1 (lb), sn-3 (2b), and rac (3b) 
isomers of the thioether lipid with a single dose of 300 
mg/kg produced an increase in lifespan values of 238, 263 
and 250%, respectively. The results indicate that chirality 
of the glycerol moieties appears not to be critical for the 
activity, and racemates 3a and 3b are promising prodrugs 
of ara-C for further clinical investigations. 
Lipids 28, 1021-1026 (1993). 

1-fl-D-Arabinofuranosylcytosine (ara-C) conjugates of the 
racemic mixtures of 1-O~alkyl (ether) and 1-S-alkyl (thioether) 
phospholipids (1-10) have demonstrated a superior an- 
titumor activity against animal tumor models in vivo. The 
rationale is that  the conjugates ate not only new prodrugs 
of ara-C, but also may generate two cytotoxic groups, the 
nucleoside and the ether or thioether lipid analogue, with 
different target sites in tumor cells. Among them, ara-CDP- 
rac~l-S~cta-decyl-2-O-palmitoyl-l-thioglycerol (ara-CD P- D I~ 
PTBA, Cytoros, 3b) (Fig. 1) showed significant therapeutic 
effects on human colorectal (11) and PSN-1 pancreatic cancer 
xenografts in nude mice (12). In order to determine the stere 
ochemical significance of the ether and thioether moieties, 
we have now synthesized the ara-C conjugates of the sn-1 
(la, b) and sn-3 (2a, b) isomers of 1-O~'~decyl-2-O-palmitoyl- 
glycerol and its 1-thioglycerol isomer (Fig. 1). This paper 
described the synthetic procedures for the preparation of 
these conjugates and the comparison of their antitumor ef- 
fects with those of the previous conjugates (3a and 3b) of 
the racemates of ether and thioether lipids against L1210 
lymphoid leukemia in mice 

1This material was presented in part at the 81st Annual Meeting of 
the American Association for Cancer Research in Washington, D.C., 
May, 1990 (Abstract No. 2493). 
*To whom correspondence should be addressed at Department of 
Neurosurgery, Reswell Park Cancer Institute, Elm and Carlton 
Streets, Buffalo, NY 14263. 
2Present address: Cheil Foods & Chemicals, 522-1 Dokpyong-ri, 
Majang-myon, Ichon-kun, Kyonggi-do, Korea 
Abbreviations: ara-C, 1-f~-D-arabinofuranosylcytosine; ara-CDP, ara- 
C 5'-diphosphate; ara-CDP-DL-PTBA (Cytoros), ara-CDP-ra~l-~ 
octadecyl-2-(~palmitoyl-l-thioglycerol; ara-CMP, ara-C 5'-monophos- 
phate; ILS, increase in life span; NMR, nuclear magnetic resonance; 
TBDMS, tert-butyldimethylsilyl; THF, tetrahydrofuran; TLC, thin- 
layer chromatography; UV, ultraviolet. 

EXPERIMENTAL PROCEDURES 
Melting points were taken on a Mel-Temp capillary melting 
point apparatus (Cambridge, MA) and are uncorrected. 
1H nuclear magnetic resonance (NMR) spectra were 
recorded on a Varian Associate (Sunnyvale, CA) EM-390 
spectrometer. Chemical shifts are expressed as 6 values 
(ppm) relative to tetramethylsilane as internal standard. 
The optical rotations were measured on a Perkin-Elmer 
241 polarimeter (Norwalk, CT). An AG1-X8 (Bio-Rad, Her- 
cules, CA), [(diethylamino)ethyl]cellulose (DE-52) (What- 
man, Clifton, NJ) and a CG-50 (Sigma, St. Louis, MO) were 
used for column chromatography. Evaporations were car- 
ried out on a rotary evaporator under reduced pressure 
applied by an Aspirator A-3S (Wheaton, Millville, NJ) or 
a vacuum pump with a bath  temperature of under 30~ 
Thin-layer chromatography (TLC) was performed on glass 
plates coated with a 0.25-mm layer of silica gel PF-254 
(Brinkman, Westbury, NY) with use of the following sol- 
vent systems: (A) CHC13, (B) CHC13/MeOH (95:5, vol/vol), 
(C) CHC13/MeOH/H20/HOAc (25:15:4:2, by vol), and i- 
PrOH/H20/concentrated NH4OH (7:2:1, by vol). Ultra- 
violet (UV)-absorbing compounds were detected by vis- 
ualization under a UV lamp (254 nm), and phosphorus- 
containing compounds were detected with a modified 
Dittmer-Lester spray (13). Elemental analyses were per- 
formed by Galbraith Laboratories (Knoxville, TN) and 
Robertson Microlit Laboratories (Madison, NJ). 

NH 2 
CH2-A -C18H37  . ~ N ~  I" o = N 

C 15H31 - C - O  Bm"C" I  H O O O 
-: II II 
C H 2 - O - P - - O - P - - O ~  J 

O -Na +O'Na 

HO 
la ,  b 

NH 2 
CH2-A -C  18H37 - 0 ~ N 

H Im'C"~ll  O-C--C 15H31 
O O �9 O 

CH2-O-P--O-P--O~ J 

O "Na +O'Na 

HO 
2 a . b  

a : A f f i 0  

b : A f S  

NH 2 
C H 2 - A - C  18H37 1 " 

Cls.3,-~-o--c~. i Ij 
O 0 O ~ N  ~ 

I II II 
CH2--O-P--O-P--O~ [ 

O'Na +O'Na 

HO 

3a,b 

FIG. 1. Structures of 1-/~-D-arabinofuranosylcytosine conjugates of 
1-O-(or S)-octadecyl-2-OLpalmitoylglycerol (or 1-thioglycerol). 
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Ara-C 5'-monophosphate (ara-CMP) (14), ara-CMP mor- 
pholidate { 15), 1,2-O-isopropylidene-sn-glycerol (16), 2,3-O- 
isopropylidene-sn-glycerol {17), 1,2-O-isopropylidene-3- 
thio-sn-glycerol (18) and racemic compounds 3a, 3b, 6a, 
6b, 9a and 9b) were prepared by procedures in the litera- 
ture (1,7). 

2,3-O-Isopropylidene-l-thio-sn-glycerol was prepared 
from 2,3-O-isopropylidene-sn-glycerol in an analogous 
manner for 1,2-O-isopropylidene-3-thio-sn-glycerol (18), 
and was used for the next step without distillation. 
1~Octadecyl-sn-glycerol and 3~)-Octadecyl-sn-glycerol. 

These compounds were prepared following literature prc~ 
cedures (19,20). 
1-O-Octadecyl-2-O-palmitoyl-sn.glycerol (4a). Palmitoyl 

chloride {6.95 g, 25 retool) in toluene (20 mL) was added 
dropwise to a mixture of 1-O-octadecyl-3-O-benzyl-sn- 
glycerol (21) (10 g, 23 mmol), pyridine (1.76 g, 23 retool) 
and toluene (50 mL) at room temperatur~ The mixture 
was heated at 60~ overnight and then cooled to room 
temperatur~ The mixture was partitioned between Et20 
(150 mL) and H20 {150 mL), and the organic layer was 
washed with H20 {2 X 150 mL) and evaporated to 
dryness. The residue was dissolved in boiling 95% EtOH 
(1500 mL), and the solution was cooled to room tempera- 
ture overnight. The solid, 1-O-octadecyl-2-O-palmitoyl-3-O- 
benzyl-sn-glycerol, was filtered, washed with cold 95% 
EtOH and dried in vacuo; yield, 13.1 g (84.6%); m.p., 
43-44.5~ [a]~ +1.4 ~ (c 8.0, CHCI3); IH NMR (CDCI 3) d 
0.9 (6, t, J = 6 Hz, 2 CH3), 1.18-1.74 (58, m, {CH2)16, 
(CH2)13), 2.35 (2, t, J = 6 Hz, CH2CO), 3.44 (2, t, J = 6 
Hz, OCH2), 3.56 {2, d, J = 5 Hz, 1-CH=), 3.63 {2, d, J = 
5 Hz, 3-CH2), 4.52 (2, s, benzyl CHz), 5.16 (1, quintet, J 
= 5 Hz, 2-CH), 7.26 (5,s, C6H5). The compound (12.5 g, 
18.6 retool) was hydrogenated with 10% Pd/C (1 g) in 
tetrahydrofuran (THF) (100 mL) and HOAc (50 mL) at 50 
psi for three days. After removal of the catalyst, the 
filtrate was evaporated to dryness, and the residue was 
crystallized from CHCl3-petroleum ether 30-60~ yield, 
9.8 g {74.9%); m.p., 70-71~ [a]~ -0.15 ~ {c 8.0, CHCI3). 
AnaL: Calcd. for C37H7404: C, 76.23; H.12.79. Found: C, 
76.00; H.12.76. 
3-O-Octadecyl-2-O-palmitoyl-sn-glycerol (Sa). 3-O-Octa- 

decyl-2-O-palmJtoyl-1-O-trityl-sn-glycerol {17.7 g, 21.4 
retool), prepared by the procedure in the literature {1), was 
dissolved in HOAc {200 mL) and toluene (50 mL) and 
hydrogenated in the presence of PtO2 (500 mg) and PdO 
(700 rag) at 50 psi for five days. The catalysts were re- 
moved by filtration, the filtrate was evaporated to dryness 
and the residue was crystallized from 95% EtOH/hexanes 
{5:1, volJvol); yield, 10.5 g (84.2%); m.p., 51-52~ [a]~ 
+2.0 ~ {c 1, CHCI3); ~H NMR (CDCI3) d 0.85 (6, t, J = 5 
Hz, 2 CH3), 1.27-1.65 (58, m, (CH2)16, (CH2)13), 2.30 (2, m, 
CH=CO), 3.42 (2, t, J -- 6 Hz, OCH2), 3.58 (2, d, J = 5 Hz, 
1-CH2), 3.77 (2, d, J = 5 Hz, 3-CH2), 4.97 (1, quintet, J = 
5 Hz, 2-CH). The product was also prepared in 46% yield 
by using the method for 4b. Anal.: Calcd. for C37H7404: 
C, 76.23; H, 12.79. Found: C, 76.26; H, 12.33. 

3-~Octadecyl-3-thio-sn-glycerol. Two hundred mL of 1 
N KOH in MeOH was added dropwise to a mixture of 
1,2-O-isopropylidene-3-thio-sn-glycerol (29.6 g, 0.2 mol) in 
100 mL of MeOH and 1-bromooctadecane (60.1 g, 0.18 
mol) in 200 mL of hexanes, at room temperature for a 
period of 1 h, and then the mixture was stirred at room 
temperature for 1 d. The mixture was evaporated to dry- 

ness, and the residue was partitioned between hexanes 
{800 mL) and H20 (300 mL). The organic layer was evap- 
orated to dryness, and the residue was refluxed with 10% 
HCI in aqueous MeOH (125 mL concentrated HC1 and 280 
mL MeOH) for 30 min and decolorized with Norit A 
(Fisher Scientific, Pittsburgh, PA). After being left to 
stand at room temperature overnight, the solid in the mix- 
ture was filtered off, washed with 50% MeOH and then 
MeOH (50 mL each), and then dried in vacuo. The crude 
product was recrystallized from hot MeOH; yield, 49.2 g 
{75.8%); m.p., 67-68~ [a]~ +22.1 ~ (c 1.0, CHC13); 1H 
NMR (CDC13) d 0.83 (3, t, J = 6 Hz, CHz), 1.27-1.65 (32, 
m, (CH2)16), 2.40-2.63 (4, m, CHeSCH2), 3.33 (2, t, J -- 6 
Hz, 1-CH2), 3.63 (1, rn, 2-CH). Anal.: Calcd. for 
C21H440~S.0.1H20: C, 69.59; H, 12.26. Found: C, 69.49; 
H, 12.48. 

1-S-Octadecyl-l-thio-sn-glycerol was prepared from 2,3- 
O.isopropylidene~l-thio-sn-glycerol in an analogous man- 
ner; yield, 52.9%; m.p., 66-67~ [a]~ +9.0 ~ (c 1.0, 
CHC13); IH NMR (CDC13) d 0.87 (3, t, J = 6 Hz, CH3), 
1.27-1.57 (32, rn, (CH2)16), 2.43-2.68 (4, m, CH2SCH2), 
3.35 (2, t, J -- 6 Hz, 3-CH2), 3.77 (1, rn, 2-CH). AnaL: 
Calcd. for C21H4402S.0.75H20: C, 67.42; H, 12.26. Found: 
C, 67.25; H, 11.63. 

1-S-Octadecyl-3-O-(tert-butyldirnethylsilyl)-l-thio-sn- 
glycerol. A mixture of 1-S-octadecyl-l-thimsn-glycerol (9.15 
g, 25 mmol), tert-butyldimethylsilyl chloride (4.66 g, 30 
mmol), imidazole (4.13 g, 60 mmol) and N,N-dimethyl- 
formamide (DMF) (50 mL) was stirred at room tempera- 
ture for one day. The solvent was evaporated to dryness 
in vacuo at 70~ and the residue was partitioned between 
H20 and Et20 (50 mL each). The organic layer was dried 
over Na2SO4 and then evaporated to dryness. The oily 
residue was further evaporated by using a high vacuum 
at 70~ The crude product, essentially homogeneous by 
TLC, weighed 10.4 g (87.6%) and was used for the next 
step without further purification. 

1-O-(tert-Butyldimethylsilyl)-3-S-octadecyl-3-thio-sn- 
glycerol was prepared by using an analogous procedure; 
yield, 85.7%. 

1-~Octadecyl-2-O-palrnitoyl-l-thio-sn-glycerol (4b). Pal- 
mitoyl chloride (7.01 g, 25 mmol) was added dropwise to 
a mixture of the above product (10.4 g, 22 mmol) in 
anhydrous pyridine (10 mL) and toluene (400 mL) at room 
temperature, and the mixture was stirred at room temp- 
erature for one day. The mixture was then partitioned be- 
tween Et20 and H20 (100 mL each). The organic layer 
was washed with 0.5 N H2SO4, saturated NaHCO3 and 
H20 (50 mL each), and then evaporated to dryness. The 
residue was crystallized from 95% EtOH at 10-15~ The 
solid was filtered and washed with 95% EtOH. The soft 
solid, 1-S~ctadeeyl-2.0-palmitoyl-3-O-(tert-butyldimethyl- 
silyl)-l-thlmsn-glycerol, weighed 13.0 g (81.8% yield). To 
a mixture of this product {13.0 g, 18 mmol) in HOAc (3.5 
mL) and THF (100 mL) was added dropwise 1 M tetra- 
butylammonium fluoride in THF (35 mL) for a period of 
1 h at 5-10~ and the mixture was stirred at room 
temperature for 61~ After cooling at 0-5 ~ overnight, the 
solid was filtered and washed with ice~cold 95% EtOH. 
The filtrate was evaporated to dryness, and the residue 
was treated with ice-cold 95% EtOH. The combined solids 
were dissolved in boiling 95% EtOH, and the solution was 
cooled to room temperature overnight, which resulted in 
an isomer of 4b, 1.S-octadecyl.3-O-palmitoyl-l-thio-sn- 
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glycerol. After filtration, the filtrate was cooled at 0-5 ~ 
overnight, and the white solid (41o) was filtered and washed 
with cold 95% EtOH. Repeated recrystallization of the 
crude products in this manner gave 6.7 g (50.0% yield); 
m.p., 44-45~ [a]~ +0.6 ~ (c 1.0, CHC13); ~H NMR 6 0.87 
(6, m, 2CH3), 1.27-1.60 (58, rn, (CH2)16, (CH2)13), 2.32 (2, 
t, J = 7 Hz CH2CO), 2.47-2.73 (4, rn, CH2SCH2), 3.80 (2, 
m, 3-CH2), 4.97 (1, m, 2-CH). AnaL: Calcd. for C37H7403S: 
C, 74.18; H, 12.45. Found: C, 74.24; 12.78. 

3-S-Octadecyl-2-O-palmitoyl-3-thio-sn-glycerol (5b) was 
prepared in an analogous manner; yield, 28.8%; m.p., 
45-46~ [a]~ +1.0 ~ (c 1.0, CHCI3); 1H NMR (CDC13) 6 
4.93 (1, rn, 2-CH). Anal.: Calcd. for C37H7403S: C, 74.18; 
H, 12.45. Found: C, 73.99; H, 11.79. 

3-O-Octadecyl-2-O-palmitoyl-sn-glycerol-l-phosphate 
(8a). Phenyl dichlorophosphate (1.45 g, 6.8 mmol) in 
toluene (30 mL) was added dropwise at room temperature 
to a solution of 4b (2.0 g, 3.4 mmol), pyridine (1 mL) and 
toluene (30 mL), and themixture was stirred first at 60~ 
for 6 h and then at room temperature for 1 d. Water (1 
mL) was added to the mixture, and the suspension was 
stirred at room temperature for 1 h. The mixture was then 
partitioned between Et20 and H20 (40 mL each). The 
organic layer was washed with H20 (40 mL X 3), dried 
over Na2SO4 and evaporated to dryness. The residue was 
crystallized from 95% EtOH at -20~ and the solid was 
quickly filtered and washed with cold 95% EtOH; yield, 
2.0 g (79.6%). The phenyl-protected phosphate was then 
hydrogenated with PtO2 (400 mg) and PdO (400 mg) in 
AcOH (50 mL) and toluene (50 mL) at 50 psi for 2 d. The 
mixture was diluted with toluene (30 mL) and filtered 
through a Celite bed. The filtrate was evaporated to 
dryness, and the residue was dried by coevaporating with 
toluene (10 mL X 2). The crude product was dissolved in 
CHC13 (20 mL), and the solution was applied to a silica 
gel column (3 X 30 cm). The column was eluted with 
CHC13 (400 mL) and then with CHCI~/MeOH/H20 
(10:10:1, by vol) (250 mL). The eluate with the latter was 
evaporated to dryness and the residue weighed 1.8 g 
(100%, 79.6% overall); m.p., 49-51~ [a]~ +5.55 ~ (c 1.0, 
CHC13); IH NMR 6 0.83 (6, m, 2CH3), 1.23-1.56 (58, m, 
(CH2)16, (CH2)lz), 2.26 (2, t, J = 6 Hz, CH2CO), 3.33-3.43 
(4, m, OCH 2, 3-CH2), 4.08 (2, d, J = 4.5 Hz, 1-CH2), 5.12 
(1, rn, 2-CH). Anal.: Calcd. for CaTH75OTP.4.5H20: C, 
59.72; H, 10.56. Found: C, 59.37; H, 11.38. 

1-S-Octadecyl-2-O-palrnitoyl-l-thio-sn-glycerol-3.phos- 
phate (Tb). Triethylamine (7.08 g, 70 mmol) in hexanes (20 
mL) was added dropwise to an ice-cold mixture of POCI~ 
(9.96 g, 70 retool) and hexanes (20 mL). To this mix- 
ture a solution of dried 4b (32.1 g, 50 mmol) in toluene 
(250 mL) was added dropwise at 0-5~ over a period 
of 1.5 h, and the mixture was stirred at room temperature 
overnight. Water (25 mL) was added to the mixture 
followed by stirring at room temperature for 1 h. The 
mixture was partitioned between Et20 (250 mL) and 
H20 (125 mL). The organic layer was dried over Na2SO4 
and evaporated to dryness. The residue was crystallized 
from hexanes at 0-5~ and then recrystallized from 
Et20 at room temperature; yield, 21.4 g (45%); m.p., 
65-70~ [a]~ +3.6 ~ (c 1.0, CHClz); ~H NMR 6 0.85 (6, 
t, J = 7 Hz, 2CH~), 1.27-1.53 (58, m, (CH2)16, (CH2)~a), 
2.20-2.73 (6, rn, CHACO, CH~SCH~), 4.03 (2, rn, 3-CH2), 
5,03 (1, m, 2-CH). Anal.: Calcd. for C3~H~sO6SP.0.5H~O: 
C, 64.59; H, 11.13. Found: C, 64.26; H, 11.34. Phos- 

phatidic acids 7a and 8b were prepared in an analogous 
manner. 

1-O-Octadecyl-2-O-palmitoyl-sn-glycerol-3-phosphate 
(7a). Yield, 74.0%; m.p., 58-60~ [a]~ +1.1 ~ (c, 3.55, 
CHC13). AnaL: Calcd. for C37H7507P: C, 67.03; H, 11.40; 
P, 4.67. Found: C, 66.83; H, 11.45; P, 4.32. 

3-S-Octadecyl-2-O-palmitoyl-3-thio-sn-glycerol 
1-phosphate (8b). Yield, 50.0%; m.p., 60-70~ [a]~ +1.5 ~ 
(c 1.0, CHCI3); ~H NMR 5.03 (1, m, 2-CH). The product 
was used for the condensation with ara-CMP morpho- 
lidate without chemical analysis. 

ara-C-5-diphosphate-(ara-CDP)-l-S-octadecyl-2-O- 
palrnitoyl-l-thio-sn-glycerol (lb). Phosphate 7b (3.40 g, 5 
mmol) was dried azeotropically with pyridine twice and 
mixed with ara-CMP morpholidate (2.75 g, 4 mmol), 
followed by co-evaporation with pyridine three times. The 
dried mixture was then mixed with anhydrous pyridine 
(300 mL) and stirred at room temperature for five days. 
The solvent was evaporated to dryness, and the residue 
was co-evaporated with toluene to remove the residual 
pyridine The residue was dissolved in 300 mL of 
CHClz/MeOH/H20 (2:3:1, by vol) and then mixed with 1 
N HC1 i l l  mL) and H20 (26 mL). The organic layer was 
separated, and the aqueous layer was extracted with 
CHC13 (2 • 50 mL). The combined organic layers were 
evaporated to dryness, and the residue was dissolved in 
400 mL of CHC13/MeOH/H20 (2:3:1, by vol). The solution 
was applied to a DE-52 (AcO-) column (5 • 30 cm) 
prepacked with the solvent. The column was eluted with 
CHC1JMeOH/H20 ~2:3:1, by vol) (1000 mL) and then 
with 0.04 M NH4OAc in the same solvent. The 0.04 M 
NH4OAc fractions between 2100-4700 mL were evapor- 
ated to a small volume, and the solid was collected on a 
filter, followed by washing with 50% aqueous Me2CO and 
then Me2CO. The solid (NH4 salt of lb) was dissolved in 
CHC1JMeOH/H20 (2:3:1, by vol), and the solution was 
passed through a CG-50 (Na +) column (2 • 10 cm). The 
column was washed further with the same solvent until 
no UV-absorbing material was detected. The combined 
eluate was cooled at 0-5~ overnight, and the solid was 
filtered off. The filtrate was evaporated to a small volume 
and the product (Na salt) was filtered, washed with 
acetone and dried in vacuo; yield, 2.44 g (59.3%); m.p., 
200-201~ [a]~ +31.0 ~ (c 1, CHCla-MeOH-H~O 2:3:1, by 
vol); 1H NMR (CDC13-CD~OD-D20, 2:3:1, by vol) 6 0.83 (6, 
t, J = 6 Hz, 2CH3), 1.27-1.73 (58, m, (CH2)16, (CH2)13), 
2.32 (2, ~ J = 7 Hz, CH2CO), 2.50 (2, t, J -- 7 Hz, SCH2), 
2.76 (2, t, J = 7 Hz, 1-CH2), 3.97-4.73 (7, m, 3-CH 2, H-2', 
H-3', H-4', H-5'), 5.07 (1, m, 2-CH), 5.92 (1, d, J = 7.5 Hz, 
cytosine H-5), 6.08 (1, d, J = 5 Hz, H-I'), 7.80 (1, d, J = 
7.5 Hz, cytosine H-6). AnaL: Calcd. for C46H85N3Ola 
SP2.2Na.H20: C, 52.81; H, 8.38; N, 4.01. Found: C, 52.97; 
H, 8.44; N, 3.61. The conjugates la, 2a and 2b were 
prepared in an analogous manner. 

ara-CDI~l-O-octadecyl-2-O-palmitoyl-sn-glycerol (la). 
Yield, 24.4%; m.p., 156-164~ [a]~ +33.5 ~ (c, 0.23, 
CHC1JMeOH/H20, 2:3:1, by vol); 1H NMR (CDC1JCD 3- 
OD/D20, 2:3:1, by vol) 60.87 (6, m, 2CH3), 1.25-1.80 (58, 
m, (CH2)16, (CH2)13), 2.33 (2, m, CH2CO), 3.36-4.13 (11, m, 
1-CH2, 3-CH2, OCH2, H-2', H-3', H-4', H-5'), 4.97 (1, m, 
2-CH), 5.92 (1, d, J = 7.5 Hz, cytosine H-5), 6.14 (1, d, J 
= 5 Hz, H-I'), 7.88 (1, d, J = 7.5 Hz, cytosine H-6). Anal.: 
Calcd. for C4~H87N3OI4P23CH3OH: C, 56.42; H, 9.06; N, 
3.95; P, 5.82. Found: C, 56.82; H, 9.27; N, 3.69; P, 5.87. 
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ara-CDP3-O-octadecyl-2-O-palmitoyl-sn-glycerol (2a). 
Yield, 26.2%; m.p., 200-205~ [a]~ +25.6 ~ (c, 0.39, 
CHC1JMeOH/H20, 2:3:1, by vol); 1H NMR (CDCIJCD 3- 
OD/D20, 2:3:1, by vol) d0.94 (6, m, 2CH3), 1.15-1.85 (58, 
m, (CH2)16 , (CH2)13), 2.37 (2, t, J = 7 Hz, CH2CO), 3.25- 
4.40 (11, m, 1-CH 2, 3-CH 2, OCH2, H-2', H-3', H-4', H-5'), 
5.16 (1, m, 2-CH), 5.97 (1, d, J -- 7.5 Hz, cytosine H-5), 
6.16 (1, c~ J -- 5 Hz, H-I'), 7.82 (1, d, J -- 7.5 Hz, cytosine 
H-6). Anal.: Calcd. for C46HssN3014P-2Na.0.5(CHz)2CO: 
C, 55.05; H, 8.66; N, 4.01; P, 5.92. Found: C, 54.84; H, 9.16; 
N, 3.55; P, 6.12. 

ara-CDt~3-S-octadecyl-2-O-palmitoyl-3-thio-sn.glycerol 
(2b). Yield 20.4%; m.p., 198-200~ [a]~ +18.4 ~ (c 1.0, 
CHC1JMeOH/H20, 2:3:1, by vol); 1H NMR (CDC13/CD 3- 
OD/D20, 2:3:1, by vol) d0.88 (6, t, J = 6 Hz, 2CH3), 
1.24-1.71 (58, m, (CH2)16, (CH2)13), 2.38 (2, t, J = 7 Hz, 
CH2CO), 2.59 (2, t, J = 7 Hz, SCH2), 2.79 (2, m, 3-CH2), 
4.12-4.80 (7, m, 1-CH 2, H-2', H-3', H-4', H-5'), 4.93 (1, rn, 
2-CH), 6.02 (1, d, J = 7.5 Hz, cytosine H-5), 6.21 (1, d, J 
= 5 Hz, H-I'), 7.94 (1, d, J - 7.5 Hz, cytosine H-6). Anal.: 
Calcd. for C46HssN3013SP2.2Na: C, 53.73; H, 8.33; N, 
4.09. Found: C, 54.07; H, 8.37; N, 3.54. 

Anti tumor activity in vivo. DBA/2J male mice in groups 
of 5-8 (wt: 20-29 g) were inoculated i.p. with 1 X l0  s 
L1210 lymphoid leukemia cells (22), and a sonicated solu- 
t ion of the conjugates was given i.p. once daily a single 
or multiple injections, s tar t ing at day 1, as outlined 
previously (8). Survival t ime and animal weights were 
recorded and the % increase in life span (%ILS) was com- 
pared with the median survival of the untreated mice The 
results are shown in Table 1. 

RESULTS 

The synthet ic  route used to prepare ara-C conjugates la, 
b and 2a, b was analogous to tha t  of our earlier work in 

this series with conjugates 3a (1) and 3b (7). Optically pure 
1,2-O-isopropylidene-sn-glycerol (16), 2,3-O-isopropylidene ~ 
sn-glycerol (17) and the respective O-alkylated products  
1-O-octadecyl-sn-glycerol (19) and 3-O-octadecylglycerol 
(19) were prepared by li terature procedures (20). The 1- 
thioglycerol analogue, 1,2-O-isopropylidene-3-thi~sn-gly- 
cerol (18), was prepared by the procedure in the litera- 
ture and its optical isomer, 2,3-O-isopropylidene~l-thimsn - 
glycerol, was prepared from 2,3-O-isopropylidene~sn-gly - 
cerol in an analogous manner. Alkylation and subsequent 
removal of the isopropylidene group of these 1-thioglycerol 
derivatives gave 1-S-octadecyl-l-thio-sn-glycerol and 3-S- 
octadecyl-3-thio-sn-glycerol. After protect ing the 1- or 
3-OH group of the O-octadecyl-sn-glycerols with a ben- 
zyl or trityl,  the 2-OH was acylated with palmitoyl 
chloride in the presence of pyridine, and subsequent  
removal of the benzyl or t r i tyl  protective group by 
catalytic hydrogenolysis with 10% Pd/C or PtO/PdO gave 
4a and 5a in 46-84% yield (Fig. 2). The benzyl or t r i tyl  
group of the sn-1 (or sn-3) O-octadecyl-2-O-palmitoylgly- 
cerol was removed with minimal acyl migration to form 
1-O-octadecyl-3-O-palmitoyl-sn-glycerol or 3-O-octadecyl- 
2-O-palmitoyl-sn-glycerol. The 1- or 3-OH group of the S- 
octadecyl-thio-sn-glycerols was protected with tert-butyl- 
dimethylsilyl (TBDMS) grout& and the 2-OH was acylated 
with palmitoyl chloride in the presence of pyr idine  The 
TBD MS  group was removed by t rea tment  with tetra- 
buty lammonium fluoride in T H F  and HOAc at  5-10~ 
and then at  room temperature  (7), resulting in 4b and 5b 
in 29-50% yield. The acyl migration during the deblock- 
ing was also minimal. However, the acyl migration occur- 
red even during the crystMlization in 95% EtOH.  Struc- 
ture assignments of 4a, b and 5a, b were confirmed by 1H 
NMR spectrometry. The sn-2 methine proton of the above 
compounds gave a first-order quintet  at  4.93-5.16 ppm, 
as demonstra ted previously (1,7). 

TABLE 1 

Antitumor Activity Against i.p. Implanted L1210 Lymphoid Leukemia in Mice ~ 

Treatment Dose, mg Survival days 45-Day 
Compound schedule, qd (~nol)/kg per day Range Median T/C b % ILS c survivors 

ara-C.HCl 1 55 (196) 8-9 9.0/8.0 13 0/5 
81 (290) 9-10 9.0/9.0 0 0/6 

1-5 230 (822) 14-15 15.0/7.5 100 0/6 
la  1 100 (98) 11-21 14.5/8.0 81 0/6 

200 (196) 17-22 19.5/8.0 144 0/6 
300 (294) 18-25 21.5/8.0 169 0/6 

2a 1 I00 (98) 15-17 16.018.0 100 0/6 
200 (196) 16-23 21.0/8.0 163 0/6 
300 (294) 15->45 22.0/8.0 175 1/6 

3a 1 100 (98) 15-18 18.0/7.0 157 0/6 
200 (196) 19->45 27.0/7.0 286 1/8 
300 (294) 21-28 23.5/7.0 236 0/6 

lb 1 300 (292) 17->45 27.0/8.0 238 2/5 
1,5,9 100 (97) 23-44 28.0/8.0 250 0/5 
1-5 60 (58) 22->45 25.0/8.0 213 1/5 

2b 1 300 (292) 23->45 29.0/8.0 263 2/5 
1,5,9 100 (98) 8-25 22.0/8.0 175 015 
1-5 60 (58) 15-30 24.0/8.0 200 0/5 

3b 1 300 {292) 21->45 28.0/8.0 250 1/5 
1,5,9 100 (98) 18-29 25.0/8.0 213 0/5 
1-5 60 (58) 27->45 31.0/8.0 288 1/5 

aEach group of 5-8 DBAI2J mice (male, 20-29 g) received i.p. inoculation of I X 10 6 cells on day 0. Treat- 
ments (i.p.) were initiated on day 1. Ara-C, 1-f~-D-arabinofuranosylcytosine. 
bCalculated based on survivors according to the NCI protocols {22). T/C, treated/control {untreated). 
CIncrease in life span: (T/C - 1) X 100. 
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FIG. 2. Structures of ether and thioether lipids. 

9a.b {D,L-Mixtufe) 

Compounds 4a, b and 5a, b were phosphorylated with 
POCI 3 and Et3N at 0-5~ as outlined previously (i), and 
the resulting phosphates, 7a, b and 8a, b, were purified 
by successive crystallization from hexanes and Et20, to 
obtain a final yield of 45-74%. Phosphate 8a was also 
prepared in 80% yield by phosphorylation of 5a with 
phenyl dichlorophosphate in the presence of pyridine and 
subsequent removal of the phenyl group by catalytic 
hydrogenolysis with PtO2/PdO. Condensation of 7a, b 
and 8a, b with ara-CMP morpholidate (15) in pyridine gave 
conjugates la, b and 2a, b in overall yields of 20-59%, and 
their structures were verified by elemental analysis and 
1H NMR spectroscopy. 

A n t i t u m o r  activity.  Conjugates la-3a and lb-3b were 
compared for their in vivo antitumor activity against i.p. 
implanted L1210 lymphoid leukemia in DBA/2J mice, ac- 
cording to the procedures outlined in the NCI protocols 
(22), with some modifications, such as inoculation of 1 • 
106 cells and 45-day observation. In Table 1, the un- 
treated animals died on days 6-8 after tumor implanta- 
tion. Conjugates of sn-1 (la) and sn-3 (2a) isomers of the 
ether lipid injected i.p. as a single dose produced com- 
parable ILS values among the isomers at each of three 
dose levels: 81 vs. 100% at 100 mg (98 pmol)/kg, 144 vs. 
163% at 200 mg {196 ~mol) and 169 vs. 175% at 300 mg 
(294 pmol)/kg on day 1. The racemic mixture (3a) at the 
same doses gave somewhat higher ILS values (157-286%) 
than the sn-1 and sn-3 isomers. However, a single i.p. in- 
jection of equimolar doses (196 and 290 prnol/kg) of ara-C 
failed to increase survival of the leukemic mice Multiple 
high doses of ara-C (230 mg, 822 ~mol]kg per day • 5) 
produced 100% ILS. Administration (i.p.) of a single dose 
(300 mg, 292 pmol/kg) of conjugates of sn-1 (lb), sn-3 (2b), 
and racemic mixture (3b) of the thioether lipid produced 
ILS values of 238, 263 and 250%, respectively, with 1-2 
long-term survivors (<45 d) out of five animals. When a 
total 300 mg/kg of the conjugates was administered i.p. 
in three or five divided doses, the ILS values obtained were 
175-288%. 

DISCUSSION 

Results obtained in this study demonstrated again that  
ara-C conjugates of ether and thioether lipids are highly 
effective against L1210 lymphoid leukemia in mice 
regardless of chirality at the glycerol, exceeding the ac- 
tivity of ara-C. Both racemic mixtures 3a and 3b showed 
a comparable activity to the sn-1 isomers la and lb, as 
previously reported for the sn-1 isomer and racemic mix- 
ture of ara-CDP-dipalmitin (23).  These conjugates contain 
both ara-C and an ether or thioether lipid in place of the 
cytidine and diacylglycerol, which are present in natural 
cytidine diphosphate diglyceride, a precursor for mem- 
brane phosphatidylinositol and cardiolipin {24). Thus, the 
conjugates may produce two cytotoxic groups, ara-C 
5'-triphosphate (ara-CTP) and alkyllysophospholipid or 
1-S-thioether lysophospholipid after biotransformation 
(1,8). Synthetic analogues of the latter lipids are mem- 
brane~active antitumor agents (25,26) and 1-O-octadecyl- 
2-O-methyl-rac-glycero-3-phosphocholine (ET-18-OCHa) 
and 1-hexadecylmercapto-2-methoxymethyl-rac-propane- 
3-phosphocholine (BM 41.440, Ilmofosine) are in clinical 
trials (27,28). These compounds are also racemic mixture 
Thus, conjugates 3a and 3b (Cytoros) of a racemic mix- 
ture of the thioether lipid are good candidate drugs for 
the clinical trials. In fact, 3b {Cytoros) is highly active in 
both human colorectal cancer xenografts (11) and PSN-1 
human pancreatic cancer xenograft in nude mice (12), in 
addition to the broad spectrum of antitumor activity 
against in vivo animal solid tumor models (4,5,8,9). Fur- 
thermore, this compound inhibited liver metastases of 
M5076 sarcoma {8) and lung metastases of 3-Lewis lung 
carcinoma in mice (4,5).  With regard to its action as pro- 
drug of ara-C, Cytoros (3b) and its analogues are resistant 
to hydrolysis by cytidine deaminase (29), are taken up 
rapidly by tumor cells {30), give a greater intracellular 
retention of ara-CTP than that resulting from ara-C {8,12) 
and interact extensively with serum lipoproteins {31). In 
addition, superior antitumor activity of Cytoros as com- 
pared to sn-1 isomer of ara-CDP-dipalmitin, a diacylgly- 
cerol conjugate (6), could possibly be due, in part, to the 
release of two cytotoxic groups, ara-CTP and 1-S-thioether 
lysophospholipid after biotransformation (32,33). A pre- 
clinical toxicology study of Cytoros is now in progress. 
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Synthesis of Oxygenated Fatty Acid Esters from Santalbic Acid Ester 
M o h a m m e d  Khysar  Pasha a and Fasih A h m a d  b,* 
asection of Oiis and Fats, Department of Chemistry, Faculty of Science and bDepartment of Biochemistry, Faculty of Life 
Sciences, Aligarh Muslim University, Aligarh-202 002, India 

The reaction of methyl octadec-trans-ll-en-9-ynoate (I) 
with mercuric sulfate in the presence or absence of sul- 
furic acid is described. Treatment of I with mercuric sul- 
fate in absolute methanol yielded methyl 9{10)-oxoocta- 
dec-trans-11-enoates (Product A). This product, upon 
treatment with m-chloroperbenzoic acid, afforded methyl 
trans-11,12-epoxy-9-oxooctadecanoate (4) and methyl 1(~ 
oxooctadeotrans-ll~enoate (2). Sodium borohydride reduc- 
tion of A furnished the corresponding hydroxy esters. The 
treatment of 1 with mercuric sulfate in the presence of 
sulfuric acid gave as major product methyl 9(10boxw 
11(12)-methoxyoctadecanoates and methyl 9(10)-oxoocta- 
dec-trans-ll-enoates as a minor product. When methyl 
11,12-epoxyoctadec-9-ynoate was reacted with acid in 
methanol, methyl 12-hydroxy-11-methoxyoctadec-9-ynoate 
was formed, which on treatment with zinc chloride in 
CC14 yielded methyl 9,12-epoxyoctadec-9,11-dienoate ex- 
clusively. The preparation of oxo fatty esters from the 
total methyl esters of Santalum album was also demon- 
strated. The structures of the products were established 
by chemical derivatization and spectral characterization. 
Lipids 28, 1027-1031 (1993). 

Santalbic (octadec-trans-11-en-9-ynoic) acid, a conjugated 
enynoic fat ty acid, is a major component of Santalum 
album (Linn.) seed oil. The seeds from S. album contain 
about 50-60% drying oil, which is 74% santalbic acid (1). 
The seeds can be collected in quantity from sandal wood 
plantations. Santalbic acid can be readily isolated in high 
yield by crystallization from mixed fatty acids of S. album 
seed oil. Although large amounts of santalbic acid are pr~ 
duced naturally, few studies (1-5) have been undertaken 
on the chemistry of this fatty acid. 

The chemistry of conjugated enynes is of current in- 
terest for the synthesis of biologically active compounds 
such as pheromones, leukotrienes and prostaglandins 
(6-8). Lam and Lie Ken Jie (9,10) have synthesized methyl 
5(6)-oxooctadec-cis-lO-enoates and 5(6)-hydroxy-10(ll)- 
methoxyoctadecanoates by oxymercuration and demer~ 
curation reactions of a nonconjugated enynoic fatty ester 
(methyl octadec-cis-lO-3-en-5-ynoate). Earlier workers have 
reported the hydration of nonconjugated enynic com- 
pounds with sulfuric acid and mercuric sulfate (11). 

To the best of our knowledg~ no such work has been 
carried out on long-chain fatty acids containing con- 
jugated enynic chromophores. To explore the utility of san- 
talbic acid, we have carried out some studies on its ox- 
idation reactions. Santalbic acid esters were modified to 
a- and ~-enoates, 9{10)-oxo-ll(12)-methoxy fat ty esters, 
ll,12-epoxy-9-oxo fatty ester, ll,12-epoxy-9-ynoate` 12- 
hydroxy-ll-methoxy-9-ynoate and a furanoid fatty acid 
ester. 

*To whom correspondence should be addressed. 
Abbreviations: GLC, gas-liquid chromatography; IR, infrared; MS, 
mass spectrometry; NMR, nuclear magnetic resonance; TLC, thin- 
layer chromatography. 

EXPERIMENTAL PROCEDURES 

Thin-layer chromatography (TLC) was done on microscope 
glass plates coated with silica gel G (about 0.1 mm thick), 
and a mixture of petroleum ether (40-60~ ether 
in various proportions was used as developing solvent. 
Perchloric acid (40% in water) was used as spray reagent 
to visualize fractions on the plates. Column chromatog- 
raphy was performed on silica (60-120 mesh} using gra- 
dient elution with a mixture of petroleum ether/diethyl 
ether. Collected fractions were checked by TLC to ascer- 
tain their purity. Adsorbents for TLC and column chroma- 
tography were obtained from E. Merck Limited (Bombay, 
India). All reagents and solvents were of analytical grade; 
solvents were distilled and dried before use Sulfuric acid 
(95-98%), sodium borohydride` sodium bicarbonate, per- 
chloric acid and zinc chloride were purchased from E. 
Merck, and m-chloroperbenzoic acid was from Fluka 
(Buchs, Switzerland). Mercuric sulfate was obtained from 
E. Merck (Darmstadt, Germany). 

S. album seeds were obtained from Sandal Research 
Centre (Bangalore` India). Infrared (IR) spectra were 
measured on a Shimadzu IR-408 Spectrometer (Toky~ 
Japan). Mass spectroscopy (MS) was done on a JEOL 
JMS-D3000 instrument (Tokyo, Japan) at 70 eV. Nuclear 
magnetic resonance (NMR) spectra were recorded on a 
Varian (Palo Alt~ CA) A 60D spectrometer. NMR spec- 
tra were measured on CDCI~ solutions and chemical 
shifts are reported in parts per million downfield from 
tetramethylsilane as internal standard. 

Extraction of the oil from S. album seeds, isolation of 
santalbic acid and preparation of its methyl ester. S. album 
seeds were crushed in a mortar to separate kernels from 
the pericarp. The kernels and sodium sulfuate (20 g/50 g 
of kernels) were then finely crushed, and oil was extracted 
by repeated addition of petroleum ether (40-60~ in a 
Soxhlet apparatus on a waterbath for 3 h. The petroleum 
ether extract obtained from the kernels was kept on 
anhydrous sodium sulfate overnight and was then filtered. 
The removal of petroleum ether under reduced pressure 
yielded 60% of a lightly yellowish oil. The oil (32.7 g) was 
hydrolyzed by refluxing with 120 mL of ethanolic potas- 
sium hydroxide (6.54 g/130.8 mL) solution for 1 h. Dur- 
ing this saponification process, a gummy substance was 
separated from the reaction mixtur~ Ethanol was then 
evaporated in vacuo at 60~ The potassium salts of the 
mixed fatty acids were dissolved in excess water and 
acidified with 1N HC1. The liberated free fatty acids were 
extracted repeatedly with diethyl ether. The combined 
extract was dried over anhydrous sodium sulfat~ and the 
solvent was evaporated, yielding 30.0 g of mixed free 
fat ty acids. 

The mixed fatty acids (30.0 g) of S. album seed oil upon 
crystallization from hexane at --10~ yielded crude san- 
talbic acid (22.4 g;, m.p. 36-38~ which upon recrystalli- 
zation from hexane at -10~ gave the pure product [x9.7 
g;, m.p. 39~ rmp. reported (2) 38.5~ Methyl santalbate 
(1) was prepared by treating the santalbic acid (4 g) over- 
night with a 50-mL mixture of methanol]benzene/sulfuric 
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acid (21:2.5:1, by vol) at room temperature Water (approx- 
imately 100 mL) was added to the reaction mixture to 
reach the cloud point. The methyl ester was extracted 
repeatedly with diethyl ether, and the ethereal layer was 
washed twice with exceses 5% (wt/vol) sodium bicarbonate 
solution, then twice with water. The ethereal layer was 
dried over anhydrous sodium sulfate and the diethyl ether 
was evaporated yielding methyl santalbate. The purity 
of methyl santalbate was verified by TLC and gas-liquid 
chromatography (GLC) (99% pure). 

Reaction of 1 with mercuric sulfate and absolute 
methanol. Compound I (1.15 g) was added to a well-stirred 
solution of mercuric sulfate {0.227 g) in absolute methanol 
(30 mL) at room temperature The reaction was complete 
within 30 min. The reaction mixture was diluted by adding 
excess water (about 100 mL) and then extracted with 
diethyl ether (3 • 20 mL). The ethereal layer was dried 
over anhydrous sodium sulfate, filtered and the solvent 
was evaporated to yield a lightly yellowish oily product 
which on silica gel column chromatography afforded 
Product A in 95% yield. IH NMR spectrum (CDC13) 
6 6.46-7.0 ppm (m, CH=CHCO), 5.5-5.83 (m, 
CH=CHCH2CO), 3.0 (d, CH=CHCH2CO), 3.58 (s, 
COOCH3) 2.1-2.45 (m, methylene protons a to ester car- 
bonyl, free carbonyl and double bond). IR spectrum (film) 
1740 (s, ester carbonyl), 1710 (s, C--O stretching), 1670 
and 1630 (s, CH--CHCO), 950 (s, trans-unsaturation) 
cm-Z; mass spectrum (m/z, rel intensity) 310 (M +, ab- 
sent), 225 (M + - R 1, 52.3), 185 (M + - RICH=CHCH2, 
57.1), 125 (M + - R2CO, 38.09), 199 (M + - RICH=CH, 
21.4), 153 (M + - R 2, 26.1), 139 (M + - R2CHe, 52.3), 280 
(9.52), 279 (45.2), 278 (4.76), 267 (2.3), 226 (0.7), 211 (9.5), 
200 (4.7), 55 (base peak, 100). 

Reaction of Product A with m-chloroperbenzoic acid. 
Product A (0.2 g) was dissolved in chloroform {50 mL), and 
m-chloro-perbenzoic acid (0.71 g) was added in portions. 
The reaction was allowed to run for 24 h at 5~ Chloro- 
form was removed from the reaction mixture under re- 
duced pressure, and the reaction products were extracted 
with diethyl ether (3 • 20 mL). Removal of diethyl ether 
and subsequent silica gel column chromatography of the 
reaction product yielded about 70% of methyl 10-oxo- 
octadec-trans-ll-enoate (2) and 25% of methyl 9-oxo- 
trans-ll,12-epoxyoctadecanoate (4). Product 2: R~, 0.69; 
1H NMR spectrum (CDC13) d 6.46-7.0 ppm (m, 2H, 
CH=CHCO), 3.6 (s, 3H, COOCHs), 2.0-2.6 (m, 6H, 
methylene protons a to ester carbonyl, free carbonyl and 
double bond); IR spectrum {film) 1740 (s, ester carbonyl), 
1670 and 1630 (s, CH=CHCO) cm -~. Product 4: Re, 0.53; 
1H NMR spectrum (CDC13) 2.9-3.0 (m, 2H, epoxide 
protons), 3.6 (s, 3H, COOCH3), 2.2-2.6 (m, 6H, methylene 
protons a to ester carbonyl, free carbonyl and epoxy 
ring), 1.3 (m, chain methylene protons) and 0.9 (t, 3H, ter- 
minal methyl protons). IR spectrum {film) 1740 (s, ester 
carbonyl), 890 (s, 1,2-epoxide stretching), 1710 (s, C=O 
stretching). 

Reaction of 1 with mercuric sulfate and methanol con- 
taining sulfuric acid. Methyl santalbate (1) (1.15 g) was 
added to a well-stirred solution of mercuric sulfate (0.227 
g), sulfuric acid (1.55 g) and absolute methanol (30 mL). 
The reaction mixture was stirred for 90 min at room 
temperature After completion of the reaction, water (100 
mL) was added to the reaction mixture, and the mixture 
was extracted with diethyl ether (3 • 20 mL). The ethereal 

layer was successively washed with dilute NaHCO3 (10%, 
40 mL) and water (2 • 40 mL). The organic layer was 
dried over anhydrous sodium sulfate, filtered and evapo- 
rated. Silica gel column chromatography of the reaction 
mixture yielded two products, D as the major (70%) and 
C as the minor product (25%). The major Product D gave 
the following spectral data: 1H NMR spectrum (CDCI3) 
d 3.7 ppm (s, 3H, COOCH3), 3.3 (s, 3H, HC-OCH3), 
2.16-2.6 (m, 6H, methylene protons a to ester carbonyl 
and free carbonyl), 3.6 (m, 1H, methine); IR spectrum 
(film) 1740 (s, ester carbonyl), 1710 (s, C=O stretching), 
1160 (m, ether linkage) cm-1; mass spectrum (m/z, rel in- 
tensity) 342 (M + -- R1CH2CHOCH3, 92.8), 143 (M + - 
CH2COR 2, 15.47), 243 (M + -- RICH2, 32.14), 171 (M + - 
R1CH(OCHz)CH2CO, 44.04), 257 (M + - R z, 100), 295 
(11.9), 296 (14.2), 280 (4.7), 279 (27.3), 258 (14.2), 227 (52.3), 
228 (8.3), 200 (13.0), 183 (2.3), 139 (38.09), 129 (67.85), 55 
(base peak, 100). The minor Product C was identical with 
Product A. 

Sodium borohydride reduction of Product A. Sodium 
borohydride (0.025 g) was added in portions within 10 rain 
at 0~ to a well-stirred solution of A (mixture of 2 and 
3) in methanol (0.2 g in 25 mL). Monitoring of the reac- 
tion mixture by TLC indicated the completion of the reac- 
tion within 15 min. The reaction mixture was diluted im- 
mediately by adding excess water, acidified with 1N HC1 
and extracted with diethyl ether. Evaporation of diethyl 
ether gave the oily Product E (a mixture of 7 and 8), which 
was purified by silica gel column chromatography. 1H 
NMR spectrum (CDCI3) d 5.33-5.5 ppm (m, olefinic pro 
tons),  3.9-4.38 (m, methine protons), 3.6 (s, 3H, 
COOCHs), 1.93 (s, -OH, D20 exchangeable); IR spectrum 
(film) 1740 (s, ester carbonyl), 3350 (broad, -OH), 965 (m, 
trans-unsaturation) cm-'. Interconversion of Product E 
into Product A was achieved by chromic acid oxidation 
(12); Product A was identified as a mixture of 2 and 3 by 
spectral analysis. 

Reaction of 2 and 12 with methanol containing sulfuric 
acid. Methyl 12-oxo-octadec-9-enoate (9) was prepared 
from methyl 12-hydroxy-octadec-9-enoate (12). 

The compounds 2 and 12 (0.5 g each) were each dissolv- 
ed separately in 30 mL of methanol containing sulfuric 
acid (1.55 g) and stirred for 90 min at room temperature 
The reaction mixture was diluted by adding 100 mL of 
water, and the reaction products were extracted with 
diethyl ether. The products were purified by silica gel col- 
umn chromatography using petroleum ether/diethyl ether 
(85:15, vol/vol) as eluent. Compound 2 furnished Product 
5 (70%), and 12 afforded Product 13 (70%) (Scheme 1). 

Rt CH=CH..C_ CH2_RZ (i ]= Rt C N - C H 2 - C  --Cl12 -R2 
II I II 

(z) o OCN3 (S) O. 

.Ec.:c._cHz_c_.4 (~): =Lc.z_c,._c.z_ c_.4 
0 OCH 3 O 

(tz) (13) 

RIR4_- (CH))sCH); Ri, R)=(CH:t)'/COOCH 3 

( i )  Ab$. MeOH, HzSO A 

SCHEME 1 
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Product 5: IH NMR spectrum (CDCI3) d 3.7 ppm (s, 3H, 
COOCH3), 3.3 (s, 3H, CH-OCH3), 2.16-2.6 (m, 6H, 
methylene protons a to ester carbonyl and free carbonyl) 
3.6 (m, 1H, methine); IR spectrum (film) 1740 (s, ester car- 
bonyl), 1710 (s, C--O stretching), 1160 (m, ether linkage) 
cm-1; mass spectrum (m/z, rel intensity) 257 (M + - R I, 
100), 129 (M + -- R2CHzCOCH2, 99), 199 (M + - 
R1CH(OCH~)CH2, 93), 171 (M + - RgCH2, 49), 185 (M + - 
R 2, 98), 327 (3.7), 311 (5.8), 295 (6.4), 279 (7.1), 258 (3.9), 
244 (6.4), 243 (19.0), 225 (14.9), 212 (3.6), 200 (14.5), 186 
(17.0), 172 (5.7), 168 (10.4), 154 (21.0), 153 (18.6), 149 (21.7), 
143 (42.4), 139 (60.5), 130 (10.5), 127 (19.6), 125 (50.4), 121 
(23.3), 55 (base peak, 100). Product 13: ~H NMR spec- 
trum (CDC13) d 3.7 ppm (s, 3H, COOCH3), 3.3 (s, 3H, 
HC-OCH3), 2.16-2.6 (m, 6H, methylene protons a to 
ester carbonyl and free carbonyl), 3.6 (m, 1H, methine); 
IR spectrum (film) 1740 (s, ester carbonyl), 1710 (s, C=O 
stretching), 1160 (m, ether linkage) cm-~; mass spectrum 
(m/z, rel intensity) 342 (M +, absent), 257 (M + - R 4, 95), 
113 (M + - R3CH2CH(OCH3)CH2, 80), 229 (M + - R4CO, 
84), 127 (M + - RsCH~CH(OCH3), 30.7), 183 
(R3CH2CH(OCHa) - CH3OH, 10.1), 171 (M + -- R3CH2, 
II.9), 283 (5.1), 264 (12.6), 230 (13.4), 205 (2.2), 202 (4.8), 
199 (6.6), 195 (2.2), 185 (4.6), 180 (4.4), 179 (8.9), 161 (11.2), 
158 (5.9), 143 (14.4), 137 (11.3), 115 (33.1), 109 (32.3), 101 
(28.0), 55 (base peak, i00). 

Preparation of oxo fatty esters from total methyl esters 
of S. album seed lipids. Total methyl esters of S. album 
seed lipids (1.15 g) were added to a well-stirred solution 
of mercuric sulfate (0.167 g) in absolute methanol (30 mL). 
After half an hour, the reaction was stopped by adding 
excess water (about 100 mL), and the reaction products 
were extracted (3 X 20 mL) with diethyl ether. The com- 
bined ethereal layer was dried over anhydrous sodium 
sulfate. Solvent was evaporated, and the oxygenated fatty 
esters were separated from nonoxygenated fat ty esters 
by silica gel column chromatography to afford 72% of 
Product A. 

Reaction of methyl 11,12-epoxyoctadec-9-ynoate (9) with 
acidic methanol. Methyl 11,12-epoxy-octadec-9-ynoate (9) 
was synthesized by the procedure of Abbot and Gunstone 
(13). The compound 9 (1 g) was stirred vigorously with 
15 mL of 10% aqueous sulfuric acid in methanol. After 
5 min, TLC of the reaction mixture showed the complete 
conversion of epoxide into a more polar compound. The 
reaction mixture was diluted by adding excess water (100 
mL), and the product was extracted with diethyl ether. 
The organic layer was washed twice with NaHCO3 (10%, 
40 mL) and then with water (2 • 40 mL) and dried over 
anhydrous sodium sulfate. Evaporation of the solvent 
yielded an oily product, which was purified over a silica 
gel column to remove some minor contaminants. The iso- 
lated compound (95%} was identified as methyl 12- 
hydroxy-11-methoxy-octadec-9-ynoate (10) on the basis of 
the following spectral data: 1H NMR spectrum (CDC1 a) 
d 3.88 ppm (m, 2H, methine), 3.66 (s, 3H, COOCH3), 3.43 
(s, 3H, OCH3), 2.63 (s, 1H, -OH, D20 exchangeable), 2.3 
(m~ 4H, methylene protons a to ester carbonyl and triple 
bond); IR spectrum (film) 1740 (s, ester carbonyl), 3350 
(broad, -OH), 1160 (m, ether linkage) cm-L 

Reaction of methyl 12-hydroxy-11-methoxy-octadec-9- 
ynoate (10) with zinc chloride. Compound 10 (1 g), carbon 
tetrachloride (30 mL) and zinc chloride (0.4 g) were re- 
fluxed for 2 h. TLC of the reaction mixture revealed the 

formation of only one product. Carbon tetrachloride was 
removed under reduced pressure, and the product was ex- 
tracted with diethyl ether (3 X 20 mL). The combined 
ethereal layers were washed twice with water. Diethyl 
ether was evaporated, and the product was purified by col- 
umn chromatography. Based on spectral data, the product 
(90%) was confirmed to be methyl 9,12-epoxyoctadec- 
9,11-dienoate {11). 1H NMR spectrum {CDClz) d 5.78 ppm 
(s, 2H, ethylenic), 3.6 (s, 3H, COOCH3), 2.08-2.66 (m, 6H, 
methylene protons a to ester carbonyl and furan ring); IR 
spectrum {film) 1740 (s, ester carbonyl), 1555 (s, Vc=o 
furan stretching), 1015 (furan ring breathing) cm-L 

RESULTS AND DISCUSSION 

Reaction of 1 with mercuric sulfate in absolute methanol 
(Scheme 2) gave Product A, which is a mixture of methyl 
lO-oxc~octadec-trans-ll-enoate (2) and methyl 9-oxo- 
octadec-11-enoate (3). The same reaction in the presence 
of sulfuric acid (Scheme 2) resulted in the formation of 
2 and 3 in minor amounts (Product C) and 5 and 6 (methyl 
9(10)-oxo-11(12)-methoxy-octadecanoates) in major 
amounts {Product D). The hydration of I in the presence 
of sulfuric acid yielded, initially 2 and 3. Compound 2, an 
a,/]-unsaturated oxo fatty ester, was readily converted to 
methyl 10-oxo-12-methoxy octadecanoate (5) by sulfuric 
acid catalyzed methoxylation. The/],y-unsaturated oxo 
fatty ester (3) was first converted to aft-unsaturated oxo 
fatty ester (methyl 9-oxooctadec-10-enoate), which on fur- 
ther acid-catalyzed methoxylation yielded methyl 9-oxo- 
11-methoxy-octadecanoate (6). These observations were 
supported by the acid-catalyzed methoxylation of pure a,/~ 
unsaturated oxo fatty ester (2) and/],y-unsaturated oxo 
fatty ester (12), which afforded/]-methoxy ketones (5 and 
13), respectively (Scheme 1). 

Although compounds 2 and 3 of Product A were not 
separable by TLC, their identity was established by spec- 
tral characterization. The NMR spectrum of the mixture 
exhibited a complex multiplet at ~ 6.46-7.0, which is 
characteristic of the a- and/]-protons of a,/Funsaturated 
keto moiety. A broad multiplet at d 5.5-5.83 for two pro- 
tons (/] and 7) and a doublet at d 3.0 for two methylene 
protons of C-10 suggested the presence of a/],y-unsatu- 
rated carbonyl system. The IR spectrum displayed char- 
acteristic bands at 1670 and 1630 cm -1, which are due to 
the presence of an a,/]-unsaturated carbonyl group, and 
at 1710 cm -1 indicating the presence of a/],y-unsaturated 
carbonyl function. The mass spectral fragmentation 
pattern of Product A was in good agreement with the 
structures unveiled by IR and NMR spectra, which ex- 
hibited the structure identifying fragment ions at m/z 185 
(M + - RICH=CHCH2, 57.1) and rn/z 139 (M + - R2CH~., 
52.3), suggesting that Product A was a mixture of 2 and 3. 

Compounds 2 and 3 of reaction Product A were sepa- 
rated when the mixture was treated with m-chloroper- 
benzoic acid at 5~ Compound 3 readily formed an epox- 
ide (4) while 2 remained unchanged, which greatly facili- 
tated their separation by chromatography. 

In the presence of sulfuric acid, the reaction of 1 with 
methanolic mercuric sulfate yielded C as the minor pro- 
duct and D as the major product. Product D was iden- 
tified by IR, 1H NMR and MS as a mixture of methyl 
10-oxo-12-methoxy-octadecanoate (5) and methyl 9-ox~l 1- 
methoxy-octadecanoate (6). 
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SCHEME 2 

Sodium borohydride reduction of Product A (Scheme 2) 
at  0 o C afforded methyl  (9)10-hydroxy-octadec-ll-enoates 
(7 and 8), which could find importance in the preparation 
of low-temperature plasticizers. I t  has been reported (14) 
tha t  superior low-temperature plasticizing properties can 
be obtained with fa t ty  acids having a hydroxyl group at  
C-9 or C-10 rather  than C-12 position as in ricinoleic acid. 

The mercuric sulfate-catalyzed reaction of santalbic acid 
is a useful method for the preparation of oxo fa t ty  esters 
(2 and 3) in high yield. These oxo fa t ty  esters can also be 
obtained directly from the mixed fa t ty  acid methyl  esters 
of S. a lbum seed oil in 70% yield. 

Lie Ken Jie and Lam (15) described the synthesis of 
isomeric furanoid C18 acids from furan and furfural or a p  
propriate octadecadiynoates. Alternatively, furanoid acids 
have been prepared from appropriate C~s compounds by 
reactions which include Pd(II)-catalyzed cyclodehydration 
of unsaturated oxygenated acids and rearrangement of un- 
sa turated oxygenated acids (16). The present s tudy  de- 
scribes a new method for synthesizing methyl 9,12~poxy- 
octadec-9,11-dienoate (11), a substance found naturally in 
fish and other lipids (17). The furanoid ester (11) has been 
synthesized from the a,~-acetylenic epoxide (9) in two steps 
(Scheme 2). The acid-catalyzed ring opening reaction of 
9 yielded, exclusively, 11-methoxy-12-hydroxy-ynoate (10), 
which on subsequent  cyclization under  the influence of 
zinc chloride afforded methyl  9,12-epoxy-octadec-9,11- 
dienoate (11). The sharp NMR signal exhibited by this 
compound at  d 5.78 (two ethylenic protons) and charac- 
teristic IR bands at 1555 and 1015 cm -~ suggested it  to 
be a furanoid fa t ty  ester. This furanoid fa t ty  ester was 
earlier prepared from a,/}-epoxy acetylenic ester by mer- 
curic sulfate catalyzed cyclization (13). 

The ring opening reaction of epoxide (9) with acidic 
methanol may yield an isomeric mixture of 11(12)- 

hydroxy-12(11)-methoxy-ynoates. We observed the forma- 
tion of the 12-hydroxy-ll-methoxy-ynoate (10) but  not  of 
l l-hydroxy-12-methoxy-ynoate isomer. This was con- 
firmed by the ready formation of furanoid fa t ty  ester (ll)  
on t rea tment  of compound l0 with zinc chloride. The 
reason for the exclusive formation of isomer 10 could also 
be explained on the basis of the stabilities of the in- 
termediate carbocations. Isomer 10 was formed by the in- 
termediacy of propargylic cation (-CH(OH)~HC=C-),  
which is much more stable (18) as compared to the other 
expected cation (-~HCH(OH)C=C-).  
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METHOD I I 

Application of Paired.Ion High.Performance Liquid Chromatography 
to the Separation of Molecular Species of Phosphatidylinositol 
Yasuhito Nakagawa 
School of Pharmaceutical Sciences, Kitasato University, 5-9-1 Shirokane, Minato-ku, Tokyo 108, Japan 

A palred-ion high-performance liquid chromatographic 
(HPLC) procedure was developed for the separation of in- 
dividual molecular species of phosphatidylinositol (PI) 
without prior derivatization. The separation is accomp- 
lished on a reverse-phase column using acetonitrile, 
methanol and 10 mM tetrabutylammonium phosphate as 
mobile phase. Separation of the major molecular species 
of soybean PI by HPLC is achieved within 60 min. The 
method is applicable to analytical and metabolic studies 
on P1 and has the advantage that the entire PI structure 
is preserved, as no degradation or derivatization pro 
cedures are involved. 
Lipids 28, 1033-1035 (1993). 

Phospholipids consist of populations of well-defined 
molecular species that contain various fatty acyl chains 
at both the 1- and 2-position of the glycerol backbone (1,2). 
The molecular species composition of phosphatidylinositol 
(PI) in mammalian tissues is quite different from that of 
other phospholipids, as there is a great abundance of the 
1-stearoyl-2-arachidonoyl (18:0/20:4) species in PI (1). The 
rapid turnover of PI and of polyphosphoinositides in 
response to extracellular stimuli is believed to be part of 
the signal transduction system in various mammalian 
tissues (3,4). 

The metabolic heterogeneity of PI molecular species has 
been studied in liver and brain using radiolabeled precur- 
sors, such as [3H]glycerol and [~2P]phosphate (5,6), and 
preferential degradation of the arachidonoyl species of 
phospholipids, including those of PI, in response to extra- 
cellular stimuli has been reported in collagen-stimulated 
platelets (7) and in concanavalin A-stimulated lympho- 
cytes (8). These studies have reemphasized the importance 
of monitoring the metabolism of PI at the molecular 
species level. However, little information is available about 
PI molecular species in mammalian tissues as the separa- 
tion of phospholipid species with uniform structure is dif- 
ficult to achieve. 

Reverse~phase high-performance liquid chromatography 
(HPLC) is a useful method for the separation of phosphc~ 
lipid molecular species. We have previously developed an 
HPLC method for the separation of diradylglycerol 
derivatives from phospholipids, after derivatization to 
1,2-diacyl-3-acetylglycerols (9), and several methods are 
available for the separation of molecular species after 
modification at the 3-position of the glycerol backbone 
(10-12). However, these methods are typically less suited 
for studies in which metabolic changes in phospholipid 
polar head groups occur because the polar heads are 
removed prior to analysis. Patton et al. (13) developed an 

Abbreviations: GC, gas chromatography; HPLC, high-performance 
liquid chromatography; PI, phosphatidylinositol; TBA, tetrabutyl- 
ammonium, UV, ultraviolet. 

HPLC method for the separation of phospholipid molecu- 
lar species without modification of polar head groups; 
however, this method is time~consuming. It  is also gen- 
erally difficult to achieve a clear separation of intact 
phospholipids by reverse-phase HPLC because of the 
presence of the free polar head groups. Thus a reduction 
in the polarity of the polar head group is desirable to 
achieve a better separation. 

Ion-pair reverse~phase HPLC has been successfully 
employed for the separation of both cationic and anionic 
compounds, such as barbiturates, sulfonamides and 
5-fluorouracil (14-16). PI is an anionic hydrophobic com- 
pound, and cationic ion-pair reagents, such as tetrabutyl- 
ammonium (TBA) or hexadecyltrimethylammonium ions, 
can counter the charge of the PI phosphate groups 
through the formation of ion-pairs with PI. Counter ions 
thus can enhance nonpolar interactions of the PI moiety 
in the reverse~phase system, leading to increased selectiv- 
ity and improved separation. 

The present report describes the first application of an 
ion-pair reagent to the separation of the molecular species 
of PI by reverse-phase HPLC. 

EXPERIMENTAL PROCEDURES 

Materials. TBA phosphate was obtained from Kodak 
{Rochester, NY). Soybean PI was purchased from Sigma 
(St. Louis, MO) and purified by thin-layer chromatography 
using chloroform/methanol/acetone/acetic acid/water 
(5:1:2:1:0.5, by vol) as developing solvent. HPLC-grade 
organic solvents were purchased from Wako Pure Chem- 
ical Ca (Osaka, Japan). 

Apparatus. The chromatographic system included a 
model 6-A pump (Shimadzu Co., Kyotc~ Japan) and a 
model SPD-6A ultraviolet (UV) absorbance detector 
(Shimadzu Ca). PI was dissolved in chloroforndmethanol 
(1:1, vol]vol), and a glass syringe with a 0.45-~m membrane 
filter {type HV; Nihon MiUipore Kogyo K.K., Tokyo, 
Japan) was used to clean the samples prior to injection. 
PI was loaded onto the reverse-phase column (LiChrosorb 
RP-18; 25 X 0.4 cm i.d.; particle size, 5 kan; Merck, Darm- 
stadt, Germany) and eluted with an isocratic mobile phase 
(acetonitrfle/methanol]10 mM TBA phosphate, 51:35:14, 
by vol) at a flow rate of 0.5 mL/min. The column tem- 
perature was kept at 35~ using a heating box (model 
CTO-6A; Shimadzu Co.). The eluate was monitored by 
measuring the UV absorbance at 205 nm; absorbance was 
recorded with an integrator (model C-R 3A; Shimadzu Ca). 

Fatty acid analysis. Fractions containing PI molecular 
species after elution from the reverse-phase column were 
transmethylated by treatment with 0.5 M sodium methox- 
ide; fatty acyl moieties were identified as their methyl- 
esters by gas chromatography (GC) on a GC-14A instru- 
ment (Shimadzu Co.) using a capillary column (30 m X 
0.53 mm i.d.; Supercowax Xl; Supelco Japan, Tokyo, 
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Japan).  Molecular species were quantif ied relative to 
heptadecanoic acid methyl  ester, which was used as an 
internal standard. 

RESULTS AND DISCUSSION 

Soybean P I  are par t icular ly  suited to demons t ra te  the 
analysis of molecular species because, unlike mammal ian  
PI,  they contain a var ie ty  of f a t ty  acids. Soybean PI  was 
separated into individual molecular species by paired-ion 
H P L C  within 60 min. The solvent system, based on 
acetouitrile, methanol  and TBA phosphate,  proved useful 
for the separat ion of molecular species by reverse-phase 
without  any prior modification. Al though isopropyl a lc~  
hol is commonly added to solvent systems in reverse-phase 
HPLC, it did not  improve the separation in our situation. 
TBA phosphate  markedly  enhanced the interaction of P I  
wi th  the particle surface of reverse-phase column and in- 
creased observed retention times. Soybean PI  was re- 
solved into several fractions under  the present  isocratic 
conditions {Fig. 1). Analysis  by gas- l iquid  chromatog- 
raphy  of individual peaks  revealed t ha t  seven different 
consti tuents of soybean PI  were separated from each other 
{Table 1). The composit ion of soybean P I  was quite 
different from tha t  of P I  from mammal ian  t issues in tha t  
the 18:0/20:4 species was only a minor component  of soy- 
bean PI.  The predominant  molecular species of soybean 
PI  were 16:0/18:2 {55.4%} and 18:0/18:2 {15.2%}. The reten- 
t ion t ime of the molecular species increased with increas- 
ing chainlength and decreased with increasing degree of 
unsatura t ion of the fa t ty  acids. The 18:0/18:1 species was 

4 

10 20 30 50 mln 

FIG. 1. Separation of the molecular species of soybean phospha- 
tidylinositol (PI) by paired-ion high-performance liquid chroma- 
tography. Soybean PI, dissolved in 20 ~L of chloroform/methanol 
(1:1 vol/vol), was chromatographed on a LiChrosorb RP-18 column 
(Merck, Darmstadt, Germany) at a flow rate of 0.5 mL/min. The 
mobile phase was acetouitrile/methanol]10 mM tetrabutylammouium 
phosphate (51:35:14, by yolk Eluates were monitored at 205 nm. The 
peak numbers correspond to those listed in Table 1. 

TABLE 1 

Relative Levels of the Individual Molecular Species 
of Soybean Phosphatidylinositol 

Peak Molecular Composition b 
number a species (%) 

1 16:0/18:3 7.1 • 0.6 
18:2/18:2 7.0 • 0.9 

2 16:0/18:2 55.4 • 3.6 

3 16:0/18:1 6.0 +--- 0.7 

4 18:0/20:4 7.5 • 0.4 
18:1/18:1 1.7 +--- 0.1 

5 18:0/18:2 15.2 • 1.2 

apeak numbers correspond to the peaks in Figure 1. 
bValues are expressed as the mean percentage +- SD (n = 3). 

expected to occur as a const i tuent  of soybean PI, but  was 
not found under the present conditions. This could be due 
to the low levels present  and the long elution t ime of this 
species. 

The f a t ty  acid composi t ion of PI,  calculated from the 
molecular species composit ion as shown in Table 1, was 
similar to tha t  of the original unfract ionated sample, 
al though the relative proportion of 18:1 was slightly lower 
af ter  reverse-phase H P L C  {Table 2). The results  indicate 
tha t  no significant losses of individual P I  molecular 
species occurred during passage through the reverse~phase 
column. 

The use of a TBA-containing eluent allowed the separa- 
t ion of P I  molecular species in a manner  t ha t  was not  
dependent, to any great  extent, on the polarity of the head 
group. The method  for the separat ion of the individual 
P I  molecular species, as described here~ will be valuable 
in studies on the metabol ism of individual P I  species. For 
example, the rates of turnover  of the polar head group, 
of the acyl moieties and of the glycerol backbone of in- 
dividual P I  molecular species can be compared simul- 
taneously by triple labelling, using [32P]phosphate, [14C]- 
glycerol and [3H]fatty acid. In  addition, the present  
method should also prove useful for the separat ion of the 
molecular species of polyphosphoinositides.  

TABLE 2 

Comparison of the Fatty Acid Composition of Phosphatidylinositol 
IPI) Before and After Reverse-Phase High-Performance Liquid 
Chromatography (HPLC) 
Fatty Original a HPLCb 
acid (%c) (%c) 

16:0 29.1 - 1.3 32.1 - 2.2 
18:0 11.1 + 0.8 10.7 --- 1.2 
18:1 7.0 + 0.4 4.4 • 0.6 
18:2 44.8 + 2.1 44.9 + 3.1 
18:3 5.6 + 0.3 4.4 • 0.8 
20:4 2.6 • 0.2 3.5 • 0.9 

aFatty acid composition of soybean PI. 
bproportions of fatty acids were calculated from the composition 
of the molecular species of PI presented {Table 1). 
cValues are expressed as the mean percentages - SD (n = 5). 
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Separation and Identification of Isomeric Conjugated Fatty Acids 
by High-Performance Liquid Chromatography with Photodiode 
Array Detection 
Sajid Husain* and K. Sita Devi 
Analytical Division, Indian Institute of Chemical Technology, (CSIR), Hyderabad--500 007, India 

A simple, high-performance liquid chromatographic 
method is described for the separation of tetraenoic, tri- 
enoic and dienoic conjugated fatty acids on a Zorbax ODS 
reversed-phase column using acetonitrile/tetrahydrofuran 
(95:5, vol/vol) at a flow rate of 1.2 mL/mln as mobile phase. 
Also described is the separation of the isomeric conjugated 
fatty acids with acetonitrile/water/tetrahydrofuran (90:9(k.1, 
by vol) as mobile phase. The simultaneous detection and 
identification of the separated geometrical isomers in the 
eluant was accomplished using photodiode array detection. 
Lipids 28, 1037-1040 (1993). 

Conjugated fatty acids are an important class of compounds 
present in seed oils (1), and their separation, identification 
and quantitation is essential Existing analytical methods 
are often tedious and time-consuming and usually involve 
a combination of procedures. High-performance liquid chr~ 
matography (HPLC) is commonly used to resolve fatty 
acids. However, only nonconjugated fatty acids have pre 
viously been analyzed by HPLC (for a review, see Ref. 2). 
The separation of positional and geometrical isomers can 
be accomplished by HPLC using the silver ion mode (3). The 
characterization of hydroxy/eicosatetraenoic acids and their 
conjugated dienes has been reported using ultraviolet (UV) 
spectroscopic detection (4). Tan (5) reported on a method for 
the analysis of carotenoids using nonaqueeus reversed-phase 
HPLC and photodiode array (PDA) detectiorL The PDA 
detector has an advantage over other modes of HPLC detec- 
tion~ as it can selectively monitor UV chromophores of con- 
jugated systems in mixtures. As each geometrical isomer 
has its characteristic ~ value, PDA detection provides a 
convenient and reliable method for the identification of such 
isomers. 

The conjugated fatty acids have distinct ~t~ values in 
different regions of the spectrum, which are characteristic 
for their UV chromophores and facilitate identificatiovL The 
conjugated tetraenoic acids (6-8) absorb in the range of 
278-320 nm, whereas trienoic (9,10) and dienoic (11) fatty 
acids absorb around 260-285 nm and 225-245 nn~ respec- 
tively. The purpose of the present study was to separate and 
identify isomeric conjugated tetraenoic, trienoic and dienoic 
fatty acids and to characterize the individual fatty acid 
isomers based on their geometrical configuration using 
HPLC and PDA detection. 

MATERIALS AND METHODS 

Materials. Garden balsum (Impatiens balsarnina), bitter 
gourd (Momordica charantia) and snake gourd (Trichosan- 
thes anguina) were obtained from the Seed Corporation 
(Hyderabad, India). Dehydrated castor oil (DCO) fatty 

*To whom correspondence should be addressed. 
Abbreviations: DCO, dehydrated castor oil; GLC, gas-liquid chro- 
matography; HPLC, high-performance liquid chromatography; PDA, 
photodiode array; TLC, thin-layer chromatography; UV, ultraviolet. 

acids were obtained from the Division of Oils and Fats 
(IICT, Hyderabad, India). All solvents were of HPLC 
grade (Spectrochem, Hyderabad, India). 

Extraction procedure. The kernels of/ .  balsamina, M. 
charantia and T anguina seeds were each ground with 
anhydrous Na2SO4 and were extracted three times with 
n-hexane (40-60~ at room temperature. The combined 
extracts of each lipid sample were passed through anhy- 
drous Na2SO4 and concentrated in a rotary evaporator at 
40~ The extracted oils were stored under nitrogen at 
-15oc.  

Esterification. The fatty acid methyl esters from the oils 
were prepared by transesterification. The oil sample (100 
mg) was dissolved in hexane (3 mL) in a round-bottom 
flask. Sodium methoxide in anhydrous methanol (5 mL) 
was added, the flask was flushed with nitrogen and the 
solution was shaken on a Griffin flask shaker for 30 min. 
Water (10 mL) was added, and the content was transfer- 
red into a separatory funnel and extracted with hexane 
(10 mL). The hexane layer was filtered through anhydrous 
Na~SO4. The methyl esters of DCO fatty acids were 
prepared by reaction with diazomethane (12). The methyl 
esters were purified by thin-layer chromatography (TLC) 
on Silica Gel G plates, using hexane/diethyl ether (90:10, 
vol/vol) as developing solvent, and stored under nitrogen 
at -15~ 

Preparation of standard samples. Methyl parinarate, 
methyl a-eleostearate and methyl punicate were isolated 
from the total methyl esters of/ .  balsamina, M. charan- 
tia and T anguina, respectively. The total methyl esters 
of these oils were spotted onto Silica Gel G plates, and 
the plates were developed twice with hexane]diethyl ether 
(94:6, vol/vol) (13). The conjugated fatty esters were 
separated well from the nonconjugated ones, and the 
bands could be seen under UV light after spraying the 
plates with 2',7'-dichlorofluorescein. The separated band 
of conjugated fatty acid esters was scraped off and ex- 
tracted with diethyl ether by passing through a small col- 
umn. The excess solvent was removed under vacuum, and 
the samples were stored under nitrogen at -15~ 

Isomerization of total methyl esters. An iodine solution 
(0.2 mL) was prepared by dissolving iodine in pure n- 
hexane (0.65 g/100 mL hexane) and was then added to the 
methyl esters (50 mg) dissolved in 3 mL of n-hexane. The 
reaction mixture was shaken well and left overnight at am- 
blent temperature (14). The isomerized product was ex- 
tracted with n-hexane and purified by passing through a 
small column of silica gel. f~Eleostearic acid was isolated 
from the isomerized methyl esters of M. charantia by 
preparative TLC using hexane/diethyl ether (94:6, vol/vol). 
f~Parinaric acid could not be isolated in pure form from 
the isomerized methyl esters of/ .  balsamina. Therefore, 
the isomerized methyl esters of / .  balsamina were used 
as such for HPLC analysis. However, this did not affect 
the analysis, as the PDA detector facilitated the selective 
identification of the conjugated components, either from 
pure fatty acid esters or from total methyl esters at the 
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wavelength corresponding to the conjugated tetraenoic 
fat ty acids {278-320 nm). 

U V spectroscopy. The ; t ~  values of pure fatty acid 
methyl esters were measured on 4.5 ~g/mL solutions us- 
ing a Shimadzu {Kyot(~ Japan} UV-240 model recording 
double-beam spectrophotometer fitted with a deuterium 
lamp. The solvent used was cyclohexan~ The ; t ~  values 
measured are given in Table 1. 

H P L C  equipment  and conditions. HPLC separations 
were carried out using a Shimadzu LC-6A instrument 
with a single piston pump, a CDQR {Constant Displace- 
ment with Quick Return} system (Shimadzu, Toky~ 
Japan) and a 7125 injector valv~ The instrument was link- 
ed to MIA photodiode array UV-visible spectrophoto- 
metric detector (PDA detector} (Shimadzu) and a WX 
4421 xY~r C-R3A data processor chromatopac recorder 
(Shimadzu). For all chromatographic separations, a 5-~m 
pore size 4.6 mm i.d. X 25 cm Zorbax ODS reversed-phase 
column from DuPont Instruments {Barley Mill Plaza, 
Wilmington, DE) connected to a Shimadzu 10-~m ODS 
guard column was used. 

Sample preparation. To illustrate the separation and 
identification of individual conjugated tetraenoic and 
trienoic fat ty acids, the methyl esters of I. balsamina, M. 
charantia and T anguina oils were used. The isomerized 
methyl esters of I. balsamina off were used to show the 
separation and identification of the geometrical isomers 
of conjugated tetraenoic acids. The methyl esters of DCO 
fat ty  acids were used for the separation and identifica- 
tion of the geometrical isomers of conjugated dienoic 
acids. 

In all of the above cases, 5 mg of the sample was dis- 
solved in 10 mI, of the mobile phase (acetonitrile]tetra- 
hydrofuran, 95:5, vol/vol) and used for analysis. However, 
for the separation and identification of the geometrical 
isomers of the conjugated trienoic acids, 2 mg each of the 
methyl esters obtained from M. charantia and T anguina 
and the isomerized methyl esters ofM. charantia oils were 
dissolved in 10 mL of the same mobile phase as above and 
used for the analysis. 

Pure samples. One mg of each standard sample, i.e., 
methyl parinarate, methyl a-eleostearate, methyl punicate 

TABLE 1 

Absorption Maxima of Conjugated Fatty Adds Measured by Photodiode Array Detection 
and by Conventional Ultraviolet Techniques 

UV a Photodiode array 
Conjugated fatty acid (rim) detector b (rEin) 

Tetraenoic acids 
280 

H 3 C 292 
303 

COOH 320 
9-cis,ll-trans, 13-trans, 15-cis 
octadecatetraenoic acid 274 

H 3 C 286 
299 

COOH 313 
9-trans, l l-trans, 13-trans, 15-trans 
octadecatetraenoic acid 

Trienoic acids 
H 3 C 265 

275 
COOH 287 

9-cis, l l-trans, 13-cis 
octadecatrienoic acid 

262 
273 

H 3 C COOH 284 
9-cis, l l-trans, 13-trans 
octadecatrienoic acid 

H 3 C 259 
268 

COOH 279 
9-trans, 11-trans, 13-trans 
octadecatrienoic acid 

281 
293 
304.5 
321 

276 
290 
302.2 
316 

267 
276.5 
287.5 

263 
274.5 
284.5 

261 
270 
281 

Dienoic acids 

H 3 C ~ - / V ~ C O O H  

9-cis, 11-trans octadecadienoic acid 

H 3 C 
~ 

COOH 
9-trans, 11-trans octadecadienoic acid 

232 

230 

236 

234 

=Spectra were measured in cyclohexane. 
bSpectra were measured in mobile phase. 
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and methyl/3-eleostearat~ was dissolved in 10 mL of the 
mobile phase and used for analysis. 

Twenty bLL of these solutions were injected using a 2{~L 
loop in the injector port. The conjugated fatty acids were 
eluted using a binary mobile phase consisting of acetoni- 
trile/tetrahydrofuran (95:5, vol/vol) at a flow rate of 1.2 
mL/min. The geometrical isomers were separated using 
the same column, but a more polar tertiary mobile phase 
consisting of acetonitrile/water/tetrahydrofuran (90:9:1, by 
vol), at a flow rate of 1.2 mL/min. 

RESULTS AND DISCUSSION 

Table 1 gives the ~tm~ values of the tetraenoic, trienoic 
and dienoic conjugated fatty acids and of their geo- 
metrical isomers as measured by PDA detection and con- 
ventional UV spectroscopy. The HPLC column clearly 
separated the conjugated tetraenoic and trienoic fatty acid 
analogues, but only partially resolved the dienoic fatty 
acid analogues. A small bathochromic shift was observed, 
which was thought to be a solvent effect. 

Tetraenes. Figure 1 shows the three-dimensional spec- 
trochromatogram of the conjugated tetraenoate, methyl 
parinarate, present in the methyl esters of / .  balsamina 
off (7,15). The mobile phase was acetonitrile/tetrahydro- 
furan (95:5, vol/vol), and the flow rate was 1.2 mL/min. 
Methyl esters of / .  balsarnina off were injected onto the 
HPLC column at ambient temperature, and the eluant 
was monitored with the PDA detector at the fixed 
wavelength of 320 nm. The eluant was scanned over the 
200-400 nm rang~ The resulting spectrochromatogram 
is shown in Figure 1. The ~ at 304.5 nm (Fig. 1, inset) 
compared well with that of the conventional UV spectrum 
(~m~ 303 rim) and with the spectrochromatogram (304.5 
nm) of pure methyl parinarate (methyl 9-cis,11-trans,13- 
trans,15-cis-octadecatetraenoate). 

Figure 2 shows the spectrochromatogram of the isomers 
of methyl parinarate found in the eluant of the isomerized 
methyl esters derived from/,  balsarnina oil. The mobile 

FIG. 1. Threedimeusional  spectrochromatogram of tetraenoic fat- 
ty  acid as seen by photodiode array detection. The inset shows the 
broad absorption band. A Zorbax ODS column and acetonitrile/tetra- 
hydrofuran {95:5, vol/vol} as the mobile phase were used. The flow 
rate was 1.2 mL/min. 

FIG. 2. Three-dimensional spectrochromatogram of the isomers of 
parinaric acid as seen by photodiode array detection. The inset shows 
the absorption spectra of the geometrical isomers. The mobile phase 
was acetonitrile/watex/tetrahydrofuran (90:9:1, by vol) using the same 
column and flow rate as in Figure 1. 

phase used here was acetonitrile/water/tetrahydrofuran 
(90:9:1, by vol), and the flow rate was 1.2 mL/min. Twenty 
I~L of the sample was injected onto the HPLC column, and 
the eluant was monitored by PDA detection at an absor- 
bance of 320 nm. Four isomers of parinaric acid can be 
seen in the broad absorption band in the range of 278-320 
nm (Fig. 2, inset). The peak at ~ 304.5 nm (peak 1) was 
identified as methyl parinarate (Fig. 1, inset). A similar 
spectrochromatogram with a Am~ 2.3 nm lower (302.2 
nm) was assigned to the all-trans analogue, namely methyl 
~parinarate, i.a, methyl 9-trans,ll-trans,13-trans,15-trans- 
octadecatetraenoate (peak 4). This assignment was con- 
firmed by the relative retention times of methyl parinarate 
and f~-parinarate in a separate analysis, where the isc~ 
merized methyl esters of/ .  balsamina oil were monitored 
using a UV detector and the column and conditions men- 
tioned in Figure 2. The other two peaks seen in the center 
may be due to the other geometrical isomers of parinarat~ 
as implied from their absorption profile (Fig. 2, inset), but 
their exact geometrical configuration could not be estab- 
fished. 

Trienoates. The methyl esters of M. charantia and T 
anguina were also subjected to HPLC separation at 270 
nm using conditions similar to those given in Figure 1. 
The conjugated trienoate from M. charantia (13,16) was 
identified as methyl a~leostearate~ The UV spectrum (273 
nm) and the spectrochromatogram (274.5 nm) of pure 
methyl a~eleostearate were used to further confirm methyl 
9-cis,ll-trans,13-trans-octadecatrienoate~ Methyl puni- 
cate, namely methyl 9-cis,11-trans,13-cis-octadecatrieno- 
ate, from the methyl esters of T anguina (13) oil had spec- 
trum similar to that of methyl a-eleostearate with a ~ma~ 
2 nm higher (at 276.5 rim). The results compared well with 
those obtained for pure methyl punicate by conventional 
UV and PDA detection. Figure 3 shows the spectrochro- 
matogram of the three isomers, methyl punicate (peak 1), 
a-eleostearate (peak 2) and/J~eleostearate (peak 3). The con- 
ditions were the same as those used in the separation il- 
lustrated in Figure 2. The three peaks corresponding to 
the cis,trans~is(ctc)$is,trans,trans(ctt) and trans,trans, 
trans(ttt) analogues could be easily distinguished from 
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FIG. 3. Three-dimensional spectrochromatogram of the isomers of 
punicic acid as seen by photodiode array detection. The inset shows 
the absorption spectra of the isomers. Conditions are the same as 
in Figure 2. 

FIG. 4. Three-dimensional spectrochromatogram of the conjugated 
dienoic fatty acids as seen by photodiede array detection. The inset 
shows the absorption spectra. Conditions are the same as in Fig. 2. 

each other. There were subtle, bu t  noticeable differences 
in the chromophores of the individual isomers; and ~ t~  
at  276.5, 274.5 a n d  270 nm confirmed the presence of all 
three geometrical isomers, methyl  punicate, o~eleostearate 
and ~-eleostearate" respectively, as shown in Figure 3. The 
all-trans analogue"/~eleostearat~ had a similar spec t rum 
with  a Jtm~ 4.5 nm lower than  t ha t  of i ts  ct t  analogue, a- 
eleosteara te  The ~ of methyl  punicate was 2 nm 
higher than  t ha t  of i ts  ctt  analogue" o~eleostearate (~t~ 
a t  274.5 nm), and 6.5 nm higher than  t ha t  of i ts  all-trans 
analogue,/~eleostearate (~m~ 270 nm). 

Dienes. Figure 4 presents  the spec t rochromatogram of 
the conjugated dienoates present  in the  methyl  esters 
derived from DCO. The resolution was not  quite satisfac- 
tory  in this instance, as the retention t imes of the con- 
juga ted  diene isomers were very close as seen from the 
spec t rochromatogram obtained by PDA detection. How- 
ever, under  the  experimental  conditions employed for 
tetraenoic and trienoic acid isomers, only a partial  separa- 
t ion of methyl  9-cis,l l-trans-octadecanoate and 9-trans, 
11-trans-octadecanoate analogues was possible  cis,trans- 
Dienoate had a ~m~ 2 nm higher ( ~  234 nm) than  i ts  
trans,trans analogue ( ~  232 nm. The H P L C  method  
described, employing a PDA detector, is simple, rapid and 
sensi t ive  I t  permits  the separat ion and s imultaneous 
characterization of conjugated fa t ty  acid isomers present  
in mixtures  in a single analytical  run. 
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Reevaluation of the Neutral Lipids of Tilletia controversa 
and Tilletia tritici 
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Differential scanning calorimetry of whole teliospores and 
lipid extracts of Tilletia controversa K~hn and T tritica 
Tul. indicated that the lipid composition of teliospores was 
different than earlier reported. An exothermic peak at 
--40 to --45~ and an endotherm at --25 to --15~ in- 
dicated that the majority of lipids were triacylglycerols 
(TAG). Hot isopropanol was used to inactivate lipases dtm 
ing lipid extraction. Thin-layer chromatographic analysis 
of extracted lipids showed that free fatty acids (FFA) were 
not present in great quantities unless water was present 
during lipid extraction. As measured by gas chromatog- 
raphy, FFA accounted for 1-5% of the lipid content in 
teliospores of T/l/et/a spp. The TAG content of teliospores 
was 60-80% of total lipids. 
Lipids 28, 1041-1043 {1993). 

TiUetia controversa Ktihn (TCK) and T tritici TUl. (TCT) 
are the fungi that cause dwarf and common bunts of 
wheat, respectively. A major difference between TCK and 
TCT is the germination of their teliospores. Teliospores 
of TCK take 4-6 wk to germinate while those of TCT re- 
quire only 4-7 d (1). Additionally, TCK will only germinate 
at temperatures less than 7~ while TCT has an optimum 
germination temperature of 15~ The cause of the dor- 
mancy of TCK has been elusive (1-3), but one theory has 
evolved around the high (30-35%) lipid content of 
teliospores (4,5). Gardner et al. (4) and others (5) reported 
that  the predominant lipid class of these organisms was 
free fatty acids (FFA). It  was postulated that FFA, in par- 
ticular linoleic acid, and oxidation products from FFA, 
were the cause of dormancy of TCK and TCT (6). 

Because the dwarf bunt mold is under quarantine regu- 
lations in several countries (7), this organism is important 
to wheat-exporting and -importing countries. Based on 
morphological characteristics, teliospores of TCK are diffi- 
cult to differentiate from those of TCT (8). Our initial goal 
was to differentiate TCK from TCT by the use of differen- 
tial scanning calorimetry (DSC) and supposed differences 
in lipid composition of teliospores. Preliminary DSC data 
indicated that the lipid profiles of these organisms were 
different than those reported. We report here on a reevalu- 
ation of the neutral lipids of TCK and TCT. 

MATERIALS AND METHODS 

Source of  teliospores. Wheat spikelets infected by TCK 
or TCT were obtained from Blair Goates at the USDA, 
ARS, National Small Grains Germplasm Research Facil- 

*To whom correspondence should be addressed at Food and Nutri- 
tion Department, North Dakota State University, Fargo, ND 58105. 
Abbreviations: DSC, differential scanning calorimetry; FAME, fatty 
acid methyl ester{s}; FFA, free fatty acid{s}; GC, gas chromatography; 
HPLC, high-performance liquid chromatography; ME, methyl esters; 
IS, internal standard; MSD, mass selective detector; TAG, triacyl- 
glycerol(s), triglyceridels); TCK, Titletia controversa Ktihn; TCT, T. 
tritici Tul.; TLC, thin-layer chromatography; TSL, totalsaponifiable 
lipids. 

ity (Aberdeen, ID). Sori were separated from spikelets and 
crushed through a 90-nm sieve after outer plant material 
was removed. Lipids were extracted from a mixture of 
TCK races and two races of TCT {T-19 and T-4). 
Lipid extraction. Throughout lipid extraction, great care 

was taken not to activate endogenous lipase. Dormant, 
dry teliospores were ground under a nitrogen atmosphere 
with glass beads agitated by a vortex mixer. Boiling iso- 
propanol (9) was added before grinding to inactivate 
lipases. During homogenization, the mixture was periodi- 
cally reheated to 85~ Generally, it took 15-30 rain of 
vortex mixing to achieve over 95% teliospore breakage 
using 50 to 100 mg of teliospores. After the isopropanol 
was evaporated from the homogenate, lipids were ex- 
tracted with chloroform/methanol {1:2, vol/vol) by a modifi- 
cation of the method of Bligh and Dyer, as found in Kates 
{10). In all extractions, the aqueous phase was acidified 
to ensure complete extraction of FFA. Lipids were stored 
under nitrogen in either hexane or chloroform at -20 ~ 
Three separate extractions were analyzed in duplicate. 
DSC. A Thermal Analysis 2910 {TA Instruments, 

Groton, CT) equipped with a Liquid Nitrogen Cooling Ac- 
cessory was used to determine crystallization and melting 
temperatures in vivo and of extracted lipids. Data were 
collected using a TA 2100 computer work station. Nitro- 
gen gas was used to flush the cell during scans. Samples 
of teliospores or isolated lipids were held at 40~ for 20 
rain and then cooled at 5~ to -90~ held at this 
temperature for 10 min, and then heated at 5~ to 
70~ Scans were calibrated to 1 mg sample weight. 
Thin-layer chromatography (TLC). Lipids were sepa- 

rated on silica gel TLC plates (Silica gel 60, 250 ~m; E. 
Merck, Darmstadt, Germany). The mobile phase used was 
hexane/diethyl ether/glacial acetic acid {80:20:1, by vol; 
Ref. 10). This allowed separation of total lipids into 6-8 
distinct bands with triacylglycerols {TAG) migrating at 
Ri -- 0.6. Iodine vapor was used for visualization of lipid 
fractions. Lipid standards were obtained from Sigma (St. 
Louis, MO), Alltech Associates (Deerfield, IL), and Nu- 
Chek-Prep {Elysian, MN). Peanut, corn and olive oil were 
purchased locally. 
Internal standards (IS). Margaric acid {17:0) was used 

as an IS for high-performance liquid chromatography 
{HPLC) and gas chromatography (GC). Total saponiflable 
lipids were quantified based on the IS added before 
saponification. To quantitate FFA, the IS was added to 
total lipids before HPLC injection. For TAG, IS was added 
after elution of TAG from the HPLC column. Different 
quantities of IS were added depending upon the lipid com- 
ponent being analyzed. 
HPLC. TWo silica-based C18 columns (15 cm, 5 ~m par- 

ticle size; Shodex/Waters, Milford, MA) in series and con- 
nected to a Waters HPLC instrument were used to sepa- 
rate TAG from FFA and fatty acid methyl esters {FAME). 
The mobile phase used in the isocratic mode was aceto- 
nitrile/isopropanol/methanol/hexane (8:5:3:1, by vol) at 
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room temperature. All solvents were HPLC-grade and 
from either Burdick and Jackson (Muskegon, MI) or 
Fisher (Fair Lawn, N J). A flow program was used to op-  
t i m i z e  separation, i.e., 1.5 mL/min initially, decreasing to 
1.2 mL/min at 0.07 mL/min, then increasing to 2.0 mL/min 
at 0.07 mL/min. Eluting lipids were monitored by ultra- 
violet detector (Perkin-Elmer, Mountain View, CA) at 220 
nm. The injection volume for optimum peak separation 
of individual TAG was 20 to 40 ~g/FL lipid in 10 ~L hex- 
ane For quantitation of lipid classes, up to 400 ~g of lipid 
was injected. Larger amounts of lipid caused retention 
time alterations and poor resolution of peaks, but allowed 
separation of FFA from TAG. 

Derivatization of lipids. FAME from total lipids and 
TAG were made by heating with methanolic KOH. After 
neutralization and extraction with hexane, the dried ex- 
tracts were heated with 14% (wt/vol) boron trifluoride 
(Alltech Associates) to ensure complete methylation (11). 
FAME were extracted and stored in isooctan~ The FFA 
fraction collected by HPLC was directly methylated with 
boron trifluoride (11). 

Identification of FAME. FAME were identified and 
quantitated using a Hewlett-Packard 5880 gas chromato- 
graph equipped with a flame-ionization detector and 
capillary injection system (Palo Alto, CA; Model 18835B, 
HP). A fused silica capillary column (30 m • 0.25 mm) 
coated with Stabilwax CW20M (dr = 0.25 Fm; Restek, 
Bellefonte, PA) was used. Detector and injector tempera- 
tures were 280 a n d  260~ respectively. Initial oven 
temperature was 60~ and was increased to l l0~  at 
25~ The temperature program was slowed to 
5~ until 250~ and held for 10 min. Helium was the 
carrier gas, and splitless injection was used. 

All FAME were identified by retention time compari- 
sons and mass spectrometry. An HP 5790 gas chro- 
matograph was used and was coupled to an HP 5970 
quadrapole-based mass selective detector (MSD). A fused 
silica capillary column (25 m • 0.2 ~n) coated with 
dimethyl silicone (df = 0.1 ~am; HP-1) was used to separate 
FAME before introduction into the MSD through a direct 
capillary interface. Helium was used as carrier gas (1 
mL/min) with splitless injection. The oven temperature 
was initially held at 60~ for 1 min, then increased to 
140~ at 25 ~ then to 220~ at 3~ and finally 
to 280~ at 5~ Injector temperature was 260~ and 
the MSD interface was held at 280~ The MSD was 
operated mainly in the scan mode with the selected ion 
monitoring mode reserved to measure trace amounts of 
FAME. Ionization voltage was 70 eV with the ion source 
being operated at the fixed nominal temperature of 250~ 
Identification of peaks was based on comparison with 
known spectra and retention times. 

RESULTS AND DISCUSSION 

Past research on teliospores of TCT and TCK indicated 
that FFA were the major lipid components (4,5). Examina- 
tion of teliospores by light (6,12) and electron microscopy 
(13) showed numerous lipid droplets within the endospore~ 
DSC analysis of whole teliospores and of lipid extracts 
from teliospores showed an endothermic peak at -25 to 
-15~ and an exothermic peak at -40  to -45~ (Fig. 1). 
This peak was in the temperature range expected for un- 
saturated TAG rather than FFA (14). 

t~ 
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FIG. 1. Differential scanning calorimetry thermograms of whole 
teliuspores of Tilletia controversa (A), T tritici (TCT) 19 (B), TCT 
4 (C), and lipid extracts from same (D), (E} and {F), respectively. For 
experimental details, see Materials and Methods. 

TLC analysis of lipids (Fig. 2) showed that the FFA con- 
tent of TCK and TCT was dependent upon the method 
of lipid extraction. Fishwick and Wright (9) showed that  
use of boiling isopropanol during extraction prevented en- 
zymatic lipid degradation. The lipid profiles of TCK and 
TCT were altered dramatically when endogenous lipases 
were inactivated by boiling isopropanol. It is clear that 
when teliospores are ground in water or exposed to water 
(6), a substantial amount of FFA appear. Additionally, 
when teliospore homogenates were left in water for longer 
periods of time, the FFA spot in TLC increased in den- 
sity (not shown), most likely due to the hydrolysis of TAG 

FIG. 2. Thin-layer chromatography of total  lipids extracted from 
teliospores of Tilletia spp. Lane 1, standards; lane 2, T. controversa 
~ K ) ,  homogenized in hot isopropanol; lane 3, T. tr i t ici  (TCTI 19, 
homogenized in hot isopropanol; lane 4, TCT 4, homogenized in hot 
isopropanol; lane 5, TCK, homogenized in water. Hexane/diethyl 
ether/glacialacetic acid {80:20:1, by vol) was used as mobile phase. 
FFA, free fat ty  acids; TAG, triacylglycerols; ME, methyl  esters 
(FAME). 
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TABLE 1 

Fatty Acid Profiles of Lipid Classes of Tilletia tritici and T. controversa 

Lipid % Total lipids Relative % FAME a 
Organism class b (SEM) 14:0 16:0 16:1 18:0 18:1 c 18:2 24:0 24:1 24:2 

TiUetia tritici (T19) FFA 1.0 (0.1) <0.5 33.0 7.8 8.7 13.1 39.1 <0.5 6.1 <0.5 
TAG 64.8 (5.9) <0.5 13.3 1.1 1.4 11.5 61.5 1.6 5.2 0.7 
TSL 92.6 (3.9) <0.5 13.0 1.1 1.1 11.3 61.3 1.6 5.3 0.7 

T. tritici (T4) FFA 2.0 (0.1) 2.0 21.4 5.6 11.6 12.5 44.4 <0.5 2.1 <0.5 
TAG 65.6 (3.8) 0.8 15.8 3.7 1.8 10.1 60.4 0.8 6.0 <0.5 
TSL 92.4 (4.6) 0.7 14.5 3.6 0.9 9.8 59.3 0.8 6.8 <0.5 

T controversa FFA 1.1 (0.0) <0.5 26.1 3.8 5.8 14.8 42.8 2.6 5.7 <0.5 
TAG 78.5 (0.7) <0.5 14.2 2.4 1.0 8.4 64.6 0.8 5.2 0.6 
TSL 87.4 (1.4) <0.5 13.9 2.3 0.8 8.3 64.5 0.9 5.5 0.7 

aOther fatty acids found at less than 0.5% include 20:0, 20:1, 20:2, 22:0, 22:1, 22:2, and 18:3; FAME, fatty acid methyl esters. 
bAbbreviations: FFA, free fatty acids; TAG, triacylglycerols; TSL, total saponifiable lipids. 
c&9 and &ll isomers. 

and/or phospholipids by lipases. The activities of en- 
dogenous lipases are actually the basis of a rapid viabil- 
i ty test  used for teliospores of TCK {15}. 

Because DSC and TLC indicated that  TAG were the 
major lipid class, we quant i ta ted the major lipid com- 
ponents by use of an internal standard. When the inter- 
nal standard was injected into the HPLC, it eluted within 
the first 4 rain along with all other FFA with a recovery 
exceeding 90%. Under the HPLC conditions used, all pure 
FFA and FAME eluted within 4 rain. 

The FFA content of TCK or TCT was determined to be 
1-5% of the total lipid extracted (Table 1}. Most  fungal 
spores and mycelia have FFA contents within this range 
{16}. The total lipid content of teliospores was found to 
be 30-35% (by weight} of which over 80% was saponifi- 
able The fa t ty  acid compositions of the lipid components 
are given in Table 1. The FAME profile of TCK is similar 
to tha t  reported by Trione and Ching (5}, al though the 
amount  of FFA found in the current s tudy  {Table 1) was 
ten times less. Palmitic acid was reported to be the most  
abundant  FFA found in dormant  teliospores of TCT 117}. 
This is in agreement with the data  shown in Table 1 for 
TCT races 19 and 4. However, the amount  of FFA found 
in the current s tudy is again about ten times less than 
tha t  found by others (4}. 

Total lipid and TAG FAME profiles were very similar 
{Table 1}. Linoleic acid was the most  common fa t ty  acid, 
followed by palmitic acid. The FAME profile of FFA 
showed more of the saturated and monounsaturated fat ty 
acids. The low amounts  of FFA found suggest  tha t  there 
was little lipase activity during extraction. The presence 
of large amounts  of linoleic acid in TAG of TCT and TCK 
might  be expected, considering the fact tha t  these telio- 
spores must  survive cold winter conditions {1,2}, and crys- 
taUization could rupture storage vesicles. Additionally, 
TCK must  maintain fluid lipid reserves, since the germina- 
tion temperature is 4-7~ and the fungus uses lipids as 
an energy source during germination. Finally, the host 
lipid composition may affect the composition of the lipids 
stored during sporogenesis of TCK and TCT. 

Lipids, in particular FFA and oxidation products of 
FFA, have been suggested as the cause of dormancy of 
TCK {6). Earlier findings had indicated that  lipids of TCT 
and TCK were composed mainly of FFA {4,5}. When 

techniques tha t  reduced degradation of TAG to FFA were 
employed, we found tha t  60-80% of the lipid component  
of T/l/et/a spp. was TAG. The amount of FFA in teliospores 
of TCT and TCK is closer to the amount  of FFA found 
in other biological systems (eg., less than 5%). The remain- 
ing lipid components of teliospores are probably sterols 
and small amounts of phospholipids {16}. These lipid com- 
ponents may play a more direct role in germination than 
the neutral lipids examined hem Based on these findings, 
the role of lipids as inhibitors of germination should be 
reevaluated. 

ACKNOWLEDGMENTS 
We thank Blair Goates for providing bunted wheat spikelets and ad- 
vice. David Ruch is thanked for isolating teliospores. 

REFERENCES 
1. Zscheile, J.P. (1965) Phytopath. 55, 1286-1292. 
2. Trione, E.J. (1973) Phytopath. 63, 643-648. 
3. Dewey, W.G., and Tyler, L.J. (1958) Phytapath 48, 579-580. 
4. Gardner, J.$, Weber, D.J., Hess, W.M., Trione, E.J., and Sweeley, 

C.C. (1977)J. Cell Biol. 75, 13& 
5. Trione~ E.J., and Ching, T.M. (1971) Phytochemistry 10, 227-229. 
6. Trione, E.J., and Ross, W.D. (1988) Mycologia 80, 38-45. 
7. Food and Agriculture Organization of the United Nations (1990) 

FAO Digest of Plant Quarantine Regulations, Rome- 
8. Stockwell, V.O., and Trione, E.J. (1986) Plant Dis. 70, 924-926. 
9. Fishwick, M.J., and Wright, A.J. (1977) Phytochemistry 16, 

1507-1510. 
10. Kates, M. (1986) Techniques ofLipidology, 2nd ed~, pp. 106, 234, 

329, Elsevier, Amsterdam. 
11. Morrison, W.R., and Smith, L.M. (1964) J. LipidRes. 5, 600-608. 
12. Grove, M.D. (1973) Light and Electron Microscopy Investiga- 

tion of Developing Wheat Caryopses Infected by TiUetia. M.S. 
Thesis, Brigham Young University, ProvcL 

13. Gardner, J.S., and Hess, W.M. (1977) J. Bacteriol. 131, 662-671. 
14. Sato, K. (1988) in Crystallization and Polymorphism in Fats and 

Fatty Acids (Garti, N., and Sat~ K., eds.) pp. 227-266, Marcel- 
Dekker, New York. 

15. Chastain, T.G., and King, B. (1990) Phytapath. 80, 474-476. 
16. L6sel, D.M. (1988) in Fungal Lipids (Ratledge, C., and Willdn- 

son, S.G., eds.) Vol. 1, pp. 699-806, Academic Press, San Diego. 
17. Weber, D.J., and Trione, E.J. (1980) Can J. Bot. 58, 2263-2268. 

[Received January 30, 1993, and in revised form July 22, 1993; 
Revision accepted August 28, 1993] 

LIPIDS, Vol. 28, no. 11 (1993) 



C O R R E C T I O N S  i 

1045 

The Excretion and Characterization of Intravenously 
Administered Olestra 
R.J. Jandacek and B.N. Holcombe 
Lipids 26, 754-758 (1991) 

In this paper, the panels of Figure 1 (p. 757) were in- 
advertently transposed; la  is the bottom panel, lb is the 
top panel. The legend should read: 

FIG. 1. Bottom (lu). Two-dlmensional TLC autoradiogram of the 
[14C]olestra used in Studies 2 and 3. A denotes the octaester; B, 
hepta- and hexaesters; C, nnknown species. Top Ilb). Two-dimensional 
TLC autaradiogram of the chloroform-soluble 14C extracted from 
bile in Study 3. A and B are as in la; traces of radioactivity in area 
D may reflect lower esters. 

Characterization of Triacylglycerols in the Seeds of 
Aquilegia vulgaris by Chromatographic and Mass Spec- 

�9 trometric Methods 
Mustafa Demirbiiker, Lars G. Blomberg, N. Urban Olsson, 
Magnus Bergqvist, Bengt G. Hersl6f and Fernando 
Alvarado Jacobs 
Lipids 27, 436-441 {1992) 

In this paper, fatty acids were numbered from the methyl 
terminus rather than starting from the carboxyl group. 
To translate the n-x terminology used into internationally 
accepted n nomenclature, the following changes are 
required: 

Page 436, sixth line of Introduction section: "Columbinic 
acid (Cb), 6r162 13t-18:3" should read "5t,9r 12c-18:3.. " 

Page 436, first line of Abbreviations section: 
"...9c,13t-18:2. . . . . . . .  " should read " 5t,9c-18:2. " 

Page 439, Table 1: "7c-18:1" should read "llc-18:r'; 
"11c-20:1" should read "9c-20:r'; "9r 13t-18:2" should read 
"5t,9c-18:2"; "6c,9c-18:2" should read "9~12c-18:2"; 
"6c,9c,13t-18:3" should read "5t,9c, 12c-18:3"; 
"3c,6c,9c-18:3" should read "9c,12c, 15c-18:3"; 
"3r 6r162 12c-18:4" should read "6~9~ 12r 15c-18:4" The 
fatty acid nomenclature used throughout in the right col- 
umn on page 439 should be changed accordingly. 

Page 439, Scheme 1 should be: 

298 258 218 108 

164 92 

The Editor-in-Chief wishes to thank Drs. Klaus Vosmann 
and Kurt Aitzetmiiller, Institute for Chemistry and 
Physics of Lipids, Mtinster, Germany, for calling these er- 
rors to his attention. 

Nonessential  Fatty  Acids in Formula Fat Blends In- 
fluence Essential Fatty Acid Metabolism and Composi- 
tion in Plasma and Organ Lipid Classes in Piglets 
Katharine M. Wall, Deborah Diersen-Schade and 
Shefla M. Innis 
Lipids 27, 1024-1031 (1992) 

The following changes should be made: 

In Table 1 (p. 1025), the fatty acids listed as "20:0 + 14:0" 
should be "12:0 + 14:0"; the fatty acid composition of the 
diet is explained correctly in the text. 

The second error occurred in the description of the 
homogenizing buffer used for brain and liver samples 
(p. 1025). This buffer contained 500 ng/mL leupeptin and 
2 ng/mL aprotinen, not 500 mg/mL leupeptin and 2 ~g/mL 
aprotinen. 

Influence of Dietary Egg and Soybean Phospholipids and 
Triacylglycerols on Human Serum Lipoproteins 
Barbara C. O'Brien and Verona Gale Andrews 
Lipids 28, 7-12 (1993) 

In Table 2 (p. 10), the values in the last two columns for 
HDL2 PL should read 0.80 + 0.19 c (instead of 0.36 +_ 
0.08) for SP treatment and 0.63 _+ 0.15 b (instead of 0.35 
+_ 0.09) for SPTG treatment. 
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Agonist-lnduced Lipoxin A4 Generation: Detection 
by a Novel Lipoxin  -ELISA 
Bruce D. Levy a,b, Sherry Bertram c, H.H. Tai d, Elliot Israel b, Andrew Fischer b, Jeffrey M. Drazen b 
and Charles N. Serhana, * 
aHematology-Oncology Division, Department of Medicine, Brigham and Women's Hospital and bCombined Program in Pulmonary 
and Critical Care Medicine, Departments of Medicine, Brigham and Women's and Beth Israel Hospitals, Harvard Medical School, 
Boston, Massachusetts 02115, CELISA Technologies, A Division of Neogen Corporation, Lexington, Kentucky 40509 and ~ of 
Medicinal Chemistry and Pharmaceuticals, College of Pharmacy, University of Kentucky, Lexington, Kentucky 40536-0082 

Lipoxin A 4 (LXA4) possesses potent bioactions. To facili- 
tate its detection, an enzyme-llnked immunosorbent assay 
(ELISA) was developed that proved sensitive and selec- 
tive. Quantitation by ELISA of LXA4 generated from 
cellular sources strongly correlated (r = 0.99) with values 
obtained by high-pressure liquid chromatography (HPLC). 
We used this LXA4-ELISA to examine parameters influ- 
encing LXA 4 generation from endogenous substrates dur- 
ing human platelet-neutrophil (PLT-PMN) interactions in 
vitro. Agonist-induced LXA4 production was clearly evi- 
dent at a PLT-PMN ratio of 10:1, and recombinant human 
granulocyte/monocyte colony stimulating factor-priming 
of PMN augmented LXA 4 generation 5-6 fold. The chem- 
otactic peptide formylmethionyl-leucyl-phenylalanine, 
platelet-derived growth factor and arachidonic acid 
(20:4n-6) each stimulated formation of immunoreactive 
LXA 4 (iLXA 4) in these c~incubations. The presence of 
iLXA4 was also evaluated in vivo in aspirin~sensitive 
asthmatic patients wh~ in a randomized, double-blind 
crossover design, underwent nasal lavage after they each 
ingested a predetermined threshold dose of aspirin or 
placebo. Aspirin challenge provoked statistically signifi- 
cant increases in iLXA 4 in each patient (P < 0.005). These 
results validate the use of a solid-phase ELISA for deteo 
tion of L X A  4. Furthermore, the use of this ELISA has 
allowed the first documentation of iLXA 4 formation in 
human subjects with aspirin~sensitive asthma following 
specific antigenic challenge. 
Lipids 28, 1047-1053 (1993). 

Lipoxins (LX) are bioactive eicosanoids generated by the in- 
teraction of individual lipoxygenases (LO) (reviewed in Ref. 
1). These compounds can be produced by single cell types 

*To whom correspondence should be addressed at Longwood Medical 
Research Center, 221 Longwood Ave., Boston, MA 02115. 
Abbreviations: ASA, aspirin; (5S),(6R)-DiHETE, (5S),(6R)-dihydroxy- 
(7E,9E,11Z,14Z)-eicosatetraenoic acid; ED, electrochemical detection; 
ELISA, enzyme-linked immunosorbent assay; fMLP, formylmeth- 
ionyl-leucyl-phenylalanine; GC/MS, gas chromatography/mass spec- 
trometry; GM-CSFrh, recombinant human granulocyte/monecyte col- 
ony stimulating factor; 5-HETE, (5S}-hydroxy-(6E,8Z,11Z,14Z}~icc, 
satetraenoic acid; 12-HETE, (12Sbhydroxy-(5Z,8Z, lOE,14Z)-eicosate- 
traenoic acid; 15-HETE, (15S)-hydroxy-(5Z,8Z,11Z,13E)~eicosatetra- 
enoic acid; HPLC, high-pressure liquid chromatography; iLXA 4, im- 
munoreactive LXA4; LX, lipoxins; LO, lipoxygenases; LTA 4 (leuko- 
triene A4), (5S)-(E)-5(6)-oxid(~(7E,9E,11Z,14Z)~eicosatetraenoic acid; 
LTB 4, (5S),(12R)-dihydroxy-(6Z,8E, lOE,14Z}~eicosatetraenoic acid; 
LTC 4, (5S)-hydroxy-(6R)-S-glutathionyl-(7E,9E,11Z,14Z)-eicosatetra- 
enoic acid; LXA4, {5S),($R),(15S~tribydroxy-{7E,9E,11Z,13E~eicosate~ 
traenoic acid; LXB 4, (5S),(14R),(15Sktrihydroxy-(6E, SZ, lOE,12E)~icc, 
satetraenoic acid; NDGA, nordihydroguaiaretic acid; PDGF, platelet- 
derived growth factor; PLT, platelet; PMN, neutrophil; RP-HPLC, 
reverse-phase high-pressure liquid chromatography; UV, ultraviolet. 

from endogenous sourv~ of 20:4n-6 (2) or by cell~ell interac- 
tions that initiate transcellular pathways for their biosyn- 
thesis (3). Multiple biosynthetic mut~s can lead to LX 
generation (1). In human cell types) two main pathways have 
been demonstrate& one involves the transcellular metab~ 
lism of (15S~hydroxy-(5Z,8Z,11Z,13E~eicosatetraenoic acid 
(15-HETE) by 5-LO (4), and the other utilizes (5S)-(E)-5(6)- 
oxid~(7E,9E,11Z,14Z)~eicosatetraenoic acid (LTA4) that is 
converted by either 12-LO (3) or 15-LO (5,6). Using physical 
methods, (5S),(6R),(15S)-trihydroxy-(TE,9E,11Z,13E)- 
eicosatetraenoic acid (LXA4) has been identified in vivo in 
two different pathophysiologic settings--after percutaneous 
transluminal coronary angioplasty (PTCA) (7) and in bron- 
choalveolar lavage samples from patients with respiratory 
diseases (8). 

LX possess biological activity in subnanomolar quantities 
in experimental models (reviewed in Ref. 1). Evidence is ac- 
cumulating that LXA4 may play a role as an endogenous 
regulator of inflammation (4,9-11). As is the case with other 
bioactive eicosanoids, it is critical to have a rapid and sen- 
sitive means for the detection of LXA4 to assess the role 
of LXs in both physiological and pathophysiological eventa 
To this end, we developed a solid-phase, enzyme-linked im- 
munosorbent assay (ELISA), and here report its validation 
and utility in detecting LXA 4 in biological fluids both in 
vitro and in vivo. 

MATERIALS AND METHODS 

Materials. Formylmethionyl- leucyl-phenyla lanine  
(fMLP), A23187, nordihydroguaiaretic acid (NDGA) and 
natural human platelet-derived growth factor (PDGF)-AB 
were purchased from Sigma Chemical Ca (St. Louis, MO); 
thrombin and leukocyte separation media were from En- 
zyme Research Laboratories (South Bend, IN). Recombi- 
nant human granulocyte/monocyte colony stimulating fac- 
tor (GM-CSFrh) was purchased from Boehringer Mann- 
heim (Indianapolis, IN). Synthetic LXA4 (molecular 
weight 352.5 and extinction coefficient 50,000) was ob- 
tained from Cascade Biochem Limited (Reading, Berk- 
shire, England), (5S),(14R),(15S)-trihydroxy-(6E,8Z, l OE, 
12E)-eicosatetraenoic acid (LXB4) was from Biomol Re- 
search Laboratories (Plymouth Meeting, PA), and (5S), 
(6R)-dihydroxy-(7E,9E, 11 Z, 14Z)-eicosatetraenoic acid 
[(5S),(6R)-DiHETE] was from Cayman Chemical Ca (Ann 
Arbor, MI). High-pressure liquid chromatography (HPLC) 
grade solvents were purchased from Doe and IngaUs (Med- 
ford, MA), methyl formate was from Eastman Kodak Co. 
(Rochester, NY) and Sep-Pak CIS cartridges were from 
Waters Associates (Milford, MA). 

Cell suspensions. Using acid citrate dextrose as an an- 
ticoagulant, fresh peripheral blood was obtained by 
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venipuncture from healthy donors who had not taken 
aspirin or other medication for at least seven days. After 
the platelet-rich plasma was obtained, platelets (PLT) were 
washed in N-2-hydroxyethyl-piperazine-N'-2-ethanesul. 
fonic acid-Tyrode buffer (pH 7.4) in the presence of ethyl- 
enediaminetetraacetic acid disodium dihydrate (EDTA; 7 
mM), and then enumerated using a Coulter Counter 
(model ZBI; Coulter Electronics, Inc., Hialeah, FL). Neu- 
trophils (PMN) were isolated from the remaining blood 
by Ficoll-Hypaque gradient centrifugation and dextran 
sedimentation (3). Suspensions contained 98 + 1% PMN 
when enumerated by light microscopy. 

PLT-PMN Incubations. Freshly isolated PMN were in- 
cubated in Dulbecco's phosphate-buffered saline contain- 
ing both CaCI 2 (0.6 mM) and MgC12 (1.0 mM; pH 7.4) for 
90 rain at 37~ in the presence or absence of GM-CSFrh 
(200 pM). Aliquots (0.5 mL) of each cell suspension (8-30 
• 106 PMN/mL) were combined with aliquots (0.5 mL) of 
isolated PLT suspensions with the cell ratio adjusted from 
0:1 to 100:1 (PLT-PMN). PMN and PLT were warmed (5 
rain, 37~ before exposure to soluble stimuli (20 rain, 
37 o C). Incubations were stopped by the addition of 1 vol 
of 0.05 M Tris-HC1 (pH 8.0) and vigorous mixing. 
Materials were kept at -30~ for at least 30 min prior 
to analysis to facilitate protein precipitation, as well as 
to retard autooxidation. 

Nasal lavage fluid. After written informed consent to 
a protocol approved by the Beth Israel Hospital Commit- 
tee on Clinical Investigations, subjects with aspirin-sen- 
sitive asthma were identified, and a threshold dose of 
aspirin (ASA) was determined that would elicit, 1-3 h after 
ingestion, a >/15% decline in the FEV1; in these subjects 
bronchospasm was often accompanied by oculo-nasal 
symptoms. In a randomized, double-blind, crossover 
design, nasal lavages were performed as previously de- 
scribed (12) with 0.9% saline (8 mL) two and three hours 
after ingestion of either placebo (lactose) or the threshold 
dose of aspirin (60-100 mg). Patients were 32-42-years- 
old, without a history of recent illness or tobacco use for 
>t10 yr, and had normal baseline spirometry with an 
FEV1 that  decreased 16-25% with ASA challenge Sub- 
jects were allowed to use inhaled steroids; however, 
theophylline was discontinued for 48 h prior to provoca- 
tion and inhaled /~-agonists and nasal steroids were 
withheld for at least 8 h prior to challenge. All lavage 
fluids were stored at -70~ 

LXA4-ELISA.  LXA4 antiserum was produced in a 
similar manner to that described for TxB2 antiserum 
(13). Briefly, LXA 4 was conjugated to keyhole limpets 
hemocyanin through succinimide ester of LXA 4. Rabbits 
were immunized initially with 100 ~g of LXA4-hemocy- 
anin conjugate per rabbit. Booster injections were carried 
out on a monthly basis with half of the initial conjugate. 
The rabbits were bled through ear veins and the antisera 
were collected by centrifugation of the blood and stored 
at -20~ The antiserum was diluted (1:200) in ELISA 
buffer to a concentration optimized for assay conditions 
(vide infra). LXA 4 was labeled with horseradish perox- 
idase through succinimide ester of LXA 4 as described 
above. The enzyme-labeled LXA4 and the antisera were 
used to develop an ELISA for LXA4. 

The ELISA buffer containing 0.1% bovine serum al- 
bumin and 0.9% NaC1 in 0.1 M potassium phosphate buf- 
fer, pH 7.4, was used for diluting antisera, standard or 

sample, and enzyme conjugate. Prior to assay, methanol 
and ethanol were eliminated from all samples, as traces 
of organic solvent interfered with ligand-antibody bin- 
ding. The 96-well plate was precoated with 1/~g of affinity- 
purified goat anti-rabbit IgG per well. The assay was in- 
itiated by adding appropriately diluted antisera (50 ~L), 
LXA4 standard or samples (50 ~L) and enzyme~labeled 
LXA4 (50 ~L) into each well. Plates were gently shaken 
for 1 h at room temperature~ After three washings with 
wash buffer (0.01 M potassium phosphate, pH 7.5 contain- 
ing 0.05% Tween 20), the enzyme reaction was carried out 
by adding 150 gL of K-Blue substrate at room temperature 
for approximately 15 min and stopped by the addition of 
100 ~L of 1N H2SO4. The absorbance at 450 nm was read 
using a Dynatech Plate Reader (model Na MR 700; Alex- 
andria, VA). Serial dilutions of unlabeled synthetic LXA4 
(0.20-2.00 ng LXA4/mL) were assayed and included 
within each 96-well plate to generate calibration curves 
for quantitation of immunoreactive LXA 4 (iLXA4) 
(ng/mL) present in samples; all samples were assayed in 
duplicate~ 

Quantitation of LXA4 by electrochemical detection- 
ultraviolet (ED-UV) reverse phase (RP) HPLC. Prostaglan- 
din B2 (25 ng) was added, as an internal standard, to ma- 
terials to be analyzed by HPLC. Samples were extracted 
and eluted from Sep-Pak Cls cartridges, and methyl for- 
mate fractions were concentrated under a stream of N2 
as in (3). This RP-HPLC system was equipped with both 
a Lambda-Max UV detector, model 481, and an on-line 
Electro Chemical detector (ED), model M 460, operated 
with a Ag/AgC12 reference electrode (Waters Associates) 
that  permitted detection of LXs in the picogram range 
(3). The electrode potential was set at 1.345 V, and the UV 
detector was set at 300 nm to monitor the LX tetraene 
chromophor~ LXA 4 was identified by comparison of its 
retention time with those of synthetic and authentic 
LXA4 standards, and quantities were determined by 
comparison to areas beneath the peaks obtained for UV- 
calibrated authentic LXA 4 after adjustment for recovery 
of internal standard. 

All data are expressed as the mean +_ SE of the mean 
(SEM). The Student's t-test was used for statistical 
calculations on the naturally paired in vitro cell suspen- 
sions reported later and the self-paired patient samples 
in Table 1. P values <0.05 were considered significant. All 
analyses were performed on a Macintosh computer (Ap- 
ple Computer, Inc., Cupertin~ CA) with the use of Stat- 
works (Cricket Software, Inc., Philadelphia, PA). 

RESULTS 

ELISA  sensitivity and selectivity. After conditions for 
the enzyme immunoassay of LXA4 were optimized, cali- 
brated dose-response curves were obtained using serial 
dilutions of competing unlabeled synthetic LXA4 (Fig. 
1A). Inhibition of 50% of the maximal binding (ICf0) 
observed with enzyme-labeled LXA4 occurred with 0.45 
pmol LXA4/mL, and the minimum detectable amount 
(80% of maximal binding) was 90.8 fmol LXA4/mL. This 
IC~0 is comparable to those obtained by ELISA for other 
eicosanoids: 0.4 pmol (14) and 0.2 pmol/mL for (5S)-hy- 
droxy-(6R)-S-glutathionyl-(7 E,9E,11Z,14Z)-eicosatetra- 
enoic acid (LTC4) (15), 0.49 pmol/mL for 6-keto-PGFlo 
(16), 1 pmol]mL for 13,14-dihydro-15-keto-PGF2, (17) and 
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0.54 (18) and 0.4 pmoYmL for TxB2 (15). Crossreactivity 
of the antibody for related compounds was 0.1% for 15- 
HETE, and <0.1% for (5S)-hydroxy-(6E,SZ,11Z,14Z)-eicc~ 
satetraenoic acid {5-HETE), (12S)-hydroxy-(5Z,8Z, lOE, 
14Z)-eicosatetraenoic acid (12-HETE), (5S),(12R)-dihy- 
droxy-(6Z,8E, lOE,14Z}-eicosatetraenoic acid (LTB4), 
LTC4, (SS)-hydroxy-(6R)-S-cysteinylglycyl-(7E,9E,11Z, 
14Z)-eicosatetraenoic acid (LTD4), (5S)-hydroxy-6{R)-S- 
cysteinyl-(7E,9E,11Z,14Z)-eicosatetraenoic acid (LTE4) 
and 20:4n-6 {Fig. 1A, insert). Further experiments on the 
stereoselectivity of antibody binding employed lipox- 
ygenase products with structures identical to portions of 
native LXA4, namely (5S),(6R)-DiHETE (C-1 to C-6) and 
LXB4 (C-1 to C-5 and C-15 to C-20). Crossreactivity for 
these closely related eicosanoids was <5% for 5(S),6{R)- 
DiHETE and between 1-7.5% for LXB 4 (Fig. 1A). These 
results indicate that the antiserum is both sensitive and 
selective for LXA4. 

Co-incubations of autologous human PLT and PMN in 
the presence of stimuli have been demonstrated by both 
HPLC and gas chromatography/mass spectrometry 
(GC/MS) to generate LXA 4 from endogenous sources (3, 
19). For purposes of direct comparison to prior results and 
to evaluate the ELISA's use in the determination of 
LXA4 generation by cellular sources, GM-CSFrh-primed 
PMN (15 • 106) were co-incubated with PLT (150 X 106) 
in the presence of A23187 (10 -7 M) and thrombin (1 
U/mL). After the co-incubations, serial dilutions of the 
materials generated were performed, and the quantities 
of LXA 4 present were determined using both ELISA and 
ED-UV RP-HPLC. Figure 1B shows results represen- 
tative for PLT-PMN co-incubations that  gave a correla- 
tion coefficient of 0.99. Together, these results demon- 
strate that quantitation by ELISA of biologically-derived 
LXA4 correlates with values obtained following HPLC. 
In addition, the quantities of iLXA4 identified are in 
good agreement with those reported using HPLC-based 
quantitation (3,19), and indicate that  lower cell numbers 
than those required for analysis by HPLC and GC/MS can 
be used in each incubation. 

Characteristics of iLXA 4 generation during PLT-PMN 
interactions. We used this assay to examine factors regu- 
lating LXA 4 generation by suspensions of human PMN 
co-incubated with increasing numbers of autologous PLT 
(Fig. 2). As GM-CSFrh is known to increase arachidonic 
acid availability and LXA4 generation (3}, the impact of 
adding this cytokine on LXA 4 generation was examined 
at different ratios of PLT-PMN. At each cell ratio ex- 
amined (Fig. 2), PMN primed with GM-CSFrh (200 pM) 
generated higher levels of iLXA 4 when exposed (20 rain, 
37~ to A23187 (10 -7 M) and thrombin (1 U/mL). As the 
PLT-PMN ratio was increased to 10:1, GM-CSFrh-primed 
PMN led to generation of 5-6 times more LXA4 than ac- 
tivated PMN that were not primed. At higher PLT num- 
ber, homotypic PLT-PLT interactions led to decreased 
LXA4 generation. Also, in the presence of stimuli 
(A23187 or fMLP plus thrombin), neither PMN alone nor 
isolated PLT (data not shown) generated iLXA 4 in sta- 
tistically significant amounts greater than incubations 
performed in the absence of stimuli. Primed PMN in the 
presence of stimuli, but without deliberate addition of 
PLT, generated nanomolar quantities (=3 nM iLXA4]in- 
cubation) of iLXA 4. Because limitations in the isolation 
of PMN resulted in =1-2 PLT per PMN contaminating 
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FIG. 1. Quantitation of lipoxin A 4 by enzyme-llnked immunosorbent 
assay (ELISA): crossreactivity with related eicosanoids and correla- 
tion with high-pressure liquid chromatography (HPLC). A: Unlabeled 
(5S),(6R),(15S)-trihydroxy-(7E,9E,11Z,13E)-eicosatetraenoic acid 
(LXA4) (0.02 to 2.00 ng/mL), (O) was added to a standard amount 
of enzyme-labeled LX A  4 and incubated (60 rain, 23~ with the an- 
t ibody (n = 15, mean __+ SEM). On the vertical axis, % B/B o 
represents the bound enzymatic act ivity  in the presence (13) of  un- 
labeled LXA 4 relative to its absence (Bo). To eYamine the antibody's 
stereoselectivity,  0.04 to 2.00 ng/mL of (5S),(6R~dihydroxy-(7E,9E, 
llZ,14Z}-eicosatetraenoic add  I(5S),(6R~rDiHETE] (O) and (5S),(14R), 
(15S~trihydroxy~6E,8Z, lOE,12E)-eicosatetraenoic acid (LXB 4) (O) 
were added to enzyme-labeled LX A  4 and incubated in parallel (n = 
3, mean). The insert reports the erossreactivity of related compounds 
when identical quantities of unlabeled material were added in place 
of LXA 4. B: Freshly isolated human neutrophils (15 X 106) were ex- 
posed to 200 pM recombinant human granulocyte/monocyte colony 
st imulating factor (90 rain, 37~ prior to incubation (20 rain, 37~ 
with autologons platelets (150 X I0 ~) in the presence of A23187 (lff 7 
M) and thrombin (I U/mL). Incubations were stopped with I vui of 
ice-cold, 0.05 M Tris-HCl (pH 8.0). Serial dilutions of the products 
generated were assayed by both ELISA and electrochemical de- 
tection-altraviolet (ED-UV) reverse-phase (RP) HPLC. Prior to RP- 
HPLC, the materials were purified by extraction with Sep-Pak CIs 
cartridges in the presence of an internal standard 4see Materials and 
Methods section). These results were plotted from a representative 
incubation (cells from two separate donors, four determinations for 
each concentration) for regression analysis (r = 0.99, y = 0.98x -- 
0.19). ELISA values represent the mean of two separate assays. 
iLXA 4, immunoreactive LXA 4. 

these suspensions, we were unable to determine the 
amount of iLXA4 produced by PMN alone. Intentional 
addition of PLT dramatically increased formation of 
iLXA4 (Fig. 2) to levels with a range of bioactions 
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FIG. 2. Generation of iLXA 4 from endogenous sources during co- 
incubations of platelet-neutrophil  (PLT-PMN): effect  of cell ratio 
(PLT-PMN) and recombinant human granulocytehnonocyte colon}" 
stimulating factor (GM-CSFrh) priming of PMN. PMN (8-10 X 10 ~ 
were incubated in the presence of GM-CSFrh (200 pM) for 90 min 
at 37~ and then combined ~with autologous PLT. After warming 
(5 min, 37~ cells were exposed to either A23187 (lff  7 M) and 
thrombin (1 U/mL) ( �9 ) or vehicle control (O) for 20 rain at 37~ In 
parallel, PMN, not primed with GM-CSFrh,  were co-incubated with 
PLT and exposed to the soluble stimuli (rl). Incubations were 
stopped with I vol  of cold 0.05 M Tris-HCl (pH 8.0). ELISA was  per- 
formed without  further purification of products, (n = 3 separate 
donors, mean +__ SEM). Abbreviations as in Figure 1. 

(reviewed in Ref. 1), including the stimulation of myelo- 
poiesis (20). These findings are consistent with produc- 
tion of leukotriene A4 by activated PMN that is released 
and transformed to LXA4 by platelet 12-1ipoxygenase (1). 
Additionally, stimulus-induced formation of iLXA4 was 
maximal during co-incubations that  were held motion- 
less; shaking the co-incubations inhibited iLXA4 forma- 
tion (>83%, data not shown). This finding suggests that  
interference with PLT-PMN interactions impairs the 
transcellular exchanges of biosynthetic intermediates, 
such as LTA 4. Thus, taken together, these results ob- 
tained using independent methodologies both confirm and 
extend the findings that activated cytokine-primed PMN 
interacting with PLT have the potential to generate bi- 
ologically relevant quantities of LXA4 (3). 

PDGF is also known to promote activation of PMN 
(21,22). To determine if this cytokine also stimulates 
LXA4 generation, GM-CSFrh-primed PMN were co- 
incubated with autologous PLT in the presence of PDGF 
and the chemotactic peptide, fMLP, which has been 
previously shown to activate PMN for transcellular 
biosynthetic generation of LXA4 (3). Indeed, cells ex- 
posed to either fMLP (10 .7 M) or PDGF-AB (10 ng/mL) 
generated more iLXA4 from endogenous sources of 
substrates than from unstimulated cells (Fig. 3A). When 
exogenous arachidonic acid was added to these incuba- 
tions, increases in iLXA 4 levels were obtained upon ex- 
posure to fMLP (410%, P < 0.02) or PDGF (381%, P < 
0.09). Moreover, arachidonic acid itself may be a second 
messenger (23), as it is known to activate both PMN and 
PLT (24), and PLT can contribute their 20:4n-6 to 
be transformed by PMN in a bidirectional route to 
LXA4 (3). In these experiments, exogenous 20:4n-6 also 
stimulated LXA4 generation (Fig. 3A). Agonist-induced 
formation of iLXA4 from endogenous sources of s u b -  
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FIG. 3. Generation of iLXA4 from endogenous and exogenous ara- 
chidonic acid during co-incubations of GM-CSFrh-primed P M N  
with autologous PLT. P M N  (10 X 106) were exposed (90 min, 
37~ to 200 pM GM-CSFrh and then incubated (20 vain, 37~ 
with autologons PLT (100 X 106) in the presence of stimuli. In- 
cubations were terminated and assayed as described in Materials 
and Methods. Values are expressed in pg/106 P M N  (mean -- 
SEM, n = 3) minus values obtained without stimuli present 
in parallel incubations. A: Exogenous arachidonic acid. Parallel 
incubations were performed in the presence (open bars) or ab- 
sence (solid bars) of exogenous arachidoulc acid (10 pM) during 
simultaneous exposure to either formylmethionyl-leucine-phenyl-  
alanine (fMLP) (10 "7 M), P D G F - A B  (10 ng/mL), or vehicle con- 
trol, (*, P < 0.001; ** P < 0.02). B: Concentration response. Incu- 
bations were carried out in the presence of P D G F - A B  reported 
in ng/mL (x), fMLP alone (o )  or fMLP and thrombin (1 U/mL) 
(O). C: Time course. Incubations were terminated at the indi- 
cated time points after exposure to either 10 .7 M fMLP (O) 
or 10 ng/mL PDGF-AB ( �9 ) (" P < 0.05; ** P < 0.01). Abbreviations 
as in Figures 1 and 2. 
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TABLE 1 

Elevated iLXA 4 in Nasal Lavage Fluid After  Aspirin Challenge 
in Aspirin-Sensitive Asthmatics a 

Placebo Aspirin 
Subject Determinations (pg iLXA4/mL) (pg iLXA4/mL ) 

1 2 Not detected 47.5 _+ 3.5 
2 8 61.0 _.+ 13.8 b 318.9 _+ 8.0 

(523%) b 
3 4 Not detected 47.7 +_ 6.3 
4 4 Not detected 41.7 +_ 3.9 
5 2 47.5 _+ 0.55 312.5 _ 9.5 

(658%) b 

aSubjects were lavaged with 0.9% saline 2 and 3 h after ingestion 
of either a placebo or a threshold dose of aspirin. Levels of iLXA 4 
were determined by enzyme-linked immunosorbent assay (see 
Materials and Methods). Results represent the mean _ SEM of these 
two lavages. The percent increase in levels of iLXA 4 in lavage fluid 
after aspirin challenge compared with placebo is parenthetically 
displayed for patients 2 and 5. iLXA 4, immunoreactive (5S), (6R), 
(15S)-trihydroxy-{7E,9E,11Z,13E) eicosatetraenoic acid. 
bp < 0.005. 

strate proved to be both concentration- and time- 
dependent (Fig. 3B and C). PDGF (10 ng/mL) and fMLP 
(10 -6 M) plus thrombin (1 U/mL) led to approximately 
equivalent levels of iLXA4 (Fig. 3B). In addition, the 
divalent cation ionophore A23187 led to a concentration- 
dependent (10"8-10 -5 M) increase in iLXA 4 (0.004-2.340 
ng iLXA4/106 PMN). With each stimulus examined, 
iLXA4 generation was rapid in onset and statistically 
significant (P < 0.05) within 60 s (Fig. 3C). Exposure to 
NDGA (100 ~M), a nonselective LO inhibitor that  blocks 
5-, 12- and 15-LO, led to complete inhibition of iLXA4 for- 
mation during co-incubations (cells from two separate 
donors with four determinations). Together, these findings 
confirm that iLXA 4 is derived from arachidonic acid and 
demonstrate that its formation is triggered by either 
fMLP or PDGF. 

Aspirin challenge in sensitive asthmatics provokes 
iLXA4 formation. When challenged with a dose of ASA 
sufficient to lead to airflow obstruction, ASA-sensitive 
asthmatics generate cysteinylpeptide leukotrienes in 
amounts substantially higher [in nasal lavage {25) and 
urine (26)] than ASA-insensitive individuals. Since LXA 4 
could also be formed with 5-LO activation (1,8), we next 
evaluated LXA4 formation in ASA-sensitive patients us- 
ing the ELISA to determine if LXA4 is generated in vivo 
after challenge. In a randomized, double-blind, crossover 
design, subjects were lavaged with normal saline after in- 
gestion of either placebo or a predetermined threshold 
dose of ASA (see Materials and Methods section). Each 
subject thus served as their own "control:' Quantities of 
LXA4 added to nasal lavage fluid ("spiking samples") 
were quantitatively recovered by ELISA (r ----- 0.95, n = 
3), indicating the absence of significant amounts of in- 
terfering substances. After ingestion of placeba patients 
were asymptomatic, and iLXA4 was not detected in 
lavages from three of five patients (Table 1). In sharp con- 
trast, following aspirin challenge, iLXA4 was present in 
significant quantities in lavages obtained from each pa- 
tient. In those individuals where iLXA4 was found after 
placebo challenge (Nos. 2 and 4), 5-6-fold increments in 
iLXA4 were obtained after challenge with ASA. Hence, 
the presence of iLXA4 after placebo that is significantly 
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elevated after challenge with ASA may reflect, in part, 
their heightened sensitivity. These results demonstrate 
appearance of iLXA4 after a specific challeng~ 

DISCUSSION 

To explore the role of LXA 4 in human pathobiology re- 
quires a method to reliably detect it in subnanomolar 
amounts in vitro and pathologically-derived materials. To 
this end, we report on the validation of an ELISA for 
LXA4 and its utility in examining the formation and 
presence of this eicosanoid. The developed assay proved 
both sensitive and selective for synthetic LXA4 (Fig. 1A) 
with characteristics comparable to ELISA tests con- 
structed for other eicosanoids (14-18). Authentic LXA4 
production from cellular sources was confirmed by ED- 
UV RP-HPLC (Fig. 1B), and parameters for agonist-in- 
duced generation of LXA4 from endogenous substrates 
in vitro were determined (Fig. 2). fMLP and PDGF each 
triggered concentration- and time-dependent formation of 
iLXA4 from endogenous stores of 20:4n-6 (Fig. 3), and 
patients with ASA-sensitive asthma had iLXA4 in nasal 
lavage after ASA provocation (Table 1). Given the 
ELISA's ability to detect both synthetic and authentic 
LXA4 from cellular sources (Figs. 1-3) and pathologic 
fluids {Table 1), it appears well-suited for use in exploring 
this eicosanoid's role in physiologic and pathophysiologic 
processes. 

Enzyme immunoassays have been developed for many 
other eicosanoids, such as prostaglandins, LTB 4 and 
LTC4 (cf. Refs. 14 and 15). Their use minimizes the time 
and extensive sample preparation required for physical 
methods of detection, like HPLC and GC/MS. Because of 
this ELISA's sensitivity (90.8 fmol LXA4/mL) and selec- 
tivity (Fig. 1), it also permits efficient utilization of 
material. Using this method, we were able to detect 
LXA4 after ASA provocation in aliquots (50 ~L) of nasal 
secretions from asthmatic patients. To ensure the accuracy 
of the ELISA, nonspecific binding was routinely assayed 
on the 96-well plates as an internal control. In addition, 
a clear correlation between ELISA and ED-UV RP-HPLC 
in the generation of LXA4 IFig. 1) indicated the presence 
of insignificant amounts of crossreacting compounds in 
this system, and the accurate detection of known quan- 
tities of LXA4 added to nasal lavage fluid demonstrated 
the absence of interfering substances in this biological 
matrix (see Results section). Therefore, this ELISA 
proved to be a sensitive and reliable technique for the 
detection of LXA4. 

Enabled by this new method, human PLT and PMN in- 
teractions were examined as an established in vitro model 
for LXA4 production in the presence of stimuli that ac- 
tivate cells by receptor-mediated signals. These cell types 
were selected because together they possess the three ma- 
jor mammalian LO (5-, 12- and 15-LO) and can be readily 
obtained as freshly isolated cell suspensions. Human 
platelets possess high levels of 12-LO, and leukocytes 
possess both 5- and 15-LO. Interactions between these en- 
zymes with 20:4n-6 as the substrate give rise to LXs (1). 
The generation of LXA4 during co-incubations of PLT 
and PMN in the presence of increased numbers of PLT 
or with GM-CSFrh-priming of PMN (Fig. 2) not only 
confirmed previous reports using these combined cell 
suspensions (3,19), but also demonstrates LXA4 
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format ion f rom endogenous sources when P M N  and 
autologous PLT are exposed to stimuli. Agouist-induced 
genera t ion of iLXA4 was rapid  and concentra t ion-  
dependent  (Fig. 3}] and C) with the reactions producing 
levels detectable by E L I S A  in the pico- to nanomolar  
range. I t  is impor tan t  to point  out  t ha t  these levels of 
LXA4 were achieved without  the addition of exogenous 
20:4n-6. Pico- to nanomolar  quant i t ies  of LXA4 have 
been demons t ra ted  to elicit a range of bioactions in ex- 
perimental  models, including arteriolar dilatation and an- 
tagonism of LTB4-induced PMN act ivat ion (reviewed in 
Ref. 1). In  addition, P D G F  was recently demons t ra ted  to 
lead to the accumulat ion of neointimal smooth  muscle  
after  balloon-catheter deendotheli,liT.ation of ra t  carotid 
arteries (27). This po ten t  mitogen for smooth  muscle is 
found in PLT and can act ivate  many  cell types,  including 
PMN, leading to a chemotact ic  response (21,22). Similar 
to PDGF, LXA4 is released intravascularly after balloon 
angioplas ty  in human  coronary arteries (7). P D G F  in- 
creases 20:4n-6 availability (28) and, in the present experi- 
ments ,  a t  biologically relevant  concentrat ions led to 
the formation of iLXA4 (Fig. 3). Thus, our findings sug- 
gest  a potent ia l  link in P D G F  and LXA4 generation. 
Cytokine-primed P M N  and PLT are likely to interact  
a t  sites of inf lammation or vascular  damage; thus, stimu- 
lus-induced LXA4 generation may  be relevant in these 
processes. 

In  humans,  LXA 4 has been demons t ra ted  in bron- 
choalveolar lavage fluid f rom as thmat ics  us ing H P L C  
and GC/MS (8). Aspirin-sensit ive as thmat ics  are a 
select group of pa t ien ts  characterized by bronchospasm 
after  ingestion of ASA (29}. This cyclooxygenase in- 
hibitor leads to higher levels of LO-derived products,  
including LXA4, in vivo after  PTCA (7) and, in vitro, 
does not inhibit  lipoxin generation (1). Compared with 
ASA-insensitive individuals, sensit ive as thmat ics  often 
have nasal  polyps, which, in vitro, generate LXA4 when 
incubated in the presence of ei ther LTA 4 or act ivated 
neutrophils  (6). Moreover, PLTs from these pa t ien ts  
demons t ra te  abnormal  responsiveness upon exposure 
to ASA (30). Results in Table 1 clearly indicate the 
presence of LXA4 in nasal  lavages after  ASA ingestion. 
Al though the present  da ta  do not  permi t  an evaluation 
of the cellular source of LXA4, there are several cell 
types  present  in these pat ients ,  such as eosinophils, cy- 
toldne-primed PMN, PLT, m a s t  cells and nasal  polyps, 
which are known to generate  LX either individually 
or by transcellular biosynthesis  in vitro tha t  could 
have contr ibuted to LXA4 generation (reviewed in Ref. 
1). Enabled by the ELISA's  sensi t ivi ty  and accuracy, 
these findings are the first  to demons t ra te  the appear- 
ance of LXA4 after  a specific provocat ion in vivo, 
and indicate a potent ia l  role for LXA4 in the airway. 
Recently, LXA4 administered by nebulizer to humans  
has  been shown to a t t enua te  LTC4-induced bronchocon- 
str ict ion in a s thma t i c  pa t i en t s  (10). Also, LXA 4 is 
further metabolized by phorbol myr is ta te  acetate-treated 
HL-60 cells and human  monocytes  to several major  pro- 
ducts  including 15-oxo-LXA4, 13,14-dihydro-15-oxo- 
LXA 4 and 13,14-dihydro-LXA 4 in vitro (31). I t  is not  
present ly known if these metaboli tes  represent  the ma- 
jor route of LX metabol i sm in vivo and whether  this 
E L I S A  can also be used to detect  the metabolites.  Thus, 
the present  results indicate tha t  fur ther  invest igat ion is 

warranted in evaluat ing the role of L X A  4 in ASA-sensi- 
t ive a s t h m a  and airway d isease  

In  conclusion, we present  evidence for a new, sen- 
sitive and selective E L I S A  for LXA4 and demons t ra te  
i ts  ut i l i ty to detect  LXA4 in vi tro and in pathologic 
fluids. Moreover, the availability of this assay enabled the 
demonst ra t ion  of PMN and platelet  agonists,  such as 
PDGF, in the generation of LXA4 during cell-cell interac- 
t ions in vitro and documenta t ion  of the appearance 
of LXA4 in humans  after  given an in f lammatory  stimu- 
lus. 
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Triacylglycerol Assembly from Binary Mixtures of Fatty Acids 
by Apiotrichum curvatum 
Inmok Lee a, Earl G. Hammond a,*, James L. Comette b and Bonita A. Glatz a 
aDepartment of Food Science and Human Nutrition and Center for Crops Utilization Research and bDepartment of Mathematics, 
Iowa State University, Ames, Iowa 50011 

To observe how the stereospecific distribution of acyl 
groups in triglycerides is affected by the composition of 
fat ty  acids available for esterification, the oleaginous 
yeast  Apiotrichum curvatum was grown on various 
binary mixtures of palmitic, stearic, oleic and iinoleic 
acids as carbon sources, and the yeast  triglycerides were 
analyzed. When oleic acid-linoleic acid mixtures in 
various ratios were used as substrates, the yeast  grew 
wel l  and the composition of the intracellular triglycerides 
reflected the substrate composition, but more linoleate 
than oleate was deposited in the triglycerides. Oleate was 
favored over iinoleate at the sn-2 position of the glycerol. 
With substrates contninlng pRImltic and stearic acids, the 
yeast  accumulated less oil, and incorporation of stearic 
acid into the triglycerides also was very limited. When 
mixtures of palmitic acid-oleic acid and palmitic acid- 
linoleic acid were used as substrates, the yeast triglyceride 
composition did not reflect that of the substrate, and the 
accumulation in the yeast of the unsaturated acid in the 
substrate was favored. Possibly, the yeast  had more 
limited access to solid than to liquid substrates. For oleic 
acid-linoleic acid substrates, when the percentages of 
oleate and linoleate at the three glycerol positions were 
plotted vs. the percentage of these acyl groups in the total 
triglyceride, apparent linear relations were observed for 
most  of the range, and the sums of the intercepts and 
slopes of the three lines for each acyl group were 0 and 
3, respectively. Two mathematical  models of triglyceride 
assembly are proposed, both of which fit the experimen- 
tal  data. One model assumes that  for a certain propor- 
tion of the glycerol molecules, the acyl composition of the 
three sn positions is rigidly controlled independently of 
the substrate concentration. The other assumes that  the 
various acyl groups are distributed on the three sn posi- 
t ions of glycerol with different affinities. 
Lipids 28, 1055-1061 (1993). 

Triglyceride structure affects the consistency, stability 
and nutritional value of fats and oils (1-3), but because 
of the complexity of triglyceride mixtures, a complete 
analysis of triglycerides is seldom achieved. Stereospecific 
analysis of the acyl composition on the three positions of 
glycerol has revealed that the distribution of acyl groups 
is not random (3,4). It has been suggested that  the re- 
straints manifest in the stereospecific distribution account 
for the triglyceride structure, but analyses of olive oil sug- 
gest that  other restrictions on the distribution also occur 
(5). Various proposals have been made to account for the 
distribution of acyl groups on the positions of glycerol, 
especially in oilseed, where the triglyceride supposedly is 
simply deposited during seed development. The distribu- 

*To whom correspondence should be addressed at Department of 
Food Science and Human Nutrition, Food Sciences Building, Iowa 
State University, Ames, IA 50011. 

tion should reflect the biosynthetic pathways resulting in 
triglycerides and the specificity of the enzymes involved 
in the various steps, but the process is complicated by 
changes with time in the proportions of the acyl groups 
being deposited and by exchange reactions among the 
various lipid classes involved in the biosynthesis (6). 
Studies with labeled precursors and intermediates have 
led to helpful insights into triglyceride synthesis, but such 
studies often are limited by the insolubility of lipid sub- 
strates in water and the nonphysiological conditions 
sometimes required for the experiments. 

A number of generalizations can be made about the 
observed distribution of acyl groups on glycerol, and these 
have been reviewed by Litchfield (3). One of these general- 
izations notes that, for a group of individual plants or 
animals with different acyl group compositions, there are 
linear relations between the percentages of a particular 
acyl group on the three glycerol positions and the percent- 
age of that acyl group in the whole triglyceride mixture. 
Such linear relations have been reported in corn (7), soy- 
bean (4,8), oat (8), cruciferae (9) and peanut (10,11) oils. 

The oleaginous yeast Apiotrichurn curvaturn ATCC 
20509 (formerly known as Candida curvata D) will ac- 
cumulate oil when grown on sugar or fat substrates if 
nitrogen for growth is limiting (12). It also will grow on 
fat ty acids with 14-20 carbon chain lengths and ac- 
cumulate triglycerides, but it grows best on palmitic~ oleic 
or linoleic acid (13). It tends to deposit the same acyl 
groups that are in its substrate with minor modifications. 
In the yeast triglycerides, oleate tends to be favored on 
the sn-2 position of the glycerol, and saturated fatty acids 
are strongly favored on the sn-1 and sn-3 positions. 

The characteristics of this yeast make it possible to 
study the effect of a wide range of oleate/linoleate ratios 
on the stereospecific distribution in the triglycerides, and 
the results of such a study are reported in this paper. From 
a few simple assumptions about triglyceride assembly, 
two models were derived that account for many of the rela- 
tions observed in yeast and oilseeds. 

MATERIALS AND METHODS 

Apio tr ichum curvatum was maintained as refrigerated 
slant cultures on yeast extract/dextrose/peptoneJagar 
(1:2:2:1.5, by wt) and transferred monthly. The con- 
stituents of the basal medium were (g/L): KHePO4, 2.5; 
MgSO4"7H20, 1.0; asparagine, 0.8; CaC12"2H~O, 0.2; 
NaC1, 0.06; FeC13"6H20, 0.02; MnSO4"H20, 0.002; 
ZnSO4"7H20, 0.001; thiamine-HC1, 0.001; and 
CuSO4"5H20, 0.0001 (12). The basal medium was ad- 
justed to pH 5.5 and supplemented with 18 g/L of fat ty 
acids purchased from Sigma Chemical Ca (St. Louis, MO). 
When linoleic acid was used as a carbon some, it was sup- 
plemented with 1,000 ppm of butylated hydroxyanisole 
to prevent oxidation during incubation. 

A seed culture was prepared by inoculating about 5 • 
105 cells from a slant culture into 100 mL of heat- 
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sterilized basal  medium with the fa t ty  acids isolated from 
saponified corn oil as a carbon source  The culture was 
grown in 250-mL flasks in a Labline orbital  shaker  
{Melrose Park, IL} a t  32~ and 180 rpm. The seed culture 
was in late logari thmic growth af ter  about  2 d, a t  which 18:1/18:2 
t ime its  optical densi ty  a t  440 nm was normal ly  9 to 10. ratio 
One milliliter of 48-h seed culture was inoculated into 
100 m L  of medium containing the subs t ra te  lipid to be 100:0 
tested. The tes t  cultures were grown for 7 d under  the 
same conditions used for the seed cul tur~ 

Residual oleic or linoleic acid was separated f rom the 94:6 
culture, and the yeas t  oil was ext rac ted according to 
H a m m o n d  e t  al. (12} by sequential  extract ion with 
ethanol, hexane and benzene Fa t ty  acid mixtures  having 
palmit ic  and stearic acid were emulsified with 5 g/L g u m  85:15 
acacia by  blending af ter  sterilization, and agi ta t ion was 
decreased to 140 rpm. When emulsified subs t ra tes  were 
used, the yeas t  cell mass  could not  be separa ted  com- 
pletely; so after  removal  of as much  of the cell mass  as 76:24 
possible by  centrifugation, the superna tan t  was evape~ 
ra ted in a ro ta ry  evaporator,  and the residue was pooled 
with the cell mass  recovered by centrifugation.  Extrac-  
t ion of lipid in the pooled cel mass  was accomplished as 67:33 
befor~ 

The amount  of triglyceride in yeas t  oil was determined 
by thin-layer chromatography (13). Aliquots of the ethanol 
ext rac t  and pooled hexane and benzene ex t rac t s  were ap- 45:55 
plied to layers 1.0 m m  thick. The plates  were developed 
in hexane/diethyl ether/acetic acid (50:50:1, by  vol), and 
bands were visualized by spraying with 0.2% dichlorofluo- 33:67 
rescein in ethanol and viewed under ultraviolet light. The 
triglyceride bands were scraped from the plates and eluted 
with  diethyl ether, and the residue was weighed after  
evaporat ion of the ether  under nitrogen. 15:85 

Stereospecific analysis  was done according to Christie 
and Moore (14). For f a t ty  acid analysis, glycerides were 
transesterified by the method of Frey and H a m m o n d  (15), 
and the methyl  esters were analyzed on a Varian Model 10:90 
3700 Gas Chromatograph (Sugarland, TX) equipped with 
a 1.8 m • 3.3 m m  colunm of 10% SP-2330 on Chromosorb 
WAW (Supelco, BeUefonte, PA) and a f lameqonizat ion 
detector. 0:100 

RESULTS AND DISCUSSION 

S t r u c t u r e  o f  t r i g l y c e r i d e s  f r o m  A. cu rva tum g r o w n  o n  
o le ic  a c i d - l i n o l e i c  a c i d  m i x t u r e s .  Table 1 shows the f a t ty  
acid composi t ion and stereospecific dis t r ibut ion of the 
acyl groups in triglycerides f r o m  A .  c u r v a t u m  g r o w n  on 
pure oleic acid or linoleic acid and on mixtures of oleic and 
linoleic acids as carbon sources. Sa tura ted  acyl groups in 
the  yeas t  triglycerides amounted  to <6% in all instances. 
Figure 1 shows the percentages of oleate and linoleate in 
the yeast  triglycerides plotted vs. the percentages of these 
f a t ty  acids in the substrate.  The intercept  of the oleate 
line is very near  zero, but  tha t  of the linoleate line is about  
+8%. Seemingly, linoleate is accumulated in sl ightly 
greater  amounts  than  oleate from binary  mixtures  of the 
acids, and when one of the pure acids was the substrate,  
there was greater  conversion of oleate to linoleate than  
of linoleate to oleate by the yeast .  The plots  had a lmost  
the same slopes and correlation coefficients (0.892 and 
0.9988 for oleate and 0.900 and 0.9984 for linoleate, 
respectively}. 

TABLE 1 

Stereospedfic Analysis of Triglycerides from Ap/otr/chum curvahun 
G r o w n  o n  O l e i c  A c i d  a n d  Linoleic Acid at Various Ratios 

Acyl composition 
16:0 18:0 18:1 18:2 

TG a 0.8 0.7 92.2 6.3 
sn-1 2.4 0.6 91.1 5.9 
sn-2 b - -  93.5 6.0 
sn-3 -- 1.5 91.6 7.0 

TG 3.4 2.6 83.5 10.5 
sn-1 N.A. c 
sn-2 -- -- 92.9 7.1 
sn-3 N.A. 
TG 1.3 1.0 76.9 20.8 
sn-1 3.4 1.4 66.0 29.3 
sn-2 0.5 0.2 86.6 12.6 
sn-3 -- 1.4 78.1 20.5 

TG 1.4 1.1 65.7 31.9 
sn-1 2.9 1.4 56.9 38.9 
sn-2 - -  - -  80.8 19.2 
sn-3 1.3 1.9 59.4 37.6 
TG 1.1 1.3 57.1 40.5 
sn-1 2.0 1.2 50.3 46.6 
sn-2 -- -- 73.0 27.0 
sn-3 1.3 2.7 48.0 47.9 

TG 0.8 0.8 39.6 58.8 
sn-1 1.5 0.9 30.9 66.7 
sn-2 0.2 0.1 56.1 43.5 
sn-3 0.7 1.4 31.8 66.2 
TG 0.8 1.0 29.0 69.2 
sn-1 1.6 0.9 22.8 74.8 
sn-2 -- -- 43.8 56.2 
sn-3 0.8 2.1 20.4 76.6 
TG 1.3 1.3 13.8 83.6 
sn-1 3.6 2.1 8.7 85.7 
sn-2 0.5 0.3 27.6 71.6 
sn-3 -0.2 1.5 5.1 93.5 
TG 1.2 1.6 9.0 88.2 
sn-1 3.6 2.4 7.5 86.5 
sn-2 -- -- 14.7 85.3 
sn-3 -- 2.4 4.8 92.8 

TG 0.9 1.5 1.3 96.3 
sn-1 2.3 1.5 0.7 95.5 
sn-2 -- -- 2.2 97.8 
sn-3 0.4 3.0 1.0 95.6 

aTriglyceride, bNot detected. CData not available. 

In  the triglycerides from the yeas t  grown on oleic acid-  
linoleic acid mixtures, oleate was favored at  the sn-2  posi- 
tion compared with linoleat~ The same trend was reported 
in oat  off (8}, bu t  in many  seed otis, linoleate is favored 
in the sn -2  posit ion (3). The percentages of oleate and 
linoleate in the sn-1,  sn -2  a n d  sn -3  posit ions were linearly 
related to the total  percentages of these acyl groups in the 
triglyceride over a certain range. For oleate, the range was 
approximate ly  15-70%, and for linoleate it was approx- 
imately  25-80%. The slopes, intercepts  and correlation 
coefficients for the linear ranges of oleate and linoleate 
are given in Table 2. The sign of the intercepts  {positive 
or negative} in Table 2 indicates whether  the p lacement  
of an acyl group in a certain posit ion is favored or not. 
Slopes greater  than  1 indicate that ,  as the amount  of an 
acyl group in the whole oil increases, there is a tendency 
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FIG. 1. The percentage of oleate and linoleate in the Apiotr ichum 
curvatum triglycerides v& their percentage in the substrates on which 
the yeast  was grown. Standard linear regression lines are shown. 

to place more of it in a part icular  glycerol position than  
is present in the whole oil. A slope less than 1 indicates 
the opposite The slopes in Table 2 are close to 1, but  slopes 
tha t  deviate significantly from 1 are not  unusual  in 
vegetable otis {4,8}. 

Theoretical treatment  of  glyceride distribution. Fatemi 
and Hammond  (4) observed that ,  if the slopes and in- 
tercepts of plots, such as those described in the preceding 
paragraph, were determined for soybean oil, the slopes for 
a particular acyl group for the three positions would total  
3 and the intercepts would total  0. The use of plant 
varieties for such plots limits the range of the data  to the 
range of fa t ty  acid compositions tha t  are available Pan 
and Hammond  (8) pointed out  that ,  al though these plots 
were linear over the range tha t  could be observed, it  was 
impossible for them to be linear over their entire range 
and tha t  the fines must  bend toward 0,0 and 1,1 at  their 
extremes. The data obtained with A. curvature have made 
it possible to examine a much longer range and to verify 
this prediction. 

Two models are proposed to account for the data  shown 
in Tables 1 and 2 and Figure 1. Model 1 can be used to 
explain the apparently linear relations, with slopes of the 
lines in Table 2 adding to 3.0 and intercepts adding to 0.0. 
The derivation is based on the simple hypothesis  {Model 

T A B L E  2 

Linear Regression of the Percentage of an Acy l  Group 
at the sn Posit ions of Glycerol vs. the Percentage 
of the Acy l  Group in the Total  Triglyceride a 

Fatty acid Position Intercept Slope r b 

Oleate sn-1 -4.76 0.94 0.9986 
sn-2 14.05 1.03 0.9992 
sn-3 -9.30 1.03 0.9991 
Sum -0.01 3.00 

Linoleate sn-1 10.02 0.93 0.9966 
sn-2 - 14.04 1.01 0.9984 
sn-3 4.02 1.06 0.9994 
Sum 0.00 3.00 

aRanges used for this linear regression were 13.8-65.7% for oleate 
and 31.9-83.6% for linoleate in the total triglyceride. 
bCorrelation coefficient. 
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1) that ,  for some fraction of the glycerol molecules, there 
are enzymes tha t  determine which acyl groups appear at  
the sn-1, sn-2 and sn-3 positions independently of the 
substrate  concentration. This might  be accomplished 
ei ther by controlling which acyl group gets  a t tached or 
by possible conversion of acyl groups from one form to 
another  after a t tachment  to the glycerol backbone. An 
alternate, simple model {Model 2) derived from basic 
chemical kinetics assumes tha t  the glycerol positions are 
filled in proportion to substrate concentrat ion but  tha t  
the three sn positions of glycerol have different affinities 
for the various acyl groups. Model 2 leads to nonlinear 
relations, all of which pass through 0,0 and 1,1; however, 
Model 2 fits the seemingly linear data  ra ther  well. Both  
models assume tha t  there are just  two acyl groups, A and 
B, and tha t  they are present in the substrate  in the pro- 
portions a:/Z respectively, with a + /3  -- 1. However, as 
a first approximation, the models can be used when more 
than two acyl groups are being studied, by let t ing A 
denote one specific acyl group and B denote all of the re- 
maining acyl groups collectively. For the data  in Table 1, 
A is identified with oleate and B with finoleate B is 
favored at  positions sn-1 and sn-3, and A is favored at posi- 
tion sn-2. The models can be easily adapted to other posi- 
tional preferences. 

Model  1. Assume that  there are enzymes, E~, E2 and 
E3, tha t  control the character of the acyl groups attached 
to, respectively, the sn-1, sn-2 and sn-3 positions on cer- 
tain fractions of the glycerol molecules. Assume tha t  E1 
affects a proportion, Pl, of the glycerol molecules and en- 
sures tha t  acyl group B is a t tached to position sn-1. The 
action could be accomplished by selecting B and attaching 
it to sn-1, by blocking the a t tachment  of A to sn-1, or by 
convert ing to B all acyl groups A at sn-1 in the fraction 
affected by E~. The fraction, 1 -  p ,  of the glycerol 
molecules tha t  is not  affected by E1 has A and B at- 
tached to sn-1 in the substrate proportions a:fs Enzyme 
E2 acts at  position sn-2 to ensure acyl group A is attach- 
ed to sn-2 on a fraction P2 of the glycerol molecules, and 
enzyme E 3 ensures tha t  B appears at position sn-3 on a 
fraction P3 of the glycerol molecules. I t  is not  necessary 
to assume tha t  the enzymes act independently, so that,  
for example, the fraction of the glycerol acted on by both  
E~ and E 3 may be different from the fraction PFP3 tha t  
would be expected from independence 

Analys i s  o f  Model  1. At position sn-1, the fraction p~ 
of the glyceride molecules has acyl group B, and 1 - Pl 
of the molecules has acyl groups A and B distr ibuted ac- 
cording to the ratio a:/~. Therefore, the fraction, A~, of 
glyceride molecules with acyl group A at  sn-1 is 
{1 - p~)a. At position sn-2, the fraction P2 of the mole- 
cules has A, and 1 - P2 of the molecules has A and B in 
the proportions a:/~, so tha t  the fraction A 2 of glyceride 
molecules with acyl group A at  sn-2 is p~ + ( 1 -  p2)a. 
Analysis of position sn-3 is similar to sn-1, and the frac- 
tion, A 3, of glyceride molecules with acyl group A at sn-3 
is (1 -- p3)a. The fraction, A., of the total positions on the 
glyceride molecules on which fa t ty  acid A appears is 
(A~ + A2 + A3)/3. This yields Equat ions  1 and 2. 

AI -- (i - Pl) a 

A 2 = (1 - -  P 2 )  a + P 2  

A 3 = (1 -- P3) a [1] 
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A . - = ( 1  Pl + P2 + P 3 )  P2 
3 a +--~  [2] 

Because A .  + B .  = 1, one obtains  from Equat ion 9c 

B , = ( 1  P] -I- P2 + P~) ~ P3 
3 P + --  + -3 [3] 

and in a similar way one can obtain equations for B,, B 2 
and B 3 from Equat ions  1. Equat ions  2 and 3 describe 
linear relations as illustrated in Figure 1, in which the frac- 
tion of an acyl group in the trigtyceride appears to be 
linearly related to the fraction of the acyl group in the 
substrat~ Note tha t  the slopes are equal, consistent with 
the observed slopes shown in Figure 1 of 0.90 and 0.892. 
Both  intercepts are positive in Equat ions  2 and 3 at zero 
substrate concentrations, due to the hypothesized en- 
zymatic specificity for the fa t ty  acids. Only one intercept 
is positive in Figure 1, but  it is this positive intercept tha t  
motivates a model in which an acyl group of a certain type 
is placed on the glyceride molecule independently of the 
amount  in the substrate. The linear Equat ions 1 can be 
fit by the method of least squares to oleate data in Table 1 
to get estimates of p,, P2 and P3 for use in Equat ion 2. 
In a similar way, linoleate data  from Table 2 can be used 
to get estimates of p,, P2 and P3 for use in Equat ion 3. 
With these values, the graphs of Equat ions 2 and 3 are 
almost indistinguishable from the regression lines shown 
in Figure 1. The two sets of estimates are similar, 
(0.1994,0.0972,0.1672) and (0.1490,0.1001,0.1350), with the 
two estimates for P2 being very close, since nearly all the 
acyl groups at sn-2 are either oleate or linoleate~ 

To get equations descriptive of the linear relations found 
in Table 2, one eliminates a between the expressions for 
A~, i = 1, 2 and 3, in Equat ions  1 and A .  in Equat ion 2, 
and obtains Equat ions 4. 

3(1 --  Pl) (1 -- Pl)P2 
A ,  - -  - -  - -  

A1 = 3 - Pl - P2 -- P3 3 -- Pt P2 P3 

3(1 - -  P2) (2 - Pl - -  P3)P2 
= A ,  + 

A2 3 -- Pl - P2 - P3 3 -- Pl -- P2-- P3 

3(1 - -  P3) (1 - -  P3)P2 
= A, _ [4] 

A3 3--  Pl--  P2-- P3 3 -  Pl P2-- P3 

Observe tha t  the sum of the slopes is 3 and tha t  the in- 
tercepts sum to 0, as is true of the data  shown in Table 2. 
Equat ions 4 yield values of A i between 0 and 1 when 
p2/3 < A .  < 1 - pJ3  - p3/3. Figure 2 is a plot of the 
oleate on the three sn  positions of glycerol vs. the oleate 
in the total triglyceride with the linear Equat ions 4 fit 
to the data. The lines correspond t~  and are almost ex- 
actly the same as, those in Table 2. Because the equations 
are not linear in Pl, P2 and P3, nonlinear least squares fit- 
t ing procedures are required. 

M o d e l  2. Assume tha t  the affinities for A and B at the 
sn-1 position are, respectively, K(1,A) and K(1,B). The num- 
ber of A aeyl groups that  a t tach to sn-1 will depend on 
the substrate fraction a and the ratio of K(1,A) to K(1,B). 
The fraction of A on sn-1 is assumed to be Equat ion 5. 

K(I,A)a K(I,A)a rla 

K(I,A)a + K(1,B)/3 K(I,A)a + K(I,B)(1 -- a) rla Jr- i - -  a 

[5] 
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FIG. 2. The percentage of oleate in the sn-1, sn-2 and sn-3 posit ions  
of glycerol v s .  the percentage of oleate in the total  triglyceride fit- 
ted with Equations 4 with Pl -- 0.2673, P2 = 0.1657, P3 = 0.2715. 
The range of 13.8-65.7% oleate in the total triglyccride was used, 
as  in Table 2. 

where 

K(I,A) 
r 1 -- [6] 

K(1,B) 

Assuming tha t  B is preferred at sn-1 (meaning that  the 
binding affinity for B at sn-1 is higher than for A), one 
would have r 1 < 1.0. Similar notation is assumed for sn-2 
and sn-3, with r 2 > 1.0 and r 3 < 1.0. 

A n a l y s i s  o f  M o d e l  2. From the definitions in Model 2 
and of A.,  A 1, A2 and A3, one immediately obtains Equa- 
tions 7-9. 

r l a  
A 1 -- 

rla + 1 -- a 

r2a 
A 2 -- 

r2a + 1 -- a 

A 3 -- r3a [7] 
r3a + 1 -- a 

A ,  ~ [  r ,a  r2a r3a ] = + + [8] 
rla + 1 - a r2a + 1 -- a r3a + 1 -- a 

As in Model 1, From A.  + B.  = 1, one obtains an 
expression: 

1[ ~ + /3 + _/3fj) ] [9 ]  
B ,  = ~ r](1 - + / 3  r2(1 - /3) + /3 r3(1 + f3 

and in a similar way one can get equations for B~, B 2 and 
B 3. In Equat ion 8, the relation between A .  and a is not  
linear, and the graph passes through 0,0 and 1,1. One can 
use a nonlinear minimization computer code to do a least 
squares fit of Equat ions 7 to the oleate data of Table 1 
in order to get estimates for rl, r2 and r 3 for use in Equa- 
tion 8, and a fit of a similar set of equations to the linoleate 
data  and for use in Equat ion 9. Doing s(~ we obtain a 
figure analogous to Figure 1, shown in Figure 3. I t  is ap- 
parent from the graphs that  the relations are not linear 
and that  the intercepts are all at  0,0 and at 1,1. 

One can eliminate a between Equat ions 7 and Equa- 
tion 8 and obtain the following equations analogous to 
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F I G .  3. T h e  percentage  of  o leate  and l ino l ea te in  y e a s t  tr igtycer ides  
v& their percentage  in the  substrate  wi th  the  graphs  of Equat i ons  
8 and 9. The  va lues  of r l ~  -- 0.4651, r2, A = 1.5460, r3, A ---~ 0.5041 
were  obtained from f i t t ing Equat ions  7 to  o leate  data  in Table I and 
used  in Equat ion  8. A s imi lar  procedure w a s  used  to  obt~ |n  rr, B = 
0.6468, r2, B -- 1.5689, r3, B ~ 0 .5768 for use  in Equat ion  9. 

Equat ions  4 and descript ive of the  relations shown in 
Figure 2 (see Equa t ions  10). 

Air2 3A. = A] Jr + 
(r 2 -- rl)A 1 + r 1 

A2rl 
3A, -- + A 2 -b 

(r 1-r2)A2 + r 2 

3A, Aarl -- -I- [10] 
(r I -- r3)A 3 "4- r 3 

Air3 
(r 3 -- rl)A I + r 1 

A2r3 
(r 3 -- r2)A 2 + r 2 

A3r2 
+ A 3 

(r 2 -- r3}A 3 + r 3 

To write Ai in te rms  of A .  requires comput ing  the root 
of a cubic, and it  is be t te r  to use a root-solving routine 
to compute  the  value of Ai, given A. ,  as needed. These 
equations are homogeneous in the values rl, r2 and r3; the 
relations defined for one set  of values rl. r2 and r 3 will be 
exact ly  the same for another  set  of values Cr 1, Cr 2 and 
Cr 3 for any nonzero number  C. Therefore, in f i t t ing these 
equations to data,  such as t ha t  represented in Figure 2, 
only the  relative values of rl, r 2 and r 3 will be obtained. 
We normalized the three equat ions by dividing by r 2, 
(equivalent to res t r ic t ing r 2 to be 1.0), fit the equat ions 
to the da ta  in the oleate column of Table 1 and obtained 
rl = 0.3146 and r3 = 0.3308. These compare  with the 
values in Figure 3, rl,A/r2, a = 0.3008 and r3,A/r2, A ---- 
0.3261. The result ing curves are shown in Figure 4, where 
it can be seen tha t  these curved lines fit the data very well 

In plots analogous to Figure 2, the slopes add to 3, and 
the intercepts add to O. The da ta  for Figure 2 are based 
on N measurements  {A~j}j=I. N of oleate percentages at  
each position, sn-i, i = 1, 2 and 3, and computa t ion  of 
A .  j ~--- (At j "Jl- A 2 j "3 L A 3 j)/3, j = I, N. Similar plots  are 
sho~vn in (4,8,10,]'I) in which s t ra ight  hnes Ai = mi A .  
+ b i are fit by the method  of least  squares  to the da ta  
{A~j,A,j}j= 1.N for i = 1, 2 and 3. We will show tha t  for 
all such regressions, there is an algebraic ident i ty  tha t  
m l +  m2 + ms = 3 a n d b l  + be + b3 = 0. From the 
method of least  squares, the "normal  equations" (16) used 
to obtain m~ and b i (for i = 1, 2 or 3) are represented by 
the ma t r ix  equation, Equat ion  11. 

F I G .  4. The  percentage  of o leate  in the  sn-l, sn-2  and sn-3 pos i t ions  
of g lycerol  vs. the  percentage  of o leate  in the  tota l  tr iglyceride fit- 
ted  wi th  Equat i ons  10; r 1 = 0.3146, r 2 = 1.0 and r 3 = 0.3380. 

s= l  L J=l 

[11] 

The mat r ix  on the left is indepdent  of i and is invert ible  
Adding the three equations for i -- 1, 2 and 3, one obtains 
Equa t ion  12. 

t A , j  A, j  ml + m 2 + m3 A,j(AI~+A2]+Asj)  j ' =  , '  , "  , "  , "  

| + + 
_J L j= l  ' , , 

[12] 

Using the definition of A . j  = (A1j + A2.j + Aa, j)/3, one 
obtains  Equat ion  13. 

, ][ jL:I ZA2, j ZA. , j  m 1 + m 2 + m 3 [ 3 Z A ,  j 

[13] 

This las t  mat r ix  equat ion has the solution ml + m2 + 
m3 = 3 and b~ + b 2 -}- b3 = 0, which is unique because 
the ma t r ix  on the left is invert ible  

Biological significance of the models. The biased 
distr ibution of acyl groups at  the sn posit ions of glycerol 
has most ly  been a t t r ibu ted  to biases in the specificity of 
the enzymes involved (6). Model 2 shows tha t  if these 
biases are the only factors operating, plots  such as those 
in Figures 2 and 4 cannot be linear; however, the curvature 
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of the plot  may  be sl ight enough to appear  linear over a 
short  range of variation. The yeas t  da ta  reported here are 
the only da ta  available with enough range to demonstra te  
such curvature, and their  fit, i l lustrated in Figure 4, sup- 
por t  this model. Model 2 is also supported by  reports  tha t  
the amounts  of individual triglycerides in seed fats  agree 
fairly well with the amounts  predicted by stereospecific 
analysis and 1-random-2-random-3-random distr ibution 
Equat ions  4. 

For a t ruly  linear outcome of plots, such as those in 
Figures 2 and 4, Model 1 teaches tha t  a fixed fraction of 
the triglycerides mus t  have a part icular  acyl group distri- 
bution tha t  is uninfluenced by the amounts  of f a t ty  acids 
available for esterification. Such a dis tr ibut ion might  
occur, for example, if a fraction of the tr iglycerides is al- 
ways formed from a certain pool of phosphat ides  wi th  
rigid acyl group compositions. This sort  of assumpt ion  
is suppor ted  by  plots  (e.g., Fig. 1) t ha t  show a fixed bias  
in the incorporation of linoleate regardless of the  amount  
available in the medium. This assumpt ion  also is sup- 
por ted by  the seeming l ineari ty of plots  (e.g., Fig. 2) for 
many  seed oils. This model also might  account for nonran- 
dom biases in acyl group dis tr ibut ion t ha t  cannot  be at- 
t r ibuted  to stereospecific distributions,  such as those 
reported for olive oil (5). 

Effect of substrate mixtures containing saturated fatty 
acid on the composition of  yeast triglycerides. The other  
b inary  mixtures  of f a t ty  acids could not  be studied over 
the wide range used for oleic acid-linoleic acid mixtures  
because the acyl group composit ion of A. curvatum tri- 
glycerides varied over a relatively narrow range, regardless 
of the ratios of f a t ty  acids in the substrate. Also the emul- 
sions of solid, saturated,  high-melt ing acids used as sub- 
s t rates  made it difficult to isolate the yeas t  tr iglyceride 
for stereospecific analysis. Table 3 shows the f a t ty  acid 

T A B L E  3 

Fatty Acid Composition of Triglyceride from Ap/otr/chum curvature 
Grown on Various Combinations of Saturated and Unsaturated 
Fat ty  Acids as Carbon Sources a 

Acyl composition 
Carbon source 16:0 16:1 18:0 18:1 18:2 

16:0/18:0 = 75:25 60.7 11.6 1.3 23.9 2.4 
50:50 56.5 8.7 2.7 28.3 3.8 
25:75 50.8 4.5 6.5 33.6 4.5 

16:0/18:1 = 75:25 39.9 3.1 1.6 50.7 4.8 
50:50 17.7 -- 1.5 78.3 2.5 
25:75 16.9 -- 1.6 78.8 2.7 

16:0/18:2 = 75:25 25.3 1.7 1.9 6.3 64.8 
50:50 15.0 -- 1.7 2.3 81.1 
25:75 14.9 -- 2.0 4.0 79.1 

18:0/18:1 = 75:25 0.9 -- 9.7 86.4 3.1 
50:50 0.5 -- 2.5 95.1 1.2 
25:75 0.5 -- 3.1 94.7 1.7 

18:0/18:2 = 75:25 -- -- 6.0 2.1 91.9 
50:50 0.5 -- 5.7 1.5 92.3 
25:75 0.5 -- 3.7 1.3 94.5 

16:0 = 100 61.3 13.9 0.8 21.5 2.6 
18:0 = 100 0.9 -- 48.0 46.1 5.1 
18:1 = 100 0.8 -- 0.7 92.2 6.3 
18:2 = 100 0.9 - -  1.5 1.3 96.3 

aThe compositions observed for substrates of single fatty acids used 
in the mixtures are included for comparison. 

composi t ion of triglycerides isolated from A. curvature 
grown on various binary combinations tha t  included satu- 
ra ted f a t t y  acids as carbon sources. When large propor- 
t ions of stearic acid were present  in the medium, the 
amoun t  of accumulated yeas t  oil decreased (data not  
shown) in agreement  with the previous observat ions by  
Lee et al. (13). Less than  10% stearic acid was observed 
in the yeas t  triglycerides even from a subst ra te  with 75% 
stearic acid. Seemingly, the yeas t  reluctantly used and in- 
corporated stearic acid into i ts  triglycerides. In  a s tudy  
using cell-free extracts  and spheroplasts,  Holdsworth and 
Ratledge (17) reported tha t  the act ivi ty of f a t ty  acyl coen- 
zyme A (CoA) syn the tase  in A.  curvatum was some 6- to 
8-fold lower with stearic acid than  with palmitic, oleic and 
linoleic acids. The apparent ly  poor subs t ra te  act ivi ty  of 
this enzyme with  stearic acid migh t  account  for the very  
l imited util ization of stearic acid and i ts  low incorpora- 
tion into the triglyceride In  the stearic acid-oleic acid and 
palmit ic  acid-oleic acid mixtures,  the presence of satu- 
ra ted acids seemed to decrease by 2-4% the linoleate 
found in the yeas t  tr iglyceride compared  with t ha t  found 
for pure oleic acid as a substrate~ 

Al though Holdswor th  and Ratledge (17) reported t h a t  
the activit ies of f a t t y  acyl CoA syn the tase  for p Mmitic 
and linoleic acids were similar, our microscopic observa- 
t ion of the yeas t  showed tha t  they accumulated less lipid 
as the proport ion of palmitic acid increased in the sub- 
strate. In  palmit ic  acid-s tear ic  acid mixtures,  the yeas t  
seemed to prefer palmit ic  over stearic acid because the 
yeas t  tr iglyceride contained much  more pMmitate  than  
stearate. With  palmit ic  acid-oleic acid or pMm]tic acid-  
linoleic acid substrates,  the yeas t  contained only 15-18% 
palmi ta te  when the proport ion of palmit ic  acid was 
25-50%. I t  is suggestive tha t  the 15-18% palmitate found 
in these triglycerides corresponded to the solubility of 
palmitic acid in oleic acid at  33~ namely, 15.7% (18). I t  
appears  likely tha t  the access of the yeas t  to solid lipid 
subs t ra te  is less than  for liquid fa t ty  acids, and this influ- 
ences the  proport ions of the acyl groups in the yeas t  
tr iglycerid~ The percentage of pa lmi ta te  in the  triglyc- 
eride increased to 25-40% when the proportion of pMmitic 
acid in the subs t ra te  was 75%. Much more pa lmi ta te  was 
found in combinat ion with oleate than  with linoleate. 

Table 4 shows the stereospecific analyses of three tri- 
glycerides t ha t  we were able to isolate from yeas t  grown 
on mixtures  containing palmitic acid and an unsa tura ted  
acid. The palmitate  accumulated in the sn-1 and sn-3 posi- 
tions, and the amounts  of unsaturated acyl groups in these 
posit ions decreased relative to the amounts  found for 
subs t ra tes  of pure oleate or linoleate. 
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TABLE 4 

Stereospecific Analysis of Triglycerides from Apiotrichum curvatum 
Grown on Mixtures of PAlmltic Acid and Oleic Acid or Linoleic Acid 

Acyl composition 
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The rate of  uptake of stearic acid and cholesterol solubil- 
ized in taurocholic  acid ( ~ )  was  examined in rabbit 
jejunal brush border membrane  vesicles  (BBMV). For 
stearic acid (18:0) or cholesterol  there was  an initial rapid 
rate of  uptake,  which reached a plateau within approx- 
imately I min and remained stable thereafter. At  low con- 
centrations of  18:0 and 20 mM, but  not  2 mM, TC, there 
was  a curvilinear relationship between the concentration 
of  18:0 and uptake,  whereas  the relationship between 
cholesterol  uptake and concentrat ion was  linear over a 
wide range of values.  When the concentrat ion of  TC was  
held constant  at increasing concentrat ions  of  18:0 or 
cholesterol,  there was  a linear increase in the rate of  up- 
take. When the concentrat ion of 18:0 or cholesterol  was  
held constant  and the concentrat ion of TC was  increased 
from 2 to  20 mM, the uptake of 18:0 declined, but the rate 
of  uptake of  cholesterol  increased. When the concentra- 
t ions of 18:0 plus TC, or cholesterol  plus TC, were both 
increased in unison and their ratio was  held constant,  their 
rate of  uptake  increased. Thus,  (i) B B M V  m a y  be used to  
assess  the rate of  uptake of lipids; (ii) the partit ioning of  
cholesterol from bile acid micelles into the B B M V  appears 
to  be by way  of "collision" of the  cholesterol  with  the 
membrane.  In contrast ,  the uptake of  18:0 from the 
micelle into the membrane  vesicles  m a y  be by both the 
collision and the aqueous/dissociation models; and CuJ) 18:0 
uptake m a y  be mediated by both a concentration- 
dependent and a concentration-independent component .  
Thus,  stearic acid and cholesterol  seem to be taken up 
from bile acid micelles into rabbit B B M V  by different 
mechanisms.  
Lipids 28, 1063-1067 (1993). 

The intestinal uptake of lipids involves a variety of 
mechanisms by which lipids interact with the brush 
border membrane (BBM) of the small intestine (1-4). Up- 
take of lipids is thought to occur passively via an energy- 
independent diffusion process (5,6). A membrane fat ty 
acid binding protein may be involved in fatty acid absorp- 
tion in the intestine (7), and the uptake of both cholesterol 
and phosphatidylcholine may also be protein-mediated in 
rabbit small intestine (8,9). 

The mechanism by which lipid is transferred from the 
bile acid micelle to the BBM has been studied using in 
vitro experiments. These studies have provided evider~ce 
for the movement of lipid from the micelle into the 
aqueous phase, with the lipid then permeating into the 
BBM (10,11). Studies using intestinal BBM vesicles 
(BBMV) have suggested that  some portion of the uptake 
of lipids results from collision of micelles with the BBMV 
(8,12,13). BBMV are a useful model to study the uptake 

*To whom correspondence should be addressed at 519 Robert 
Newton Research Building, University of Alberta, Edmonton, 
Alberta, T6G 2C2 Canada. 
Abbreviations: BBM, brush border membrane; BBMV, brush border 
membrane vesicles; HEPES, N-(2-hydroxyethyl)piperazine- 
N'-2-ethanesulfonic acid; TC, tanrocholic acid. 

of lipid in the absence of an unstirred water layer and of 
cytosolic fatty acid binding proteins. 

The aim of this study was to examine the uptake of 
stearic acid and cholesterol into jejunal BBMV of rabbits 
under conditions of varying concentrations of bile acid, 
and varying ratios of bile acid to stearic acid or cholesterol. 
The results suggest that stearic acid and cholesterol may 
be taken up from bile acid micelles into intestinal BBMV 
by different mechanisms. 

MATERIALS AND METHODS 

Chemicals. [1-14C]Stearic acid (55.3 mCi/mmol) and 
[14C]cholesterol (55 mCi/mmol) were purchased from ICN 
Radiochemicals (Irvine" CA). Phloretin, N-(2-hydroxy- 
ethyl)piperazine-N'-ethanesulfonic acid (HEPES), Tris- 
HC1 and taurocholic acid (TC) were obtained from Sigma 
Chemical Co (St. Louis, MO). All other chemicals were 
reagent grade- 

Isolation o f B B M V .  BBMV were prepared at 4~ us- 
ing a modification (14) of the method described by Ling 
et al. (15). Female New Zealand white rabbits weighing 
2.0-2.5 kg were given an injection of sodium pentobarbital 
(240 mg/kg) into the marginal ear vein. 

Approximately 80 cm of jejunum distal to the ligament 
of Treitz was removed and flushed three times with 60 mL 
of 0.9% ice cold saline. The tissue was then placed on a 
pre-chilled glass slide and moistened with a small volume 
of Tris-mannitol buffer (50 mM mannitol, 2 mM Tris, pH 
7.1). The mesenteric border was removed and the intestine 
was opened, exposing the mucosal surface- The mucosa 
was removed by gently scraping with two glass slides and 
placing the scrapings into a vial containing 5 mL isola- 
tion buffer (300 mM D-mannitol, 10 mM HEPES-Tris, pH 
7.0). All steps were done at 4~ scrapings were 
transferred to a 250-mL polypropylene bottle with an ad- 
ditional 110 mL of isolation buffer homogenized using a 
Polytron | (Brinkman Instruments, Westbury, NY) at set- 
ting "9" for 30 s. The homogenate was centrifuged at 
500 • g for 15 rain (Beckman J2-21, JA-14 rotor, Beckman 
Instruments, Fullerton, CA). Sufficient 1M CaC12 was 
added to the supernatant to yield a 10 mM concentration; 
the mixture was then stirred on ice for 10 mi~ Following 
precipitation, the solution was centrifuged at 7500 • g for 
20 min (JA-14 rotor). The supernatant was decanted into 
50-mL polypropylene tubes and centrifuged at 28000 • g 
for 20 min (JA-20 rotor). The supernatant was then dis- 
carded~ and the pellet was resuspended in vesicle resuspen- 
sion buffer (300 mM D-mannitol, 10 mM HEPE~%Tris, pH 
7.4) and homogenized at setting "8" for 30 s. The homo- 
genate was centrifuged at 30000 X g for 20 min (JA-20 
rotor). The supernatant was discarded and the pellet 
resuspended in an appropriate volume of resuspension buf- 
fer and homogenized at setting "6" for 15 s. BBMV were 
incubated at 4~ for 90 min before uptake studies were 
done- The protein concentrations were determined using 
Hartree's modification (16) of the Lowry method (17) using 
bovine serum albumin as standard. 
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The purity of the BBMV was examined measuring 
sucrase and alkaline phosphatase activities (18,19). The 
final BBMV were enriched 10- to 15-fold. 

Preparation of the stearic acid probe. [14C]Stearic acid 
was combined with unlabelled stearic acid, dried down 
under a stream of nitrogen and reconstituted in lipid 
transport buffer (1 mM MgC12, 2 mM CaClz, 100 mM D- 
mannitol, 10 mM HEPES-Tris, 20 mM TC, pH 7.4) such 
that the final concentration of 18:0 was 50 or 200 ~M, and 
the final specific activities were 8.8 and 9.8 Ci]mol, respec- 
tively. The final probes were sonicated for 15 min in a 
water-bath sonicator {Branson 1200; Branson Ultrasonic, 
Danbury, CT} at 37~ 

Preparation of the cholesterol probe. [14C]Cholesterol 
was combined with unlabelled cholesterol and dried down 
under a stream of nitrogen and reconstituted in lipid 
transport buffer, yielding a final concentration of 50 ~M 
and a final specific activity of 20.8 Ci]mol. The probe was 
sonicated for 15 rain in a water-bath sonicator. 

Preparation of filter prewash. Stearic acid (300/aM) was 
solubilized in stock stop buffer {0.15 M KC1, 2 mM 
HEPES-Tris, pH 7.4) containing 30 mM TC. Similarly, 
cholesterol (300 ~M) was solubilized in stock stop buffer 
containing 20 mM TC. All filter prewash solutions were 
stirred at 48~ until the solutions cleared. 

Uptake studies. Transport studies were performed using 
a method of rapid filtration as described by Hopfer et aL 
(20). All incubations were done at room temperature 
(20~ For incubation times less than 1 min, 20 gL (60 ~g) 
vesicles and 20 ~L probe were pipetted into a polystyrene 
tube without the two drops touching. The reaction was 
initiated by mixing the two drops, maintained by continu- 
ous vortexing, and stopped by adding 1.25 mL of ice cold 
stop buffer {0.15 mM KCI, 2 mM HEPES-Tris, pH 7.4}. 

For incubation times greater than 1 min, 50 ~L of 
vesicles (150 ~g) was added to a polystyrene tube contain- 
ing 50 ~L of labelled substrate. The mixture was vortex- 
ed and allowed to stand for the duration of the incuba- 
tion. To stop the reaction, 40 ~L of the incubation mix- 
ture was added to 1.25 mL of ice-cold stop buffer. One mL 
of the stopped mixture was filtered through prewashed 
0.45/aM cellulose filters (Millipore, Bedford, MA; Micron 
Sep, Fisher E04WPO2500, Cincinnati, OH) under vacuum 
on an Amicon (Danvers, MA) filtration manifold VFMI. 
Similarly, blanks were prepared by adding 20 ~L of probe 
and 20 ~L of vesicle resuspension buffer followed by 1.25 
mL ice cold stop buffer. 

Standards were prepared by aliquoting 50 ~L of incuba- 
tion mixture that was pooled from the experiment onto 
a pre-washed filter. The filters were placed in vials and 
then dried at 55~ for 10 min, followed by the addition 
of 7 mL scintillation fluid {Beckman scintillation cocktail}. 

Radioactivity was determined using a Beckman LS 
9000 liquid scintillation counter. 

Experimental procedures. Stearic acid (25 or 100/aM) 
or cholesterol (25 ~IVI) uptake was studied as a function 
of t ime The lipids were solubilized in 20 mM TC and were 
incubated with BBMV suspension for 5-s to 16 min. 
Stearic acid was examined at concentrations of 1 to 200 
/aM, and cholesterol was studied at increasing concentra- 
tions of 1 to 50 ~VI. 

Stearic acid (25 or 100/aM) and cholesterol (25/aM) were 
examined at 5 s incubation periods with TC concentra- 
tions ranging from 2 to 20 mM. Stearic acid uptake with 

TC at fixed ratios of 12.5:1 or 1.25:1 (/aM 18:0 mM TC) and 
cholesterol (1.25:1) were examined at initial rates of 5-s in- 
cubation periods. Stearic acid (25 wM} and cholesterol (25 
/aM} uptake was studied when the pH of the vesicle 
resuspension buffer and lipid probe were maintained at 
pH 4.0, 6.0 and 7.4; the concentration of TC was 20 raM, 
and the duration of incubations was 5 s. 

The data for each point on the subsequent graphs repre- 
sent the mean value • standard error of four experimen- 
tal days on which four replicates were performed. Uptake 
in the time-course experiments was expressed as nmol]mg 
BBMV protein; it represents the total radioactivity of the 
sample minus the nonspecific binding of labelled lipid to 
the filter. To determine the best curve fit, Sigmaplot {4.1} 
graphics program (Jandel Scientific, San Rafael, CA) was 
used for the time-course experiments. For the concentra- 
tion curves, lipid/TC ratio {constant ratio of lipid/TC with 
increasing concentrations of both) and constant concen- 
tration of lipid with increasing TC, the uptake is presented 
as nmol per mg BBMV protein per second. First-order 
regressions and regression coefficients were calculated for 
experiments done under initial rate conditions (5 s}. 

RESULTS 

Time course of stearic acid and cholesterol. Studies of 
100 gM stearic acid (18:0) uptake as a function of time 
showed an initial rate of uptake that  plateaued within 2 
min at a value of approximately 35 nmol per mg BBMV 
protein {Fig. 1A}. Similarly, 25/aM 18:0 {Fig. 1B) and 25 
~M cholesterol {Fig. 1C) showed a rapid initial rate of up- 
take, equilibrating within 2 min at values of 3 and 4 nmol 
per mg protein, respectively. 

Lipid concentration curve. The uptake of 18:0 was 
greater from low (2 mM) than from high (20 mM) concen- 
trations of TC {Fig. 2A and 2B). The relationship between 
the concentration of 18:0 and uptake was linear when the 
18:0 was solubilized with 2 mM TC {Fig. 2A), but a cur- 
vilinear relationship was noted at low concentrations of 
18:0 when the fatty acid was solubilized with 20 mM TC 
{Fig. 2B). For cholesterol, there was a linear relationship 
between concentration and uptake {Fig. 2C}. 

Lipid and TC varied to maintain constant ratio. The con- 
centrations of 18:0 and TC were both increased in unison, 
maintaining a constant ratio of 12.5 ~M/1 mM {Fig. 3A) 
or 1.25 ~M/1 mM {Fig. 3B); there was a linear increase in 
18:0 uptake Similarly, cholesterol uptake increased at a 
linear rate as both cholesterol and TC concentrations were 
increased at a constant ratio of 1.25 ~AVI/1 mM {Fig. 3C). 

Constant lipid concentration with increasing TC. The 
uptake of 100 or 25 gM 18:0 decreased as the concentra- 
tion of TC was increased from 2 to 20 mM {Fig. 4A and 
4B), whereas cholesterol uptake increased as the TC con- 
centration was increased {Fig. 4C). 

DISCUSSION 

Several mechanisms have been postulated to explain the 
sequence of events occurring when lipid is transferred 
from bile salt miceUes in the intestinal lumen into the 
BBM. Uptake of the entire micelle is not supported by 
experimental data {21}. The second model involves a "col- 
lision" between the micelle and the BBM whereby the 
solubilized lipid moves directly from the micelle into the 
BBM. In the third model, the movement of lipid occurs 
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FIG. 1. Rate of uptake (mean +__ SEM) of steuric acid and cholesterol into brush border 
membrane (BBM) vesicles. The concentration of stearic acid was 100 pM (panel A) or 25 
pM (panel B), and the concentration of cholesterol was 25 ~VI (panel C). The lipids were 
solubilized in 20 mM taurocholic acicL BBM vesicles were equilibrated with vesicle resuspen- 
sion buffer for 90 min prior to experimentation. BBM vesicles were incubated with labelled 
stearic acid or cholesterol at room temperature (20~ Assays were performed in 
quadruplicate on BBM vesicles from four rabbits in each group. 
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FIG. 2. Effect of varying concentration of 18~ and cholesterol on uptake into brush border 
membrane (BBM) vesicles. The concentration of stearic acid (18.~) or cholesterol was varied, 
and the concentration of taurocholic acid was 2 mM (panel A) or 20 mM (panels B and 
C). The duration of incubation was 5 s. Each point represents the mean ----- SEM of the 
results of quadruplicate measurements on BBM vesicles obtained from four rabbits in 
panels A and B and five rabbits in panel C. 

v/a transfer from the micelle to the aqueous phase followed 
by permeation into the BBM. This "monomer" or 
"aqueous" hypothesis is based on an equilibrium between 
fatty acids that exist in monomeric form and in a micellar 
form (10). In solution there is a maximum concentration 
of monomers and a finite amount of lipid that can be 
solubilized into the micellar form. When the solubilizing 
agent has reached the total carrying capacity for the lipid, 
any further increase in the lipid concentration will result 
in the formation of an emulsion (22,23). The monomeric 
and miceUar forms are present in the bulk phase in the 
intestinal lumen and in the unstirred water layer. As the 
monomeric form of the lipid permeates into the membrane, 
there is further partitioning of lipid from the micelle into 
the water phase. 

A variation of the aqueous model, the "dissociation" 
model, suggests that fatty acids in a low pH microclimate 
just external to the BBM will be protonated, resulting in 

i n c r e a s e d  p e r m e a t i o n  t h r o u g h  t h e  l i p i d  m e m b r a n e  (24). 
T h e  p r e s e n c e  o f  an  a c i d  m i c r o c l i m a t e  h a s  b e e n  d e m o n -  
s t r a t e d  in v i tro  and in v ivo  (25,26).  S t r e m m e l  et  al. (7) 
showed that binding of oleate to rat jejunal microviUus 
membranes increased at pH values below 6.8 with a max- 
imum at  p H  4.0; at  p H  v a l u e s  a b o v e  8.0,  there  w a s  a 
decrease in binding. Shiau (27) studied fatty acid uptake 
in everted rat jejunal sacs and demonstrated increased 
fatty acid uptake at lower pH values. He interpreted this 
data to suggest that the pH microclimate provides an en- 
vironment in which fatty acid preferentially partitions 
from the micell~ Stearic acid is protonated in a low-pH 
environment and becomes more lipid soluble, whereas 
cholesterol is not protonated. Thus, the "dissociation" 
m o d e l  m a y  e x p l a i n  t h e  u p t a k e  of  s t ear i c  a c i d  b u t  n o t  o f  
cholesterol. 

In addition to the passive permeation of lipids through 
the BBM, there may be a mediated component of this 
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FIG. 3. Effect of increasing concentrations of both stearic acid (18~) and taurocholic acid 
(TC), or cholesterol and TC, with constant ratio of stearic acid/TC or cholesterol/TC, on 
uptake of 18:0 or cholesterol into brush border membrane OBBM) vesicles. The duration 
of incubation was 5 s. The ratio of probe to TC was 12.5 ~/I/1 mM for 18:0 (panel A), or 
1.25 ~M/1 mM for 18:0 or cholesterol (panels B and C). Each point represents the mean 
___ SEM of the results of quadruplicate measurements on BBM vesicles obtained from 
four rabbits in panel A and eight rabbits in each of panels B and C. 

A. 1 0 0  /~M 1 8 : 0  8 .  2 5  /~M 1 8 : 0  C. 2 5  /~M C h o l e s t e r o l  

T 

o 
Q. 

E 
o 
E c 

12 2.0 

1.5 

1.0 

0.5 

0 , I , [ , I , i , J 0 .0  
0 4 B 12 16 20  

, I , I i I i I , l 

4 8 12 16 20  

T C  C O N C E N T R A T I O N  (mM) 

2.0  

1.5 

1.0 

0.5 

0 . 0  , I , I , I . J �9 I 

0 4 8 12 16 20  

FIG. 4. Effect of varying concentrations of tauroeholic acid (TC) on the uptake of 100 
(A) or 25/~M (B) stearic acid or 25 ttM cholesterol into brush border membrane (BBM) 

vesicles. The duration of incubation was 5 s. Each point represents the mean +__ SEM of 
the results of quadruplicate measures on BBM vesicles obtained from five rabbits in panel 
A, six rabbits in panel B, and eight rabbits in panel C. The slope and correlation coeffi- 
cient for panesl A, B, and C are --0.018, 0.937; --0.042, 0.972; and 0.020, 0.884, respectively. 

process. Recent findings with linolenic acid uptake into 
rabbit jejunal BBMV demonstrated an uptake with a 
sodium-dependent "overshoot", suggesting that there may 
be a protein-mediated component involved in fatty acid 
uptake (15). This overshoot has not been confirmed {14), 
but this may be due to technical difficulties between the 
two studies. The use of the BBMV overcomes an effect 
of cytosolic fatty acid binding proteins (7) and of unstir- 
red layers, and allows the comparison of the collision v s .  

the aqueous/dissociation models of lipid uptake Under the 
conditions of low concentration of 18:0 and 20 mM TC, 
but not 2 mM TO, a curvilinear relationship was noted 
between 18:0 concentration and uptake (Fig. 2B). This 
suggests that under certain experimental conditions there 
may be a linear and a nonlinear component describing 
fatty acid uptake, in contrast to the single component 
describing cholesterol uptake under the same conditions 
(Fig. 2C). Caution must be used with this interpretation, 
however, since the regression line between 10-25 ~M 18:0 
intersects with the origin and since this curvilinear rela- 

t i o n s h i p  w a s  not  o b t a i n e d  at equi l ibrat ion  (4 rain or 
beyond). 

T h e  increas ing  u p t a k e  of  18:0 and cholesterol  w i t h  in- 
creasing concentrations of both lipid and solubilizing TC 
(but with a constant ratio of lipid]TC) {Fig. 3) is suggestive 
of partitioning of fatty acid or cholesterol from the micelle 
directly into the BBMV (28), the so-called "collision" 
model. This same lipid/lipid model is supported by the 
finding of an increasing uptake of cholesterol with increas- 
ing concentrations of TC (Fig. 4C). In contrast, the reduc- 
tion in the intake of 100 or 25 ~ 18:0 with increasing 
concentrat ions  of  TC (Fig. 4 A  and 4B) supports ,  but  does  
not prove the model of partitioning of the fatty acid from 
the mJcelle into an aqueous phase, and then into the BBM 
(28), the  so-cal led aqueous /par t i t ion ing  model .  Aga in ,  one  
m u s t  be  c a u t i o u s  w i t h  these  interpretat ions ,  s ince  the  in- 
creasing cholesterol uptake  w i t h  increasing concentrat ions  
of TC {Fig. 4C) may reflect increasing amounts of TC 
enhancing the solubility of cholesterol in the miceUes; the 
fact that there is no derivation from the linear relation- 
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ship in the up take  of cholesterol above and below the 
critical micellar concentrat ion of TC suggests  tha t  
cholesterol solubility is present  over the concentrat ion 
range tested. On the other  hand, the effect of increasing 
the amount  of TC vs. 18:0 (Fig. 4A and 4B) migh t  be ex- 
plained by  increasing compet i t ion of TC micelles for 18:0 
vs. the BBMV. We do not  have da ta  on the ac t iv i ty  or 
solubility of 18:0 in the different solutions, so tha t  our 
da ta  supports,  bu t  does not prove one or the other  model. 
Notwi ths tanding,  there appeared to be quali tat ive dif- 
ferences in the uptake of stearic acid and cholesterol (Figs. 
3 and 4): the par t i t ioning of cholesterol from the bile acid 
micelle into the BBM appears  to be by way of the "colli- 
sion" of the cholesterol into the m em bran~  In contrast ,  
the up take  of stearic acid from the miceUe into the BBM 
may be by both  the collision and the aqueous/dissociation 
models, in which the acid microclimate may  play an ad- 
ditional rol~ Furthermore, the curvilinear relationship b ~  
tween concentrat ion and uptake  of low concentrat ions of 
18:0 solubilized in 20 mM TC, but  a linear relat ionship 
for cholesterol under the same conditions further suggests 
tha t  stearic acid and cholesterol may  be taken up by dif- 
ferent mechanisms from bile acid micelles into the in- 
test inal  BBM. 

The up take  of D-glucose into BBMV is not  affected by 
2 mM TC, bu t  is reduced by 20 mM TC (14,15). We were 
aware" therefore, of the possibility tha t  the higher concen- 
trations of TC might  open the sealed vesicles and dissipate 
the sodium gradient.  This migh t  be one of several possi- 
ble explanations for our not demonstrat ing an "overshoot" 
in the up take  of 18:0 or cholesterol {Fig. 1). However, it 
was at  the condition of 20 mM TC tha t  there was a cur- 
vilinear relat ionship between concentrat ion and up take  
of 18:0 (Fig. 2A), so tha t  a possible leal~iness of the vesicles 
due to TC could not  explain the lack of a curvil inear con- 
centra t ion/uptake curve for cholesterol, or 18:0 a t  a lower 
concentrat ion of 18:0 (Fig. 2A and 2C). Furthermore,  any 
possible effect of TC on BBMV integr i ty  did not  produce 
a break in the linear relationship between the rat io of 
lipid]TC and up take  (Fig. 3), nor could the possibil i ty of 
leakiness explain the qual i tat ively different relationship 
between the up take  of 18:0 or cholesterol when the con- 
centrat ion of TC is increased (Fig. 4). We recognize, of 
course, tha t  the data  suggest ing different mechanisms for 
the up take  of stearic acid and cholesterol apply  only to 
the special conditions of BBMV and may  not  necessari ly 
apply to the in tac t  intest ine in vivo. 
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Effects of trans Fatty Acids on Lipid Accumulation in 3T3-L1 Cells 
Kalpana Panigrahi 1 and Joseph Sampugna* 
Department of Chemistry and Biochemistry, University of Maryland, College Park, Maryland 20742 

Previous work had shown that dietary trans fatty acids 
(tFA) resulted in decreased fat deposition in adipose tissue. 
This study was conducted to see if tFA influence lipid ac- 
cumulation in Swiss mouse fibroblast 3T3-L1 cells, which 
are widely used as an adipocyte model. Cells were cultured 
in the presence of experimental or control growth media 
supplemented with fatty acids complexed to bovine serum 
alb,  min~ Fatty acid compositions of experimental and con- 
trol growth media were similar except that the octad~ 
cenoates in the control growth media were c/s fatty acids, 
whereas those in the experimental media contained both 
c/s and trans fatty acids. Cell~conditioned media and 
cellular lipids at the preadipocyte and differentiating 
adipocyte stages were analyzed. At both stages of develop 
ment, less fat accumulated in cells cultured in the presence 
of tFA, due primarily to a decrease in the nonpolar lipid 
content of cells exposed to tFA, and linoleate to arachi- 
donate ratios were higher in cells supplemented with tFA. 
Calculations comparing sums of saturated and monoun- 
saturated fatty  acids in cells at the differentiating adipo- 
cyte stage suggested that tFA may have replaced monoun- 
saturated fatty acids in the nonpolar lipid fraction and 
saturated fatty acids in the polar lipid fraction. The results 
of these studies are in good agreement with the in vivo 
effects of tFA seen in previous work with mouse adipose 
tissue. It was concluded that the 3T~L1 in vitro model 
is an appropriate system for further studies of tFA and 
lipid metabolism in adipose tissue. 
Lipids 28, 1069-1074 (1993). 

Partially hydrogenated fats are widely used in processed 
food and constitute a significant proportion of dietary lipid 
(1-4). These fats contain a broad range of positional isomers 
(5) of trans fatty acids (tFA), whose average dietary intake 
in the United States has been estimated to be anywhere b~ 
tween 7.6 to 13.3 g per capita per day (6,7}. 

Considerable attention has been focused on tFA as they 
are not the normal end products of lipid metabolism in ani- 
mal tissues (8,9). Despite the large number of studies that 
have been undertaken, questions regarding the nutritional 
significance (10-12) and the metabolic fate and effects of 
tFA remain to be answereck It is clear, however, that some 
of the physiological properties of tFA are substantially dif- 
ferent from those of the corresponding cis-unsaturated 
isomers. Recent dietary studies (13-16) have demonstrated 
that in contrast to cis-monounsaturated FA, tFA raise low 

1Present address: Department of Pathology, School of medicine, 
University of Maryland at Baltimore, Baltimore, MD 21201. 
*To whom correspondence should be addressed. 
Abbreviations: BSA, bovine serum albumin; cAMP, 3',5'~yclic 
adenosine monophosphate; CGM, control growth medium; DA, dif- 
ferentiating adipocytes; DEX, dexamethasone; DMEM, Dulbecco's 
modified Eagle medium; EGM, experimental growth medium; FAME, 
fatty acid methyl esters; FCS, fetal calf serum; GM, growth medium; 
HDL, high density lipoprotein; LDL, low density lipoprotein; LPSR-1, 
low protein serum replacement; MIX, 3-isobutyl-l-methyl xanthine; 
NEAA, nonessential amino acids; PA, preadipocytes; PBS, phosphate 
buffered saline; tFA, trans fatty acids; TLC, thin-layer chromato- 
graphy; 3T3-L1, subclone of Swiss mouse embryo 3T3 fibroblasts. 

density lipoprotein (LDL) cholesterol lower high density 
lipoprotein (HDL) cholesterol and raise levels of plasma 
lipoprotein (a). In vitro studies (17) have provided evidence 
that cis- and trans- octadecenoates have opposite effects on 
cholesteryl ester transfer protein activity. As a consequence 
of these recent studies, there is renewed interest in the possi- 
ble role of tFA in health and disease 

Most studies involving metabolism of tFA have employed 
laboratory animals. In our laboratory, we have used the 
C57BF6J mouse as a model for dietary studies of tFA. Work 
with this model has demonstrated an ability of diets con- 
taining tFA to affect lipid accumulation in milk fat (18) and 
in adipose tissue (19). In these studies, diets containing tFA 
depressed the percentage of fat in mouse milk (18) and 
decreased epididymal fat pad weight, perirenal fat weight, 
epididymal fat cell size and the triacylglycerol-to-polar-lipid 
ratio in epididymal fat pads (19). 

The present study was conducted to see if tFA affect lipid 
accumulation in 3T3-L1 cells, a subclone of Swiss mouse 
embryo 3T3 fibroblasts~ The 3T3-L1 cell line was selected 
for study because it has been reported to differentiate into 
cells with biochemical and morphological characteristics of 
adipocytes (20-23), and it has been widely studied as a 
model for adipocyte differentiation (24-26) and the regula- 
tion of lipid metabolism (27-33). 

MATERIALS AND METHODS 

Materials. The 3T3-L1 cells were generously provided by 
Dr. Juan Calvo (National Institute of Health, Bethesda, 
MD). Low protein serum replacement ILPSR-1) {serum 
supplement), essentially FA-free bovine serum albumin 
(BSA), fetal calf serum (FCS), 3-isobutyl-l-methyl xan- 
thine (MIX) and dexamethasone (DEX) were purchased 
from Sigma Chemical Co. (St. Louis, MO). Dulbecco's 
modified Eagle medium (DMEM) was purchased from 
Life Technologies (Gaithersburg, MD). Trypsin-Versene 
mixture, L-glutamine~ penicillin-streptomycin-fungizone 
mixture~ sodium pyruvate and nonessential amino acid 
mixture (NEAA) were purchased from Whittaker M.A. 
Bioproducts (Columbia, MD). All fats {cocoa butter, corn 
oil, olive oil and margarine) for the experiments were ob- 
tained locally. Authentic FA methyl ester (FAME) stan- 
dards were purchased from Nu-Chek-Prep (Elysian, MN). 

Preparation of FA-supplemented media. DMEM sup- 
plemented with 2 mM glutamine, 0.1 mM of each NEAA, 
1 mM sodium pyruvate, 100 units of potassium penicillin 
G/mL, 100 ~g streptomycin sulfateJmL and 0.25 ~g fungi- 
zone]mL, 3% FCS and 2% LPSR-1 was designated as 
growth medium IGM). FA-supplemented media were 
prepared as described by Grunfled et al. (34}. FA were 
derived by saponification of an experimental fat (which 
was obtained by decanting a melted corn oil margarine) 
and a control fat (which was made from a mixture of corn 
oil, olive oil and cocoa butter). After saponifying the fats 
in 0.6 N NaOH in methanol at 37~ for 1 h and removing 
the nonsaponifiable material by extracting the reaction 
mixture with 3 • 1 vol of hexane, the FA were obtained 
by acidifying the FA sodium salts with 6N HC1 and ex- 
tracting the mixture with hexane Hexane was removed 
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by vacuum evaporation, and the FA were dissolved in 
ethanol. FA (0.2M) in ethanol were diluted 1:25 with phos- 
phate buffered saline (PBS), pH 7.4, containing 20% BSA, 
and heated at 55~ for 45 min. The mixture was gently 
agitated until the solution was clear. The pH of the FA- 
albumin solution was then adjusted to 7.4 with NaOH. 
This procedure resulted in a noncovalent complex of FA 
to BSA in an FA/BSA molar ratio of no greater than 3:1. 
The FA-albumin complex was then diluted 1:10 with GM 
and then filter-sterilized. GM supplemented with control 
or experimental FA are referred to as control growth 
medium (CGM) and experimental growth medium (EGM), 
respectively. 

Cell culture. Stock cultures of 3T3-L1 cells were main- 
tained in 75-cm = culture flasks in GM. Cultures were 
maintained in an atmosphere of 5% COs, 95% air at 
37~ and were fed with 12 mL of medium every four days. 
Cell monolayers at near confluence were trypsinized (1% 
Trypsin-Versin at 37~ for 30 s), split 1:4, supplemented 
with 12 mL of either CGM or EGM, and allowed to grow 
for 96 h to reach confluence Confluent cells cultured in 
the presence of CGM and EGM were designated as pre- 
adipocytes (PA). The day cells reached confluence in the 
presence of CGM and EGM was referred to as Day 0, with 
respect to differentiating adipocytes (DA). On Day 0, cell- 
conditioned media were removed, and 12 mL of CGM or 
EGM containing 0.5 mM MIX and 0.25 ~M DEX was 
added to stimulate differentiation as described by Rubin 
et al. (35). After 48 h (Day 2), cell-conditioned media were 
removed, and the cells were allowed to grow in 12 mL of 
fresh CGM or EGM for an additional 3 d (Day 5). The Day 
5 cells are referred to as DA. 

Lipid extraction and FA analysis. Cell-conditioned 
media on Days 0, 2 and 5 were cleared of cells by cen- 
trifugation at 200 • g for 3 rain and lyophilized. Media 
were extracted with chloroform]methanol as described 
below. Cell monolayers were washed three times with cold 
PB~ pH 7.4, and harvested by centrifugation, after using 
a rubber policeman to help detach them from the culture 
flask. Each cell pellet was resuspended in 1 mL of PBS 
and extracted with chloroform]methanol (2:1, voYvol) con- 
taining butylated hydroxytoluene (36). Prior to analysis 
the total cellular lipid was separated into a nonpolar and 
polar lipid fraction by thin-layer chromatography (TLC) 
on Silica Gel G plates using diethyl ether as the mobile 
phase After adding triheptadecanoin as an internal stan- 
dard, the FA and fatty acyl groups in the media and 
cellular polar and nonpolar lipids were converted to FAME 
and analyzed by gas-liquid chromatography, using a glass 
capillary column coated with SP-2340 in a Hewlett-Pack- 
ard (Avondale, PA) model 5840 chromatograph essentially 
as described previously (37). This involved transesterifica- 
tion with methanolic HC1, purification of the FAME on 
silicic acid TLC plates, identification of FAME by com- 
parison of retention times with those of known standards 
and quantification of FAME, using appropriate response 
and correction factors as described elsewhere (37). The t- 
test was used to analyze the results using the Statworks 
(Macintosh) programs. 

RESULTS 

In preliminary work, cells grown in the presence of CGM 
and EGM were analyzed for protein by the method of 

Lowry et aL (38) and counted in a hemocytometer. Regard- 
less of whether cells were grown in the presence of CGM 
or EGM, they contained similar amounts of protein and 
yielded similar cell counts. The protein values ranged from 
2250 to 2575 pg/flask, and cell numbers were between 12 
• 105 and 14 • 105 per flask. 

The FA contents and compositions, as FAME, of 12 mL 
each of the CGM and EGM are given in Table 1. In gen- 
eral, the values in experimental and control media were 
similar, except that  all of the octadecenoate fraction was 
cis in the CGM whereas about 40% of this fraction was 
tFA in the EGM. Compared to the CGM, the EGM con- 
tained significantly (P < 0.05) more 18:0 and slightly more 
total FA per mL of growth medium. 

The content and composition of FA, as FAME, in polar 
lipids of control and experimental cells at the PA and the 
DA stages are summarized in Table 2. Similar data for 
nonpolar lipid are shown in Table 3. The trans-18:l isomers 
(18:lt) were readily incorporated from the EGM into the 
nonpolar and polar lipid fractions isolated from the ex- 
perimental cells at both the PA and DA stages of develop 
ment. Small amounts of trans 16:1 (16:lt) were also 
observed in the cells exposed to the EGM, providing 
evidence that  these cells were capable of at least partial 
oxidation of 18:lt. The total content of tFA, as well as that 
of other FA, was higher in the DA compared to the PA. 

Compared to control cells, there was less arachidonic 
acid (20:4n-6) in experimental cells on either an absolute 
or relative basis. This was observed in both polar (Table 
2) and nonpolar lipids (Table 3) and at both stages of 
development. Ratios of 18:2n-6/20:4n-6 were calculated, 
and are included in Tables 2 and 3. The ratios were signifi- 
cantly higher (P < 0.05) in experimental cells in both lipid 
classes for both PA and DA. 

Although the EGM contained more 18:0 than CGM 
(Table 1), cells grown in the presence of EGM did not con- 
tain more 18:0 than the cells grown in the presence of 
CGM. In fact, in experimental cells, less 18:0 was observed 
in polar lipids of DA (Table 2) as well as in nonpolar lipids 
of both PA and DA (Table 3). To a certain extent, the lower 
amount of 18:0 in the experimental cells appeared to be 
compensated for by the presence of tFA. The extent to 
which tFA may have replaced 18:0 was evaluated by com- 
paring the sums of saturated and monounsaturated FA 

TABLE 1 

Fatty Acid Content and Composition of Growth Media a 

Control Experimental 

Fa t ty  acid ~g wt% ~g wt% 

16:0 335 • 6 (13,7) 349 • 5 (12.2) 

16:1c 14.6 • 0.3 (0.6) 10 • 0.2 (0.4) 
18:0 148 • 3 (6.0) 229 • 4 b (8.0) 
18:1c 1133 • 15 (46) 793 • 165 (27.8) 
18:lt ND 531 • 9 b (t8.6) 
18:2n-6 767 • 10 (31) 893 • 13 (31) 
Others c 48 • 2 (2) 37 • 1 (1,6) 
Total 2452 __ 36 2852 • 35 

aValues are the means • SEM of fat ty acids in ~g and wt% from 
12 mL of medium (n --- 3); ND, not detected; c, cis; t, trans. 
bDenotes statistically significant differences between control and 
experimental media at P <0.05. 
CIncludes fa t ty  acids below 0.5%, such as 14:0 and 20:4n-6. 
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T A B L E  2 

Fatty Acid Content and Composition of Polar Lipid of 3T3-L1 a 

Pread ipocy tes  Dif fe ren t ia t ing  adipocytes  

Control  Expe r imen ta l  Control  Expe r imen ta l  

F a t t y  acid ~g wt% ~g wt% ~g wt% ~g wt% 

16:0 19.4 • 0.6 (19.0) 19 • 0.3 (18.0) 24 • 2 (17.4) 22 • 1 (16.4) 
16:1c 1.0 • 0.03 (0.9) 1.9 • 0.2 (1.8) b b 
16 : l t  ND 2.5 • 0 .V (2.4) ND 2.7 • 0.1 (2.0) 
18:0 19.4 • 0.8 (19.0) 19.7 • 0.4 (18.8) 36 • 2 (26.0) 24 • 1 c (18.0) 
18:1c 21 • 0.8 (20) 17.2 • 1 c (16.4) 23 • 2 (16.7) 24 • 1 (18.0) 
18 : l t  ND 6.3 • 0.7 c (6.0) ND 10 • 0.4 c (7.5) 
18:2n-6 19.3 • 1 (19.0) 19.7 • 0.8 (18.8) 28 • 2 {20.3) 32 • 1 (23.8) 
20:2n-6 0.9 • 0.03 (0.9) 0.8 • 0.1 (0.8) b b 
20:3n-6 1.1 • 0.04 (1.1) 1.0 • 0.1 (0.9) 1.5 • 0.2 (1.1) 1.5 • 0.1 (1.1) 
20:4n-6 12.1 • 0.5 (12.0) 10.6 • 0.2 (10.1) 16 • 2 (11.6) 13 • 0.6 c (9.7) 
22:0 0.7 • 0.03 (0,7) b 1.5 •  (1.1) 0.8 • 0.1 (0.6) 
22:5n-3 0.6 • 0.02 {0,6) 0.7 • 0.1 (0.7) b b 
22:6n-3 0.9 • 0.04 (0,9) 0.8 • 0.2 (0.9) b b 
24:0 1.9 • 0.2 (1.9) 1.5 • 0.1 (1.4) b b 
24:1 1.1 • 0.04 (1.1) 0.8 • 0.04 {0.8) b b 
Othe r s  d 2.1 • 0.1 (2.1) 7.5 • 0.2 (5.4) 2.1 • 0.1 (2.1) 2.9 • 0.2 (2.8) 
18:2n-6/20:4n-6 1.6 • 0.1 1.9 • 0.1 ~ 1.7 • 0.1 2.5 • 0.1 c 

aValues are t he  means  • S E M  for ~g of f a t t y  acid/culture f lask and wt% for th ree  independen t  determina-  
t ions;  ND, no t  detected;  c, cis; t, trans. 
bValues for f a t t y  acids p re sen t  a t  <0.5% of the  to ta l  are included wi th  Others .  
CDenotes s ta t i s t ica l ly  s ignif icant  differences be tween  control  and exper imenta l  ceils a t  P < 0.05. 
dSum of f a t t y  acids p re sen t  a t  <0.5% ot  total;  includes 10:0, 12:0, 14:0, 15:0 and 17:0, as well as those  in- 
d ica ted  by  b, above. 

T A B L E  3 

Fatty Acid Content and Composition of Nonpolar Lipid of 3T3-LI a 

Preadipocytes Diffe ren t ia t ing  adipocytes  

Control  Expe r imen ta l  Control  Expe r imen ta l  

F a t t y  acid ~g wt% ~g wt% ~g wt% ~g wt% 

12:0 0.8 • 0.2 (1.0) 0.3 • 0.02 (0.6) b b 
14:0 0.9 • 0.2 (1.2) 0.8 • 0.02 (1.6) 1.0 • 0.04 (0.7) 0.7 • 0.07 (0.9) 
16:0 14 • 0.7 (18.4) 8.4 • I c (16.8) 22 • 1 (16.5) 11 • 1 (14.1) 
16:1c 2.1 • 0.1 (2.8) 1.1 • 0.2 (2.2) 2.1 • 0.2 (1.6) 2.1 • 0.3 (2.7) 
16:1t ND 0.4 • 0.1 c (0.8) 1.5 • 0.1 (1.1) 3.3 • 0.3 (4.2) 
18:0 8.4 • 0.2 (11.0) 5.5 • 0.4 c (11.0) 15.2 • 1.0 (11.4) 9.4 • 0.3 c (12) 
18:1c 24 • 0.5 (31.6) 9.0 • 0.5 c (18.0) 38 • 3.0 (28.6) 14 • 2 c (18.0) 
18:1t ND 5.3 • 0.4 ~ (10.6) ND 10.5 • 1 ~ (13.5) 
18:2n-6 15 • 1 (19.7) 10.8 • 0.8 c (21.6) 38 • 3.0 (28.6) 20 • 3.0 c (25.6) 
18:3n-3 b 0.8 • 0.03 (1.6) b b 
20:2m6 2.2 • 0.1 (2.9) 1.4 • 0.2 (2.8) 1.3 • 0.1 (1.0) 0.6 • 0.1 (0.8) 
20:3n-6 0.8 • 0.1 (1.0) 0.4 • 0.07 (0.8) 3.7 • 0.5 (2.8) 1.0 • 0.1 c (1.3) 
20:4n-6 1.9 • 0.5 (2.5) 0.9 • 0.1 (1.8) 3.9 • 0.2 (2.9) 1.4 •  c (1.8) 
22:5n-3 1.0 • 0.2 (1.3) 0.6 • 0.1 (1.2} b 0.8 • 0.1 (0.8) 
22:6n-3 0.6 • 0.5 (0.8) 0.5 • 0.03 (1.0) b b 
24:0 1.2 • 0.1 (1.6) 0.8 • 0.1 (1.6) 1.1 • 0.1 (0.8) 0.6 • 0.04 (0.8) 
Others  d 2.5 •  (3.3) 2.6 • 1.0 (5.2) 5.2 • 0.1 (3.9 2.8 • 0.4 (3.6) 
18:2n-6/20:4n-6 8 • 0.1 12 •  c 10 • 0.5 14 • 3.0 c 

aValues are the  means  • S E M  for ~g of f a t t y  acid/culture f lask and wt% for th ree  independen t  determina-  
t ions; ND, no t  detected;  c, cis; t, trans.  
bValues for f a t t y  acids p r e sen t  a t  <0.5% of the  to ta l  are included wi th  Others .  
CDenotes s ta t i s t ica l ly  s ignif icant  differences be tween  control  and exper imenta l  cells a t  P < 0.05. 
dSum of f a t t y  acids p re sen t  a t  <0.5% ot total;  includes 10:0, 15:0, 17:0 and 22:0 as well as those  indica ted  
by  b, above. 
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TABLE 4 

Sums of Saturated and Monounsaturated Fatty Acids in Polar and Nonpolar Lipid a 

Polar 

Fat ty  acids CPA EPA CDA EDA 

Nonpolar 

CPA EPA CDA EDA 

Total saturated 42 • 3 40 • 5 47 • 6 36 • 4 b 
Total s a tu ra t ed+  tFA 42 • 3 49 • 5 47 • 6 46 • 4 
Totalmonounsaturated 23 • 6 19 • 5 1 8 •  3 18 • 3 
Totalmonounsaturated+ tFA 23 • 6 2 8 •  4 18 • 3 28 • 4 g 

35-- -3  3 4 •  3 1 •  2 9 •  
35___3 4 6 •  c 3 1 •  48- - -6  d 
36 _ 4 21 • 3 e 32 • 6 21 • 4 f 
3 6 •  3 3 •  32__-6 4 0 •  

~ are means • SEM of wt% values for fatty acids given in Tables 2 and 3; CPA, control preadipocytes; 
EPA, experimental preadipocytes; CDA, control differentiating adipocytes; EDA, experimental differentiating 
adipocytes; tFA, t r a n s  fatty acids. 
b-gDenote statistically significant differences between control and experimental cells at P < 0.05 when com- 
parisons were made between CPA and EPA and between CDA and EDA. 

in con t ro l  a n d  e x p e r i m e n t a l  cells, a l t e r n a t i v e l y  i nc lud ing  
the  tFA as  e i ther  s a t u r a t e d  or m o n o u n s a t u r a t e d  FA (Table 
4). The  we igh t  pe r cen t  d a t a  were u s e d  to  ca l cu l a t e  t h e s e  
va lues  b e c a u s e  t he  c o n t e n t s  of F A  in con t ro l  a n d  exper i -  
m e n t a l  cel ls  were s i g n i f i c a n t l y  d i f fe ren t  in t h e  n o n p o l a r  
l ip id  f r ac t i ons  (see F ig .  1, d i s c u s s e d  later) .  I n  t h e  p o l a r  
l ip ids  of DA, b u t  no t  of PA, s imi lar  levels of s a t u r a t e d  and  
m o n o u n s a t u r a t e d  F A  were found  in con t ro l  and  exper i -  
m e n t a l  cel ls  when  t F A  were inc luded  as  s a t u r a t e d  FA. 
However,  t h i s  was  n o t  seen  in n o n p o l a r  l ip ids ,  in which  
case  t he  differences in t he  s u m s  of s a t u r a t e d  and  monoun-  
s a t u r a t e d  F A  b e c a m e  s i g n i f i c a n t l y  d i f fe ren t  (P < 0.05} 
when  t F A  were inc luded  as  s a t u r a t e d  FA. 

E x c e p t  for tFA,  and  p o s s i b l y  18:2n-6 in p o l a r  l ip ids ,  
the re  was  a t e n d e n c y  for  all  F A  to  be  p r e s e n t  in lower 
a m o u n t s  in  e x p e r i m e n t a l  cells. C o m p a r i s o n s  of t h e  s u m s  
of F A  found  in PA a n d  D A  c u l t u r e d  in t he  p resence  of 
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FIG. 1. Total fatty acids in polar and nonpolar lipids of 3T3-L1 cells 
cultured in the presence or absence of trans fatty acids. Bars repre- 
sent means + SEM for three independent determinations of total 
fatty acids/flask in polar, nonpolar and total lipids of preadipocytes 
(PA) and differentiating adipocytes (DA). CN, control nonpolar lipid; 
EN, experimental nonpolar lipid; CP, control polar lipid; EP, ex- 
perimental polar lipid; CT, control total lipid = CN + CP; and ET, 
experimental total lipid = EN + EP. Significant differences 
(P < 0.05) between control and experimental cells are indicated by 
the letters a, b, c and d. 

E G M  and  C G M  (Fig.  1) c l ea r ly  r evea led  t h a t ,  c o m p a r e d  
to  cont ro l  cells, e x p e r i m e n t a l  cells con ta ined  s ign i f i can t ly  
(P < 0.05) lower a m o u n t s  of n o n p o l a r  l ipid.  A l t h o u g h  t h e  
po la r  l ip id  c o n t e n t s  of cont ro l  and  e x p e r i m e n t a l  cells were 
s imilar ,  t h e  t o t a l  l ip id  o b t a i n e d  b y  a d d i n g  t h e  n o n p o l a r  
a n d  p o l a r  l ip id  c o n t e n t s  r e m a i n e d  s i gn i f i c a n t l y  (P < 0.05} 
d i f ferent  in b o t h  t he  PA (178 ~g vs. 155 ~g for con t ro l  and  
e x p e r i m e n t a l  cells, r espec t ive ly)  and  t h e  D A  (271 gg  v s .  

212 ~g in con t ro l  and  e x p e r i m e n t a l  cells,  respec t ive ly) .  
The  con ten t s  and  compos i t i ons  of FA, as  F A M E ,  in con- 

t ro l  and  e x p e r i m e n t a l  cond i t ioned  m e d i a  on D a y s  0, 2 and  
5 were d e t e r m i n e d  and  s u m m e d  to  o b t a i n  i n f o r m a t i o n  on 
the  F A  r e m a i n i n g  in the  m e d i a  f rom the  36 m L  of o r ig ina l  
C G M  and  E G M  u s e d  to  cu l tu re  t h e  D A  in t h e s e  s tud ies .  
These  d a t a  a re  s u m m a r i z e d  in Table 5. A s  was  o b s e r v e d  
for t h e  o r ig ina l  media ,  t he re  were s l i g h t l y  more  t o t a l  F A  
in t h e  e x p e r i m e n t a l  c o n d i t i o n e d  media .  On a we igh t  per-  
c en t  b a s i s  t he  d i s t r i b u t i o n  a m o n g  the  m a j o r  F A  was  
gene ra l ly  s imi l a r  to  t h a t  o b s e r v e d  in t h e  o r ig ina l  g r o w t h  
m e d i a  (Table 1). However ,  t he  c o n d i t i o n e d  m e d i a  con- 
t a i n e d  some  F A  t h a t  were n o t  o b s e r v e d  or  were  p r e s e n t  
in m u c h  lower  p r o p o r t i o n s  in t he  o r ig ina l  g r o w t h  media .  
These  inc luded  16 : l t  in t he  e x p e r i m e n t a l  c o n d i t i o n e d  

TABLE 5 

Fatty Acid Content and Composition of Conditioned Media a 

Control Experimental 

Fat ty  acid ~g wt% ~g wt% 

14:0 30 • 2 (0.5) 28 • 0.9 (0.5) 
16:0 766 • 21 (13.3) 720 • 11 (12.0) 
16:1c 118 • 5 (2.0) 97 • 4 (1.6) 
16:lt ND 117 • 3 b (2.0) 
18:0 320 • 17 (5.5) 431 • 4 b (7.6) 
18:1c 2672 • 50 (46.3) 1680 • 31 b (27.8) 
18:lt ND 780 • 5 b (13) 
18:2n-6 1723 • 20 (30) 2074 • 455 (34) 
18:3n-3 39 • 2 (0.7) 40 • 0.1 (0.7) 
Others c 97 • 3 (1.7) 90 • 5 (1.5) 
Total 5766 • 52 6057 • 54 

aValues are the means • SEM for ~g of fatty acid/flask (wt%) for 
three independent determinations of the total conditioned media ob- 
tained by summing values for media collected on Days 0, 2 and 5; 
ND, not detected; c, cis,  t, t r a n s .  
bDenotes statistically significant differences between control and 
experimental media at P <0.05. 
CIncludes fatty acids <0.5% (10:0, 12:0, 14:0, 15:0, 17:0 and 20:4n-6). 
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medium and 14:0 as well as 16:1c in both control and ex- 
perimental conditioned media. Interestingly, these FA 
were observed in conditioned media in greater amounts 
than were found in the cultured cells. The presence of 
significant amounts of cellular FA in the conditioned 
media may have resulted from efflux of cellular lipids. 

DISCI.ISSION 

The 3T3-L1 cells readily incorporated exogenous FA, in- 
cluding tFA. Compared to PA, more tFA were incorporated 
in the polar and nonpolar lipids of DA, reflecting the 
longer contact of DA with the growth media. In polar 
lipids, tFA appeared to be incorporated at the expense of 
saturated FA. In particular, tFA tended to replace 18:0. 
This inverse relationship between tFA and saturated FA 
may be related to the similarity of their properties. Com- 
pared to cis FA, both tFA and saturated FA are linear 
molecules with relatively high melting points. Other 
similarities between tFA and saturated FA have been 
reported. These include the preferential incorporation of 
both types of FA into the 1-acyl position of phospholipids 
in vivo (8), the similar reactivities of these FA in acyl 
transferase reactions in vitro (9) and the similar responses 
to dietary intake of tFA or of saturated FA in raising the 
plasma level of LDL cholesterol (13,14) in humans. 

Nevertheless, tFA have unique properties and should 
not be arbitrarily categorized together with saturated FA. 
Despite the apparently similar effects of tFA and satur- 
ated FA on LDL cholesterol, their effects on HDL cho- 
lesterol were reported (13) to be different. Unlike dietary 
tFA which decreased HDL cholesterol, saturated FA in- 
creased the level of this lipoprotein fraction. In our studies 
(Table 4), whereas tFA replaced saturated FA in the polar 
lipid fraction, this was not the case for the nonpolar lipid 
fraction, in which case tFA appeared to replace monoun- 
saturated FA. A similar behavior of tFA was observed in 
studies of epididymal fat pads in C57B1/6J mice (19). 
However, the functional significance, if any, of these 
biochemical observations cannot be ascertained from 
these studies. 

Comparisons of FA in control and experimental cells 
suggested that tFA may have altered the metabolism of 
n-6 FA in experimental cells. The lower content of 20:4n-6 
and higher ratio of 18:2n-6/20:4n-6 observed in the ex- 
perimental cells is consistent with an effect of tFA on the 
conversion of 18:2n-6 to 20:4n-6; however, differences in 
the uptake of these FA or preferential catabolism or ef- 
fux of 20:4n-6 could also account for these observations. 
We are not aware of any reports of preferential uptake, 
catabolism or efflux of n-6 FA in tissues exposed to tFA. 
In contrast, tFA have been reported to inhibit desaturases 
in liver tissue (39) as well as in cell culture (40,41). In the 
cell culture studies with human skin fibroblasts, A9-18:1t 
was reported to be a potent inhibitor of A6 (40) and A5 (41} 
desaturase activities, both of which are important in the 
conversion of 18:2n-6 to 20:4n-6. 

One of the most striking observations in this study was 
that, compared to cells exposed to CGM, 3T3-L1 cells ex- 
posed to EGM contained less total FA in the nonpolar 
lipid fraction. In contrast, the total FA level in the polar 
lipid fraction was similar in control and experimental cells. 
The similarity in polar lipid content and the difference in 
nonpolar lipid content suggested that fat accumulation, 

rather than the number of cells, may have been affected 
by the tFA in the EGM. This was further supported by the 
finding, in preliminary studies, that there were comparable 
numbers of cells and amounts of protein in both control 
and experimental flasks. The reason for the difference in 
fat accumulation is not known, but a lower availability of 
FA for experimental cells compared to control cells seems 
unlikely as a comparison of total FA values for CGM and 
EGM (Table 1) suggests that  the experimental cells were 
exposed to a slightly higher concentration of FA in the 
growth medium than were the control cells. 

It  can be calculated that the experimental cells should 
have incorporated more FA than the control cells by com- 
paring the data in Tables 1 and 5. The DA were exposed 
to the levels of FA shown in Table 1 on three occasions. 
Thus, on the average, control cells were exposed to 7356 
~g, and experimental cells were exposed to 8556 ~g of total 
FA. Since the average values for the total FA in the total 
conditioned media {Table 5) were 5766 and 6057/~g for con- 
trol and experimental cells, respectively, the average 
amount taken up by control and experimental cells should 
have been 1590 and 2499 ~g, respectively. These calcula- 
tions suggest that uptake of FA was actually more, rather 
than less, in the experimental cells compared to the con- 
trol cells, even though the resulting lipid of cells cultured 
in EGM was less than that of cells grown in CGM. Con- 
sidering the total lipid available in the growth media, the 
lipid remaining in the conditioned media and the lipid ac- 
cumulated in control DA (271 ~g) and experimental DA 
{212 ~g}, more total lipid was unaccounted for in ex- 
perimental cells {27%) than in the control cells {18%). 
These findings suggest that there was greater catabolism 
of FA in cells exposed to the EGM. 

Compared to cis FA, many tFA have been reported to 
be less well oxidized by mitochondria (42-44). Nevez ~ 
theless, the presence of significant amounts of 16:lt in the 
experimental conditioned media (Table 5) and in the ex- 
perimental cells (Tables 2 and 3) provides evidence that  
these cells were capable of at least partially oxidizing 
18:lt. Chain shortening of FA that are poorly oxidized by 
mitochondria has been postulated (42,45,46) to be an im- 
portant function of the/3-oxidation pathway in perox- 
isomes. Moreover, tFA appear to be capable of inducing 
peroxisomal proliferation. In studies with liver tissue 
isolated from C57B1/6J mice (47), it was found that the 
number of peroxisomes and the level of cyanide-insensitive 
/3-oxidation activity could be increased by dietary tFA. 
Others (42,48-50) have reported that  a variety of dietary 
fats can cause induction of peroxisomal/3-oxidation. It is 
possible that the decreased accumulation of lipid ob- 
served in the experimental cells in this study may have 
resulted from induction of peroxisomal/3-oxidation by the 
tFA in the EGM. 

Decreased accumulation of lipid in 3T3-L1 cells has been 
observed previously (20). In that study (20), the cells were 
treated with dibutyryl cAMP and epinephrine over a 
period of two weeks, and the reduction in lipid accumula- 
tion was attributed to increased activity of hormone sen- 
sitive lipas~ Hormone sensitive lipase is unique to adipose 
tissue where stored triacylglycerols are degraded to gly- 
cerol and free fat ty acids by this enzyme (51). If tFA in- 
crease peroxisomal/3-oxidation activity in 3T3-L1 cells, 
it is likely that hormone-sensitive lipase may also be 
affected. 
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Effect of Propylthiouracil.lnduced Hypothyroidism on Membranes 
of Adult Rat Brain 
S. Salvati*, L. Malvezzi Campeggi, M. Sorcini, A. Olivieri and A. Di Blase 
istituto Superiore di Sanit&, Rome, Italy 

The effect of hypothyroidism on the lipid composition of 
myelin and synaptosomes isolated from adult rat brain 
was investigated. The animals were made hypothyroid by 
adding 0.05% propyl-2-thiouracil to their drinking water 
for four weeks. This pathological state resulted in a sig- 
nificant increase in the relative percentage of choline 
glycerophospholipids in synaptosomes with a concomi- 
tant decrease in ethanolamine glycerophospholipids as 
compared to controls. In myelin, hypothyroidism signifi- 
cantly influenced only the relative percentage of sulfa- 
tides. The effect of the hypothyroid state on mature brain 
was also reflected in changes in the membrane fatty acid 
composition. Myelin and synaptosomes showed an in- 
crease in araehidonlc (20:4) and eicosatrienoic (20:3) acids 
and an increase in the fatty acid unsaturation index. Fur~ 
thermore, the 20:4J20:3 and 20:3/18:2 ratios were lower and 
higher, respectively, in treated ~nimals. The data indicate 
that hypothyroidism affects the lipid composition of 
synaptosomes and myelin even though the effects were 
less pronounced in myelin. The lipid changes observed in 
hypothyroidism may be of physiological significance, as 
it is well known that lipid composition modulates various 
membrane-bound enzymes, transporters and receptors. 
Lipids 28, 1075-1078 (1993). 

That a relationship exists between lipid metabolism and 
the thyroid state was first noted in 1931 by Wesson and 
Burr (1). Since then, many investigators have reported 
that  hypothyroidism affects lipid content and composi- 
tion of membranes isolated from different rat tissues and 
subcellular fractions (2-5). The fatty acid changes ob- 
served were interpreted as being consistent with a modula- 
tion of the activity of enzymes involved in their synthesis, 
desaturation and elongation (6-10). The mechanism re- 
sponsible for producing the changes in membrane phos- 
pholipid (PL) composition is still not known. 

Brain is an important target of thyroid hormones, with 
striking effects occurring during the development of the 
central nervous system (CNS). Hypothyroidism induced 
during the pre- and postnatal periods causes biochemical, 
morphological and behavioral changes (11,12). Alterations 
in brain lipid composition could be responsible for the 
observed changes in the activity of several synthesizing 
and degrading neurotransmitter enzymes (11). 

The effect of hypothyroidism on mature brain is not well 
understood. A number of reports have recently indicated 
that thyroid hormone deficiency affects brain function in 

*To whom correspondence should be addressed at [stituto Super/ore 
di SanitY, Department of Metabolism and Pathological Biochemistry, 
Viale Regina Elena 299, 00161 Rome, Italy. 
Abbreviations: CB, cerebrosides not containing hydroxy fatty adds; 
CBOH, cerebrosides containing hydroxy fatty acids; CPL, cholLqe 
glycerophospholipids; CNS, central nervous system; EPL, ethanol- 
amine glycerophospholipids; EU, euthyroid; FAME, fatty acid 
methyl ester; GLC, gas-liquid chromatography; HO, hypothyroid; 
PL, phospholipids; PTU, propylthiouracfl; PUFA, polyunsaturated 
fatty acids; T3, triiodothyronine; T4, tetraiodothyronine. 

the adult rat (13-15), but data on biochemical changes 
were not reported. 

In order to elucidate the effects of hypothyroidism on 
brain membranes, we studied the lipid composition of CNS 
myelin and of synaptosomes in adult rats with hypo- 
thyroidism induced by propylthiourac/1 (PTU). 

MATERIALS AND METHODS 

Animals. Male Sprague-Dawley rats (Charles River, Wil- 
mington, MA), weighing 200-210 g at the beginning of 
the experiments, were used. They were fed a standard diet 
ad libitum. The animals were made hypothyroid (HO) by 
adding PTU (0.05% wt/vol) to their drinking water for four 
weeks (16}. They were then sacrificed, and the brains were 
quickly removed. Adequacy of HO state was assessed by 
measuring serum 3,3',5,5'-tetraiodothyronine (T4) and 
3,3',5-triiodothyronine (T3) levels by radioimmunoassay 
(Serono Biodata, Mflan~ Italy). The PTU treatment led 
to a decrease in circulating mean T4 levels (21.6 +_ 2.9 
ng/mL), as compared with mean T4 value in euthyroid 
(EU) rats (88.5 _ 17.9 ng/mL; P < 0.001). A similar tend- 
ency was observed for the serum T3 levels. The respec- 
tive mean values for T4 and T3 for six independent ex- 
periments were: 0.41 _ 0.06 ng/mL in HO and 0.95 ___ 0.16 
ng/mL in EU animals (P < 0.01). 

SubceUular fractions. The brains were homogenized with 
a Dounce homogenizer in 0.32 M sucrose (5% wt/vol), and 
myelin was isolated by sucrose density gradient cen- 
trifugation according to Norton and Poduslo (17). Synap- 
tosomes were prepared using a Percoll density gradient 
as suggested by Nagy and Delgado-Escuanta (18). The 
purity of both subcellular fractions was checked by elec- 
tron microscopy. The membranes were submitted to 
osmotic shock with distilled water, pelleted by centrifuga- 
tion, lyophilized and stored at -20~ 

Lipid analysis. Lipids were extracted from membranes 
with 20 vol of chloroform]methanol (2:1, vol]vol) according 
to Folch et aL (19}. Lipids were separated into classes by 
one-dimensional high-performance thin-layer chromatog- 
raphy. In our solvent system, plasmalogens are not sepa- 
rated from the corresponding diacylglycerophospholipids. 
Lipids were quantified by in situ laser densitometry 
(model XL; Produckker, Bromma, Sweden) after staining 
with specific reagents for PL, cholesterol and galacto- 
lipids, as previously described (20). Peak areas were 
measured with an internal digital integrator. Lipids were 
analyzed for fatty acid composition by gas-liquid chroma- 
tography (GLC). The fatty acid methyl esters (FAME} 
were prepared by transmethylation with methanolic HC1 
(Supelca In~, Bellefonte~ PA) at 70~ for 2 h and analyzed 
using a Hewlett-Packard HP 5890A gas chromatograph 
(HewlettoPackard, Palo Alt~ CA) equipped with a flame- 
ionization detector. Dimethylacetals derived from plas- 
malogens during the transmethylation procedure did not 
interfere with fatty acid analysis. This was ascertained 
on some samples when the fatty acid composition 
obtained was the same whether dimethylacetals were 
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removed or not .  F a t t y  acid compos i t ion  was ana lyzed  by  
GLC of the  F A M E  at  260~ on a fused silica capi l la ry  
co lumn of Supelcowax 30 m X 0.53 m m  i.d, (Supelco) u s ing  
he l ium as carr ier  gas {flow ra te  1.3 mL/min}. F a t t y  acids 
were identif ied by  compar i son  wi th  commercial  s t anda rds  
[ p o l y u n s a t u r a t e d  f a t t y  acids (PUFA) 1 and  P U F A  2; 
Supelco]. Q u a n t i t a t i v e  da t a  were der ived u s i n g  an  in- 
tegrator  (Hewlett-Packard 3396A) and  a s t andard  mix ture  
of F A M E  to es t ab l i sh  the  response  factors  for the  com- 
p o n e n t s  identif ied.  

S t a t i s t i c a l  analysis .  All  resul t s  are expressed as m e a n s  
wi th  s t andard  deviat ions (SD). The s ta t i s t ica l  significance 
of m e a n  differences was de t e rmined  by  S t u d e n t ' s  t-test. 

RESULTS 

The effect of PTU- induced  hypo thy ro id i sm on  the  l ipid 
compos i t ion  of myel in  is shown in  Table 1. The  re la t ive  
percentage  of each class of glycol ipids  was lower in  the  
t rea ted  ra t s  t h a n  in  the  controls.  However, on ly  the  
decrease in  su l fa t ides  was s t a t i s t i ca l ly  s igni f icant .  The 
ra t io  of hydroxy  f a t t y  acid c o n t a i n i n g  cerebrosides 
(CBOH) to hydroxy f a t t y  acid-free cerebrosides (CB) was 
increased  in  hypo thy ro id i sm  (20%), m a i n l y  as the  resul t  
of a more  p ronounced  decrease in  CB as compared  to 
CBOH.  

Table 2 shows the  effect of thyro id  ho rmone  deficiency 
on  the  l ipid compos i t ion  of synap tosomes .  A s ign i f i can t  
increase  in the  percen tage  of the  chol ine glycerophospho- 
l ipids {CPL) wi th  a c o n c o m i t a n t  decrease in  the  e thanol-  
amine  glycerophospholipids (EPL) was observed in t reated 
an ima l s  compared  wi th  controls.  No differences were 
observed between the  two groups in  the  other  lipid classes. 

The  effect of PTU- induced  hypo thy ro id i sm  was also 
reflected in  changes  in  myel in  f a t t y  acid composi t ion .  As  
shown in Table 3, the percentage of to ta l  m o n o u n s a t u r a t e d  
f a t ty  acids, which are character is t ic  f a t t y  acids of myelin, 
is s ign i f i can t ly  lower in  HO t h a n  in  E U  rats ,  m a i n l y  due 
to the decrease in 24:1 and  20:1. Total sa tu ra ted  fa t ty  acids 
were n o t  affected by  the  t r e a t m e n t ,  even t h o u g h  a sig- 
n i f i can t  decrease in  20:0 and  24:0 was  observed.  P U F A  

TABLE 1 

Lipid Composition of Brain Myelin in Euthyroid 
and in Hypothyroid Rats a 

Lipids b Euthyroid rats Hypothyroid rats 

SPM 2.0 _ 0.56 2.4 _ 0.38 
CPL 13.2 _ 1.07 13.5 __ 1.72 
SPL + IPL 8.1 _+ 2.53 8.3 +_ 1.94 
EPL 15.0 +_ 3.13 15.7 +_ 2.53 
SULF 3.6 +_ 1.23 2.2 _ 0.22 c 
CBOH 23.6 _ 4.37 22.0 _ 2.17 
CB 7.7 __ 2.25 5.8 +_ 0.74 
CHOL 26.6 +_ 6.01 30.3 +- 2.29 
CBOH/CB ratio 3.1 +_ 0.4 3.8 +_ 0.31 c 

aResults are expressed as percent of total lipids and are given as 
means +__ SD (n = 4). 
bSPM, sphingomyelin; CPL, choline glycerophospholipids; SPL, 
serine glycerophosphoUpids; IPL, inositol glycerophospholipids; 
EPL, ethanolamine glycerophospholipids; SULF, sulfatides; CBOH, 
cerebrosides containing hydroxy fatty acids; CB, eerebrosides not 
containing hydroxy fatty acids; CHOL, cholesterol. 
cp < 0.05. 

TABLE 2 

Lipid Composition of Brain Synaptosomes in Euthyroid 
and in Hypothyroid rats a 

Lipids b Euthyroid rats Hypothyroid rats 

SPM 2.8 +- 0.62 3.7 __- 1.01 
CPL 34.6 _+ 1.83 41.7 +- 4.62 c 
SPL + IPL 12.8 _ 0.82 14.9 _+ 3.67 
EPL 25.2 __- 2.40 18.2 +_ 4.21 c 
CHOL 24.5 __- 2.30 21.4 +_ 3.22 

aResults are expressed as percent of total lipids and are given as 
means +_ SD (n = 4L 
bAbbreviations as in Table 1. 
cp < 0.05. 

TABLE 3 

Fatty Acid Composition of Brain Myelin in Euthyroid 
and in Hypothyroid Rats a 

Fatty acid Euthyroid rats Hypothyroid rats 

16:0 7.5 --+ 1.47 9.1 +- 0.41 
16:1 0.4 __- 0.05 0.6 --- 0.00 
18:0 19.0 +_ 0.45 19.5 +_ 0.42 
18:1 33.3 -- 1.82 35.3 +- 0.4 
18:2 0.6 +- 0.12 0.7 - 0.12 
20:0 2.1 +_ 0.31 1.6 +- 0.06 b 
20:1 7.1 __ 1.18 5.7 - 0.52 b 
20:3 0.7 __ 0.14 1.0 __- 0.12 b 
20:4 6.3 +_ 0.56 7.8 +_ 0.28 c 
22:0 2.4 +_- 0.45 2.0 +_ 0.09 
22:1 0.8 - 0.12 0.6 - 0.19 
23:0 0.8 _+ 0.36 0.5 _+ 0.06 
22:4 2.7 +_ 0.27 3.0 - 0.30 
24:0 4.7 +_ 0.78 3.4 +_ 0.465 
22:6 2.3 +_ 1.97 2.5 +_ 0.25 
24:1 8.7 --- 2.03 6.5 -+ 0.38 b 
Saturated 36.8 ___ 1.44 36.2 __- 0.62 
Monoenoic 50.4 _ 1.31 48.3 --- 0.48 b 
Pol~,enoic 12.7 +_- 2.27 15.1 +_ 0.7 
UI a 103.2 +_ 12.36 111.5 - 2.57 
20:4/20:3 ratio 9.3 - 2.09 7.8 __- 2.1 
20:3/18:2 ratio 1.0 +_ 0.05 1.4 +_ 0.005 

aValues are expressed as percent of total fatty acids and are given 
as means +_ SD (n = 4). 
bp < 0.05. 
cp < 0.005. 
dUI, unsaturation index, which is the sum of the percentage of each 
unsaturated fatty acid multiplied by the number of double bonds. 

increased in  b o t h  types  of m e m b r a n e s  of the  t r ea ted  rats .  
This  increase was more pronounced  in synap tosomes  wi th  
a consequent  elevation of the u n s a t u r a t i o n  index {Table 4). 
Because  20:3 increased more in synap tosoma l  membranes  
t h a n  did  the  o ther  P U F A  (50%), the  20:4/20:3 ra t io  
decreased while the  20:3/18:2 ra t io  increased.  

DISCUSSION 

P TU - i nduc e d  h y p o t h y r o i d i s m  affects  the  l ipid composi- 
t ion  b o t h  in  myel in  and  s y n a p t o s o m e s  from adu l t  ra t  
brain,  even t h o u g h  the  changes  are more p ronounced  in  
the  s y n a p t o s o m e s  t h a n  in  myelin.  S y n a p t o s o m e s  of the  
HO ra t s  show a s ign i f i can t  increase  in  CPL wi th  a con- 
c o m i t a n t  decrease in EPL .  S imi la r  changes  were shown 
to occur in  hea r t  m i tochondr i a  by  Paradies  a nd  Ruggiero  
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TABLE 4 

Fatty Acid Composition of Brain Synaptosomes in Euthyroid 
and in Hypothyroid Rats a 

Fatty acids Euthyroid rats Hypothyroid rats 

16:0 18.6 + 2.47 11.9 _ 4.59 b 
16:1 1.2 .+ 0.35 0.9 _+ 0.5 
18:0 25.0 .+ 0.71 26.1 _+ 1.35 
18:1 23.5 .+ 2.36 21.5 .+ 1.71 
18:2 1.6 .+ 0.41 1.8 .+ 0.55 
20:0 0.3 .+ 0.13 0.5 .+ 0.31 
20:1 1.3 .+ 0.48 1.7 +_ 0.59 
20:3 0.6 .+ 0.18 1.1 _+ 0.23 b 
20:4 13.3 .+ 1.24 16.7 _ 1.425 
22:4 2.6 .+ 0.41 3.2 .+ 0.76 
22:5 0.5 .+ 0.11 0.3 _ 0.06 
22:6 11.4 _ 0.97 14.1 .+ 4.49 
Saturated 43.9 _+ 2.46 38.5 .+ 4.16 c 
Monoenoic 26.1 +_ 2.43 24.0 -+ 2.11 
Pol~'enoic 30.0 +_ 0.95 37.3 .+ 6.12 b 
UI a 164.1 +_ 5.74 197.3 +_ 32.4 b 
20:4/20:3 ratio 21.6 _+ 3.61 15.8 +_ 3.81 c 
20:3/18:2 ratio 0.4 _+ 0.06 0.6 .+ 0.155 

aValues are expressed as percent of total fatty acids and given as 
means +_ SD (n = 4). 
bp < 0.005. 
cp < 0.05. 
dUI, unsaturation index, which is the sum of the percentage of each 
unsaturated fatty acid multiplied by the number of double bonds. 

(3). By contrast,  the PL composition of colonic apical 
plasma and erythrocyte membranes (2) were not sig- 
nificantly altered in the HO state. As the changes vary 
widely between cells and subfractions from various 
tissues, this may suggest  tha t  different membranes r~  
spond to thyroid hormone deficiency differently, depend- 
ing on their function. 

CPL can be synthesized by methylation of E P L  (21,22), 
as well as by the cytidine diphosphocholine pathway (23). 
In brain the major route is the latter (de novo route); never- 
theless, an increase in methyltransferase activi ty was 
observed in membranes rich in PUFA (24). Because a 
significant increase of PUFA is observed in synaptosomes 
of HO rats, we could suggest  tha t  this route could be 
operative in treated animals, resulting in an increase in 
CPL. Moreover, a higher percentage of PUFA may in- 
crease membrane fluidity. I t  is known tha t  the successive 
methylat ion of E P L  increases membrane fluidity, reduc- 
ing its viscosity (21}. On the other hand, modulation of 
insulin receptors and catecholamine has been shown to 
occur in hypo- and hyperthyroid rats (15). Recently, some 
changes in neurotransmitter  metabolic activity were also 
observed in brain of hypothyroid adult  rat  (25,26). There- 
for~ it is tempting to suggest  tha t  one of the factors 
responsible for these changes could be the changes tha t  
occur in the lipid environment. 

Our data show that  in adult brain the thyroid hormones 
are also involved in PUFA metabolism, probably by 
modulat ing desaturase activities, as is known for other 
tissues (9). In synaptosomes the relative percentages of 
20:3 and 20:4 are higher in HO than in EU rats; the in- 
crease in the 20:3/18:2 ratio and the decrease in the 
20:4/20:3 ratio would indicate tha t  A6 and A5 desaturases 
are affected differently by thyroid hormone deficiency. 
However, some factors other than desaturation activities 

may influence the fa t ty  acid composition of HO rats, such 
as fa t ty  acid synthesis, membrane lipid degradation and 
t ransport  of fa t ty  acids from one site to another. 

The myelin membrane is more affected by thyroid hor- 
mone deficiency in the developmental period than at adult 
age, This different response could be due to regional dif- 
ferences in the distribution of receptors in adult brain. 
Their highest concentration was found in neuronal cell- 
rich regions such as the amygdala, the hippocampus and 
the cortex, whereas the lowest concentration was found 
in the brain stem and in the cerebellum, which are myelin 
and oligodendrogllal cell-rich regions (27-29). However, the 
decrease in relative monoenoic acid and sulfatide levels 
could affect membrane structural  integrity and stability 
because these lipid components play an important  role in 
maintaining myelin packing (30). 

In conclusion, our data  indicate that  hypothyroidism 
affects the lipid composition of membranes isolated from 
adult rat  brain, with synaptosomes being more suscepti- 
ble than myelin. 

ACKNOWLEDGMENTS 
This research was supported by the National Research Council of 
Italy, special project "Invecchiamento", subject project number 2, 
paper 932356. We are grateful to Enzo Gilardi for expert technical 
assistance. 

REFERENCES 
1. Wesson, L.G., and Burr, G.O. (1931) J. BioL Chem. 91, 525-539. 
2. Ruggiero, F.M., Gnoni, G.V., and Quagliarello, E. (1987) Lipids 

22, 148-151. 
3. Paradies, G., and Ruggiero, EM. (1989)Arcta Biochem. Biophys. 

269, 595-602. 
4. Brasitus, T.A., and Dudeja, P.K. (1988) Biochim. Biophys. Acta 

939, 189-196. 
5. Meyer, B.J., Ha, Y.C., and Barter, P.S. (1989) Biochim. Biophys. 

Acta 1004, 73-79. 
6. Landriscina, C., Gnoni, G.V., and QuagliareUo, E. (1976) Eur. J. 

Biochem. 71, 135-143. 
7. Faas, EH., and Carter, W.J. (1981) Biochem. J. 207, 29-35. 
8. Hoch, EL. (1981) Prog. Lipid Res. 20, 225-228. 
9. Hoch, EL. (1988) Prog. Lipid Res. 27, 199-270. 

10. Dang, A~O., Faas, EH., and Carter, W.J. (1985) Lipids 20, 897-902. 
11. Dussaulk J.H., and RueL J. (1987) Ann. Rev. PhysioL 49, 321-334. 
12. Waiters, S.N., and Morell, P. (1981)J. Neurochem. 36, 1792-1801. 
13. Vaccari, A. (1988) in Progress in Brain Research (Boer, G.J., 

Feenstra, M.G.P., Mirmiran, M., Swab, D.E, and van Haaren, E, 
eds.) VoL 73, pp. 71-86, Elsevier, Amsterdan~ 

14. Sandrini, M., Marrama, D., Vergoni, A.V., and Bertolini, A. (1991) 
Life ScL 48~ 659-666. 

15. Azam, M., and Barquer, M.Z. (1990) Biochem. Intern. 20, 
1141-1148. 

16. Laker, M.E., and Mayer, P.A. (1981) Biochem. J. 196, 247-255. 
17. Norton, WT., and Podusla ~E. (1973)J. Neurochem. 21, 749-757. 
18. Nagy, A., and Delgado-Escuanta, A.V. (1984)J. Neurochem. 43, 

1114-1123. 
19. Folch, J., Lees, M., and Sloane Stanley, G.H. (1957) J. BioL Chem. 

226, 497-509. 
20. Di Biase, A., Salvati, S., and Serlupi Crescenzi, G. (1989) 

Neurochem. Res. 14, 153-156. 
21. Hirata, F., Strittmatter, W.J., and Axelrod, J. (1979) Proa Natl. 

Acad Sci. USA 76, 368-372. 
22. Hirata, E, and Axelrod, J. (1980) Science 209, 1082-1090. 
23. Kennedy, E.P. (1986) in Lipids and Membranes, Pas~ Present 

and Future (Op den Kamp, J.A.F., Raelofsen, B., and Wirtz, 
K.W.A., eds.) pp. 171-206, Elsevier, Amsterdam. 

LIPIDS, Vol. 28, no. 12 (1993) 



1078 

S. SALVATI E T  AL. 

24. Clandinin, M.T., Suh, M., and Hargreaves, K. (1992) in 
Neurobiology of Essential Fatty Acids (Bazan, N.G., Murphy, 
M.G., and Toffana G., eds.) pl~ 197-210, Plenum Press, New York. 

25. Ahmed, M., Sinha, A., Pickard, M., Kim, K., and Ekins, R. (1992) 
J. Endocrinol. Invest. 15, Abstract n(~ 93. 

26. Henley, W.N., Chen, X., Klettner, C., Bellush, L.L., and Notestine, 
M.A. (1991) Can. J. Physiol. PharmacoL 69, 205-210. 

27. Morreale de Escobar, G., Ruiz-Marcos, A., and Escobar del Rey, 
F. (1983) in Congenital Hypothyroidism (Dussanlt, J.H., and 
Walker, P., eds.) pp. 85-126, Marcel Dekker, New York. 

28. Oppenheimer, J.N. (1979) Science 203, 971-979. 
29. RueL J., Faure, R., and Dussault, J.H. (1985)J. EndocrinoL In- 

vest. & 343-348. 
30. Norton, w:r., and Cammer, W. (1984) in Myelin (Morell, E, ecL) 

pp. 147-195, Plenum Press, New York. 

[Received June 14, 1993, and in revised form October 21, 1993; 
Revision accepted October 21, 1993] 

LIPIDS, VoI. 28, no. 12 (1993) 



1079 

Action of the New Hypolipidemic Agent Lifibrol (K12.148) on Lipid 
Homeostasis in Normal Rats: Plasma Lipids, Hepatic Sterologenesis, 
and the Fate of Injected [14C]Acetate 
Frank P. Bel l*  and Lori C. St. John 
Upjohn Laboratories, Kalamazoo, Michigan 49001 

Lifibrol, a new hypocholesterolemic agent with activity 
in humans, was examined in normal rats for its short-term 
and long-term effects on lipid homeostasis. Cholesterol 
(Chol) synthesis inhibition by lifibrol was demonstrated 
in vitro in liver minces from normal rats by following 
[1-14C]acetate ([14C]Ac) and Dl~[2J4C]mevalonate ([14C]- 
MVA) incorporation into [14C]Chol. When administered 
at 50 mg/kg/d, lifibrol reduced plasma total Chol and 
triglycerides (TG) (P < 0.001) within 24 h. The Chol redu~ 
tion was largely a result of reduction of low density and 
very low density lipoprotein cholesterol (LDL + VLDL- 
chol) and a smaller decrease in high density lipoprotein 
cholesterol (HDL-chol). After 10 d, however, a rebound 
effect emerged, and after 41 d, plasma Chol, LDL + 
VLDL-chol, and HDL-chol were restored. In contrast, 
plasma TG remained at reduced levels (P < 0.01). The re- 
bound is attributed to counte~regulation of hepatic 
sterologenesis that was assessed both ex vivo and in vivo. 
The ex vivo incorporation of [14C]MVA and [14C]octa- 
noate into [14C]Chol and total digitonin-precipitable 
[14C]sterols ([14C]DPS) in liver minces was increased 2- 
and 6-fold, respectively, in rats treated 6 d at 50 mg/kg. 
Similarly, in vivo incorporation of intraperitoneally in- 
jected [14C]Ac into hepatic [14C]DPS (2 h post-injection) 
was increased 2- to 5-fold at 50 mg/kg, and evidence for 
increased sterologenesis in nonhepatic tissue was also o1~ 
tained. The increased hepatic sterologenesis, evident 
within 48 h, persisted out to 41 d of treatment by which 
time increases (P < 0.002) in hepatic Chol and carcass total 
sterols were observed. Additionally, incorporation of in- 
jected [14C]Ac into hepatic [14C]TG was inhibited 60% by 
lifibrol (P < 0.001), and the appearance of [14C]TG in 
plasma was reduced. Circulating free [14C]fatty acids 
([14C]FFA) were also reduced, but hepatic [14C]FFA syn- 
thesis was unaffected, thus suggesting either a lesser 
release of newly formed FFA from fiver or an enhanced 
removal from plasma. 
Lipids 28, 1079-1085 (1993). 

Lifibrol is a new hypolipidemic agent that reduces plasma 
total cholesterol (Chol) and low density lipoprotein cho- 
lesterol (LDL-chol) in experimental animals and humans 
(1-4), and in some species reduces plasma triglyceride (TG) 
levels also (1,3). Based upon in vitro studies in super- 
natants of rat fiver homogenates, the putative mechanism 

*To whom correspondence should be addressed at The Upjohn Com- 
pany, 7250-209-415, 301 Henrietta St., Kalamazoo, MI 49001. 
Abbreviations: ACAT, acyl-CoA:cholesterol acyltransferase (EC 
2.3.1.26); Chol, cholesterol; HDL, high density lipoprotein; 
HMG-CoA, ~-hydroxy-~-methylglutaryl-CoA; LCAT, lecithin:cho- 
lesterol acyltransferase (EC 2.3.1.42); LDL, low density lipoprotein, 
TG, triglyceride; VLDL, very low density lipoprotein; [14C]Ac, 

14 14 [1- C]acetic acid, sodium salt; [ C]DPS, digitonin-precipitable 
[14C]sterols; [14C]FFA, free [14C]fatty acid, [14C]MVA, DL- 
[2-14C]mevalonic acid, DBED salt. 

of the Chol-lowering action of lifibrol is considered to be 
inhibition of hepatic Chol biosynthesis between acetate 
and fl-hydroxy-fl-methylglutaryl-CoA (HMG-CoA) (1,2,5}. 
In marmosets (1) and pigs (3) treated with fifibrol for 3 
(40 and 100 mg/kg) or 6 (12.5, 25, 50 and 100 mg/kg) mon, 
respectively, dose-related plasma Chol reductions were sus- 
tained with no evidence for any development of counter- 
regulatory responses. Likewise, no indication of plasma 
Chol rebound was observed in human volunteers (mean 
% change from baseline) treated for 2 wk at up to 900 mg/d 
(4}. However, in rats whose plasma Chol was lowered dur- 
ing a three-day treatment at 100 mg/kg (2), the incorpora- 
tion of [1-14C]acetate ([14C]Ac} into digitonin-precipitable 
sterols was increased 3.7 times in homogenates of their 
livers. Since the stimulation of sterol synthesis could alter 
the long-range response, the experiments presented here 
were designed to provide a comprehensive examination 
of the response of rats to lifibrol over a time-course that 
extended to 41 d. Measurements were made of plasma 
fipid]lipoprotein levels [TG, total Chol, high density fipo- 
protein cholesterol (HDL-chol), and low density plus very 
low density lipoprotein cholesterol (LDL + VLDL-chol}], 
and hepatic sterologenesis was evaluated in fiver minces 
in vitro and ex vivo using DL-[2-14C]mevalonic acid 
([14C]MVA) and [14C]Ac or [1-14C]octanoate as precursors. 
Additionally, in vivo sterologenesis and other aspects of 
lipogenesis in fiver and other organs were evaluated by 
following the fate of intraperitoneally injected [~4C]Ac 2h 
post-injection in 6 and 41 day-treated rats. The results in- 
dicate that lifibrol at 50 mg/kg significantly reduces 
plasma Chol and TG within 24 h of initiating treatment. 
However, counter-regulation sets in by 2 to 3 d as evi- 
denced by 4-fold increases in hepatic sterologenesis that 
eventually lead to rebound of plasma Chol to normal levels 
or above By contrast, plasma TG levels remain suppressed 
as long as drug is provided and are paralleled by decreased 
incorporation of [14C]Ac into hepatic TG2h after intra- 
peritoneal injection of the tracer. Evidence is also pre- 
sented that fiver and carcass sterol concentrations are 
significantly elevated in rats receiving 50 mg/kg]d for 41 & 

MATERIALS AND METHODS 

Chemicals and supplies. The following materials were pur- 
chased from New England Research Products (Boston, 
MA): [14C]Ac, sodium salt, sp. act. 56.0 Ci]mol; DL- 
[14C]MVA, DBED salt, sp. act. 48.6 Ci/mol; [1-14C]oc - 
tanoic acid, sodium salt, 58.0 Ci/mol; Protosol tissue and 
gel solubilizer (NEF-935); and Liquefluor liquid scin- 
tillation counting cocktail (NEF-903). Caprylic acid, 
sodium salt (sodium octanoate) and digitonin were pur- 
chased from Sigma Chemical Company (St. Louis, MO). 
Silica Gel G-coated glass plates used for thin-layer 
chromatography (Sfl G-25, 20 X 20 cm) were obtained 
from Brinkman Instruments Ca (Westbury, NY). Lifibrol 
(K12.148, 4- [4'-tert-butylphenyl]-l- [4'-carboxyphenoxy]-2- 
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butanol) was obtained from Klinge Pharma (Munich, 
Germany). 

Animals and diets. Male TUC-Sprague-Dawley rats 
(Charles River Laboratories, Kalamazo~ MI) were used 
throughout the studies. The rats were individually housed 
in wire-bottom cages with free access to water and feed. 
All rats received Purina Rodent Chow No. 5002 IPurina 
Mills, St. Louis, MO) during a 7-d acclimation and were 
then continued on the diet or the diet admixed with lifibrol 
at a level calculated to provide the desired dose of drug 
based upon average daily feed consumption. Lifibrol 
administration had no negative effects on growth of 
the animals. In the longest study (41 d), terminal weights 
in the control group and 10 and 50 mg/kg lifibrol-treated 
groups were 391 _+ 28, 390 +-- 33 and 383 +- 25 g, 
respectively. 

Injection and blood sampling procedures. All intra- 
peritoneal injections and blood sampling were performed 
under diethyl ether anesthesia. Blood was drawn via car- 
diac puncture into heparinized syringes and placed on 
crushed ice for approximately 1 h until centrifugation at 
10~ to separate the plasma. 

Plasma lipid measurements. Plasma lipid measure- 
ments (total Chol, TG and HDL-chol} were performed 
with an Ektachem DT60 analyzer (Eastman Kodak, 
Rochester, NY) (6,7) and were completed within 2 h of 
plasma preparation. LDL + VLDL-chol was determined 
as the difference between total Chol and HDL-chol. 

Lipid extraction from plasma and tissue samples. 
Plasma and tissue total lipid extracts were prepared by 
the method of Folch et aL (8) employing chloroform/metha- 
nol mixtures. The nonsaponifiable lipid fractions from 
liver and other tissues were obtained by n-hexane extrac- 
tion following digestion/saponification of the samples for 
45 min at 60~ in the presence of alcoholic KOH as de- 
tailed previously (9). Digitonin-precipitable sterols were 
obtained by redissolving nonsaponiflable lipid extracts in 
acetone/ethanol (1:1, vol]vol) and treating with digitonin 
for 18 h (10). 

Thin-layer chromatography of total lipid extracts and 
nonsaponifiable lipid extracts. All thin-layer chromatog- 
raphy employed silica Gel G-coated glass plates that were 
developed with a running solvent consisting of n-hexane/ 
diethyl ether/glacial acetic acid (146:50:4, by vol). This 
system was used to fractionate total lipid extracts into 
the various lipid classes (11) and to isolate Chol, lanosterol 
and squalene from nonsaponifiable lipid extracts (11). 

Assay of sample radioactivity. In all instances, radioac- 
tivity was assayed in a liquid scintillation spectrometer 
(Beckman Instruments In~, Irvine, CA; Model LS9800) 
in glass vials using 15 mL of Liquefluor (toluene-based) 
counting cocktail. Lipids isolated by thin-layer chromatog- 
raphy were scraped directly from the chromatoplates into 
the fluid-filled vials for assay (11). Digitonin-precipitable 
sterols were dissolved in pyridine prior to the addition of 
counting cocktail (12). Quench corrections were made 
using the external standardization method and counting 
efficiency for ~C averaged 94%. 

In vitro and ex vivo hepatic sterologenesis studies. The 
effect of lifibrol on hepatic sterologenesis was evaluated 
in liver minces from chow-fed rats (average weight 215 g) 
in the presence of exogenous lifibrol (in vitro studies) and 
in liver minces from rats (average weight 175 g) pretreated 
with the drug (50 mg/kg/d) for 6 d (ex vivo studies). Liver 

minces {500 mg) were prepared from samples of the cen- 
tral region of the large hepatic lobe as described previously 
(7,11) and were incubated at 37~ in 3.5 mL of Krebs- 
Ringer bicarbonate buffer, pH 7.4 (7,11) in the presence 
of appropriate t4C-labeled substrates. In the in vitro 
studies, the incubations contained 2 /JCi of either 
[~4C]MVA {DBED salt) or sodium ~14C]Ac-. Lifibrol was 
added to the incubations, at the outset, dissolved in 12 
~L of dimethylsulfoxide; control incubations received the 
vehicle alone In the ex vivo experiments, the [~4C]MVA 
was present at 1/~Ci/mL. Sodium [1-14C]octanoate sub- 
stituted for [I*C]Ac in order to avoid any probability of 
[14C]Ac dilution resulting from possible alterations in the 
endogenous acetate pool size arising from drug treat- 
ment (13). The [L4C]octanoate was present at a level of 
3 ~Ci/mL in the presence of 1 raM unlabelled sodium 
octanoate (13). After incubation, all samples were 
digested/saponified and their n-hexane extracts used for 
isolation of Chol on thin layers of Silica Gel G and total 
sterols by digitonin-precipitation as described above 

Intraperitoneal injections of [14C]Ac. Rats (average 
weight 150 g) were randomly assigned into groups of 3 
to 8 and treated with liflbrol for up to 41 d. In Study I 
(Table 2, shown later), the rats were treated for 0 (Controls), 
1, 2, 3, 4 and 10 d (n = 3/group) at 50 mg/kg/d. Initiation 
of the drug was staged so that all groups were evaluated 
concurrently. In Study II (Table 2, shown later), the rats 
were treated for 41 d (Controls, n -- 8; 10 mg/kg, n = 7; 
50 mg/kg, n = 7) and were also evaluated concurrently. 
At the end of their treatment period, body weights were 
recorded (to be used in expressing whole body sterol 
estimates), and the rats were injected intraperitoneally 
with 20 ~Ci sodium ~14C]Ac. TWO hotlrs post-injection, 4.0 
mL of blood was taken under ether anesthesia for plasma 
lipid analysis, and the rats were sacrificed by ether over- 
dose The carcasses and samples of liver from the large 
lobe were frozen at - 20~  until processed further. In all 
of the rats, digitonin-precipitable [14C]sterols ([14C]DPS) 
were measured in the nonsaponifiable lipid extracts from 
liver. Additionally, in rats from the 41-day study, the in- 
corporation of [~4C]Ac into the individual lipid classes 
was measured in total lipid extracts from plasma and liver. 

Incorporation of intraperitoneally injected [~4C]Ac into 
Chol intermediates in nonhepatic tissue was also in- 
vestigated 2 h post-injection in rats (average weight 150 g) 
that received lifibrol for 6 d (50 mg/kg/d). Squalene and 
lanosterol were isolated from the nonsaponifiable lipid 
fraction from kidney, spleen, testes and adrenal gland. 

Carcass sterol analysis. All rats from the 41-day study 
were taken from the storage freezer, and the brains and 
brain stems were removed without thawing the carcasses. 
The carcasses were next placed into 2-L screw-cap poly- 
propylene bottles that contained 1200 mL of 15% 
alcoholic KOH. The carcasses were permitted to digest 
for 5 d at room temperature and were shaken several times 
per day to facilitate tissue dissolution and dispersion. On 
the fifth day, the digests were placed on a magnetic mix- 
er, and a large stirring bar was placed into each bot t le  
The digests were stirred for approximately 30 rain; this 
permitted the final disintegration of the delipidized, 
decalcified bone residues. The digests were next transfer- 
red into 2-L volumetric flasks. The digestion bottles were 
rinsed clean by multiple washings with ethyl alcohol and 
the washings were transferred to the volumetric flask The 
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samples were next  filled up to the 2.0-L mark with ethyl 
alcohol. All steps beyond this point utilized s tandard 
quant i ta t ive  analysis techniques employing volumetric 
glassware at all stages. Five~mL aliquots of the digests 
were extracted with n-hexane to recover the total  sterol 
fraction. The extracts  were evaporated to dryness under 
N2, suspended in acetone/ethanol (1:1, vol]vol) and the 
sterols were precipitated with digitonin as above (10). The 
washed digitonide precipitates were assayed using the 
Lieberman-Burchard reaction (10). Digitonin-precipitable 
sterols in the carcasses were corrected upward by the sterol 
content  of the 4.0-mL of blood drawn and the sample of 
liver tha t  was removed for analysis prior to carcass diges- 
tion. This correction permitted calculation of total carcass 
digitonin-precipitable sterols (minus brain and brain stem, 
which were discarded). Digitonin-precipitation of sterols 
and their assay by color development with Lieberman- 
Burchard reagent (10) provides a quantitative measure of 
Chol in plasma, liver and most other tissues where all but 
traces of the total sterol are Chol. Skin, however, has 
numerous other sterols that would not be quantitatively 
measured by this methodology. Therefore, the presence of 
skin in the carcass analysis will result in a degree of under- 
estimation of total carcass sterols. 

Statistical analyses. All data are presented as mean + 
SD. Statistical analyses were performed by one-way 
analysis of variance Comparisons between groups were 
made using Student's t-test for unpaired variates. Dif- 
ferences were considered to be significant when P was 
equal t~ or less than, 0.05. 

RESULTS 

In vitro and ex vivo hepatic sterologenesis. Confirmation 
of in vitro Chol synthesis  inhibition by lifibrol was 
documented in normal ra t  liver minces as a prerequisite 
to undertaking the present studies. Exogenous lifibrol pr~ 
sent at  10 -4 and 10 -3 M in the incubations reduced 
[14C]Ac incorporation into [14C]Chol by 23 + 3% (n = 4) 
and 43 _+ 18% {n = 4), respectively; the differences in the 
percentage inhibition between 10 -3 and 10 -4 , however, 
were not  statist ically different {P > 0.05). Lifibrol also in- 
hibited the incorporation of [14C]MVA into [14C]Chol by 
37% at 10-4M (mean of n = 2; 46 and 28) and 64% at 
10-3M {mean of 2; 65 and 63). 

The effect of lifibrol on sterologenesis was also evaluated 
ex vivo in liver minces from rats  tha t  were fed lifibrol in 
the diet for 6 d at doses of 15 and 50 mg/kg/d {Table 1); 
[1-14C]octanoate and [14C]MVA were used as precursors. 
No inhibition of sterologenesis was observed in either of 
the two t rea tment  groups. To the contrary, the incorpora- 
tion of both  precursors into [14C]DPS and [14C]Chol was 
increased significantly (P ~< 0.04) in the 50 mg/kg group. 
This group also displayed a significant reduction in 
plasma Chol relative to the control group {64 _+ 24 vs. 
24 ___ 3 mg/dL, P < 0.04). In contrast ,  rats  tha t  received 
the lower dose (15 mg/kg) registered no significant change 
in plasma Chol or in the incorporation of either precur- 
sor into [~4C]DPS or [~4C]Chol. 

Effects of  lifibrol on in vivo hepatic lipogenesis, plasma 
lipids, and liver and carcass sterol content. The ex vivo 
sterologenesis experiments described in Table 1 were 
followed up by studies of in vivo sterologenesis in rats that  
received lifibrol in the diet for 1, 2, 3, 4, 10 and 41 d at 
a dose of 50 mg/kg/d {Table 2). A 10 mg/kg dose was also 
included in the 41-day treatment.  All rats  received an in- 
traperitoneal injection of [14C]Ac and were killed 2 h 
post-injection. 

The incorporation of [14C]Ac into hepatic [14C]DPS was 
increased significantly (P < 0.05) by 48 h after in i t ia t ion 
of the 50 mg/kg dose  The increased incorporation per- 
sisted out  to 41 d, at which t ime it exceeded the control 
values by greater than 4-fold; this would appear to be a 
maximal response since a similar increase was observed 
at 41 d in the 10-mg/kg group. Plasma lipid concentra- 
tions were also measured in the rats  and demonstra ted 
a rapid response to the hypolipidemic action of lifibrol 
{Study I, Table 2). Within the first 24 h after  initiating 
t rea tment  at 50 mg/kg, there were significant reductions 
(P < 0.001) of 60-70% in plasma total  Chol and TG con- 
centrations. HDL-cho l  was also reduced 37% (P < 0.01) 
during the same period. The plasma lipid fraction ex- 
periencing the greatest change, however, was the combined 
fraction of LDL + VLDL-chol ,  which was reduced by 
about  80% in 24 h. The plasma lipid-lowering effects of 
lifibrol were maximal at  4 d. Between 4 and 10 d, HDL- 
chol returned to control values; the other  parameters 
stayed significantly below the control values but  did show 
a definite "up-trend" toward control values. After  41 d of 
t rea tment  at doses of 10 and 50 mg/kg {Table 2, S tudy 

TABLE 1 

Effect of Lifibrol (15 and 50 mg/kg for 6 d) on Plasma Cholesterol (mg/dL} and on the Incorporation of [1-14C]octanoate 
and DL-[2-14C]mevalonate into Cholesterol and Total Digitonin-Precipitable Sterols in Rat Liver Minces, ex  vivo (dpm/g wet wt) a 

Plasma 
Lifibrol total 
daily cholesterol 
dosage (mg/dL) 

[14C]Octanoate [14C]Mevalonate 

Chol DPS Chol DPS 

(dpm/g wet wt) (dpm/g wet wt) 

Contr~ 64 • 24 4962 • 1743 4538 • 1704 93252 • 25026 108466 • 19244 
15mg/kg 57 • 21 3954 • 819 3469 • 848 92820 • 20638 112929 • 31556 
50mg/kg 24 • 3 b 34236 • 241345 33204 • 21307 c 158082 • 24238 d 210938 • 13453 e 
=Liver minces (500 rng) prepared from rats (average weight 175 g) that received lifibrol in the diet for 6 d were incubated at 37~ for 
90 min in 3.5 mL Krebs-Ringer bicarbonate buffer, pH 7.4, which contained 3 pCi/mL [1-14C]octanoate or i ~Ci/mL DL-[2-14C]mevalonate. 
[14C]Cholesterol (Chol) and total digitonin-precipitable [14C]sterols (DPS) were isolated from the nonsaponifiable lipid extracts of the tissues 
as detailed under Materials and Methods. Values are means +_ SD of three animals/group. 
b-eStatisticaUy significantly different from the respective control mean (bp < 0.04; cp < 0.03; dp < 0.015; ep < 0.001). 

LIPIDS, Vol. 28, no. 12 (1993) 



1082 

F.P. BELL AND L.C. ST. JOHN 

TABLE 2 

Plasma Lipid Concentrations and in vivo Hepatic Sterologenesis from Intraperitaneally Injected [1-14C]Acetate 
in Rats Receiving Lifibrol for up to 41 Days = 

Hepatic total digitonin- 
Duration precipitable [14C]sterols 
of lifibrol 
treatment Dose Plasma lipids (mg/dL) (dpm/g (% 
(days, D) N (mg/kg) Total Chol Triglyceride HDL-Chol VLDL + LDL-Chol liver wet wt) control) 

Study ! 
Control 3 0 68 • 2 101 • 22 40 • 2 32 • 4 2940 • 775 100 
D-1 3 50 28 • 2 b 24 • 11 b 25 • 1 c 4 • 3 b 3900 • 741 133 
D-2 3 50 28 • 9 b 27 • 5 b 25 • 8 c 3 • 2 b 6687 • 2291 e 227 
D-3 3 50 24 • 8 b 2 6 •  b 23 • 10 c 2 •  1 b 7553 •  d 256 
D-4 3 50 17 • 3 b 15 • 8 b 16 • 3 b 1 • I b 7687 • 2997 d 256 
D-10 3 50 39 • 9 b 30 • 11 b 37 • 8 2 • 2 b 5513 • 1157 188 

Study II 
Control 8 0 58 • 10 109 • 17 34 • 5 24 • 5 1070 • 187 100 
D41 7 10 89 • 28 c 60 • 28 c 57 • 17 b 32 • 15 4787 • 1764 b 447 
D-41 7 50 64 • 20 55 • 38 c 44 • 10 20 • 14 4910 • 2934 b 459 

aRats receiving lifibrol in the diet for up to 41 d were killed 2 h after an intraperitoneal injection of 20 ~Ci sodium [1-14C]acetate in 0.5 
mL physiologic saline/ethanol (24:1, vol/vol). Plasma lipids were measured, hepatic nonsapenifiable lipids were obtained, and total digitonin- 
precipitable sterols were isolated as detailed under Materials and Methods. Values are means • SD of the number of rats indicated by 
N. Abbreviations: Chol, cholesterol; HDL, high density lipoprotein; VLDL, very low density lipoprotein; LDL, low density lipoprotein. 
b-eStatistically significantly different from the respective control mean (bp < 0.001; cp < 0.01; dp < 0.02, eP < 0.05). 

II), no hypocholes terolemic  ac t ion  was ev ident  and V L D L  
+ L D L - c h o l  r e tu rned  to cont ro l  levels; the  hypol ip idemic  
ac t ion  of  l if ibrol  obse rved  a t  th is  t i m e  was l imi ted  sole ly  
to  i ts  hypot r ig lycer idemic  ac t ion  {50% decrease in p l a sma  
TG, P < 0.01). 

H e p a t i c  t o t a l  Chol  and  ca rcas s  t o t a l  d ig i ton in -  
precipi table  s terols  were also measu red  in the  ra t s  t r ea ted  
for 41 d wi th  10 and 50 m g / k g  of lifibrol. H e p a t i c  to t a l  
Chol  was  increased  s ign i f i can t ly  f rom a con t ro l  m e a n  of 
1.97 -4-_ 0.20 m g / g  wet  w t  to  2.42 +_ 0.20 (P < 0.002) and  
2.31 +_ 0.15 (P < 0.002} m g / g  wet  w t  in t he  10- and  50- 
m g / k g  dose groups, respectively. Carcass to ta l  sterol {DPS) 

was  also inc reased  by lifibrol. Carcass  D P S  in t he  con t ro l  
group measured  1665 + 103 m g / k g  body  weight  compared  
wi th  1735 +__ 96 and 1845 + 100 m g / k g  b o d y  w t  in t he  
10- and 50-mg/kg  groups,  respectively.  The  increase a t  50, 
b u t  no t  a t  10, m g / k g  was  s ign i f i can t  {P < 0.002). 

I n j ec t ed  [14C]Ac was  used  no t  on ly  to  m on i to r  s terol  
synthes is  in liver {Table 2) bu t  the  synthes is  of o ther  major  
l ipid c lasses  as well [i.e., free f a t t y  acids  (FFA), glycero- 
l ipids and  cho les te ry l  esters]  (Table 3). The  hepa t i c  syn- 
thes is  of 14C-labeled choles te ry l  es ters  was increased  two  
to  th ree  t imes  in t h e  t r e a t e d  rats .  In  con t ras t ,  s y n t h e s i s  
of labeled TG was reduced abou t  60% (P < 0.02) by lifibrol 

TABLE 3 

Effect of Lifibrol on the in vivo Incorporation of Intraperitoneally Injected [1-14C]Acetate into Hepatic 
and Plasma Free Fatty Acids and Esterified Lipids in Normal Rats After 41 Days of Treatment 
(10 and 50 mg/kg/d) = 

Lifibrol Free E sterified 
daily dosage N Phospholipid Triglyceride fatty acid cholesterol 

dpm/g fiver wet wt 

Con~ot 8 7764•  2728 2445 • 1077 856 • 293 161 • 77 
10mg/kg 7 5042 • 1436 b 945 • 312 c 786 • 340 532 • 206 b 
50mg/kg 7 5202 • 1082 b 961 • 577 c 663 • 222 374 • 292 d 

dpm/mL plasma 

Control 8 2565 • 497 326 + 186 126 --- 55 165 + 24 
10 mg/kg 7 2487 • 447 111 + 86 e 58 • 21 e 563 + 292 c 
50 mg/kg 7 2437 _ 362 39 + 29 f 29 • 21 f 449 • 195 d 

aSamples of liver and plasma from the 41-day rats described in Table 2 were extracted and fractionated by 
thin-layer chromatography as detailed under Materials and Methods. Values are means + SD of the number 
of rats, indicated by N. 
b-fStatistically significantly different from the control mean (bp < 0.03; cp < 0.001; dp < 0.02; ep < 0.001; 
fP < 0.003). 
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FIG. 1. Effect of lifibrol on the incorporation of intraperitoneally 
injected [1-14C]acetate into hepatic triglycerides in normal rats. Rats 
(initial average weight 150 g) which received lifibrol (50 mg/kg/d) in 
the diet for up to 10 d were injected intraperitoneally with 20 pCi 
ll-t4C]acetate 2 h prior to killing. Samples of liver were extracted 
and fractionated by thin-layer chromatography to obtain the 
triglyceride fractions that were assayed for radioactivity as detailed 
under Materials and Methods. Values shown are means -b SD of three 
rats per group. 

treatment.  A smaller but  significant reduction (approx- 
imately 35%, P < 0.02) in labeled phospholipid synthesis 
also occurred with both doses of lifibrol. These changes 
occurred in the absence of any significant differences in 
the amount of 14C-labeled FFA recovered from the livers. 
The impact of lifibrol on hepatic TG synthesis has a rapid 
onset as shown by the data in Figure 1. Rats that  received 

50 mg/kg showed an 80% decrease in hepatic TG synthesis 
within 24 h of receiving t reatment  with lifibrol. The data  
of Figure 1 and Table 3 give no indication that  the rats 
become refractory to the hypotriglyceridemic action. 

Lipid newly synthesized from [14C]Ac was also present 
in the plasma of the rats {Table 3). The profile of the 
labeled plasma lipid in the lifibrol-treated rats differed 
from the controls in two major respects. The first of these 
was a significant (P < 0.003) dose-related lowering of cir- 
culating 14C-labeled TG and FFA; these changes occurred 
in the absence of any drug-related effect on the levels of 
circulating 14C-labeled phospholipids. The second relates 
to the cholesteryl esters. Jus t  as with liver, the plasma 
from treated ra ts  had higher  levels of 14C-labeled 
cholesteryl esters (dpm/mL). 

Relative sterologenesis activi ty in nonhepatic tissues. 
Evidence for an effect of lifibrol on in vivo sterologenesis 
in nonhepatic tissue (kidney, spleen, testes and adrenal 
glands) was investigated 2 h after intraperitoneal injec- 
tion of [t4C]Ac into untreated rats (control, n = 6) and 
rats treated with lifibrol for 6 d {50 mg/kg, n = 6) (Table 4). 
Al though [t4C]Chol was found in each of the tissues, its 
presence in the plasma (1814 _+ 747 and 538 _+ 286 
dpm/mL in the lifibrol vs. control group, respectively, P < 
0.003) precluded any at tempt to relate tissue [14C]Chol to 
in situ synthesis. However, no [14C]squalene or [14C]- 
lanosterol could be detected in the plasmas from either 
group. I t  was considered, therefor~ that  the presence of 
these Chol intermediates in nonhepatic tissues could be 
taken as an indication of in situ sterologenesis. The ratio 
of [14C]squalene or [14C]lanosterol recovered (dpm/g) in 
treated vs. control rat tissues provides an index of relative 
differences in sterologenesis activity. On this basis, the 
data indicate that  lifibrol t reatment increased the relative 
rate of synthesis about  2-fold {Table 4). 

DISCUSSION 

The studies presented here clearly demonstrate tha t  the 
hypocholesterolemic effects of lifibrol in normal rats are 

TABLE 4 

Estimated Relative Rates of Sterol Synthesis in Nonhepatic Tissues from Rats Receiving Lifihrol 
(50 mgfkg/d) far Six Days a 

[14C]Squalene [14C]Lanosterol 

Lifibrol Control Ratio Lifibrol Control 

(dpmJg wet wt) {dpm/g wet wt) 

Ratio 

Kidney 148 • 109 68 • 12 2.2 188 + 77 b 67 + 17 2.8 
Spleen 35 • 34 r 49 • 82 0.7 188 + 86 c 103 + 61 1.8 
Testes 62 • 17 d 40 • 13 1.6 136 + 35 e 77 _+ 10 1.8 
Adrenal gland 45 + 29 f 17 +_ 10 2.6 14 + 14 c 4 • 7 3.5 

aRats (average weight 150 g) that received lifibrol in the diet (50 mg/kg) for 6 d were killed 2 h after in- 
traperitoneal injection with 20/~Ci sodium [1J4C]acetate in 0.5 mL physiologic saline/ethanol (3:2, voYvol). 
The organs were removed and fractionated by thin-layer chromatography to obtain the cholesterol in- 
termediates, [14C]squalene and [14C]lanosterol, as detailed under Materials and Methods. The mean __ SD 
recovery of labeled lanosterol and squalene (dpm]g wet wt) in each tissue (n = 6 per group) was expressed 
as a ratio of lifibrol vs. control. Since these labeled intermediates of cholesterol were not detected in plasma, 
their presence in the tissues was taken as evidence for active in situ sterologenesis. The assumption is that 
their amount recovered from the tissues is proportional to the rate of sterologenesis extant. 
b-eStatistically significantly different from the corresponding control m e a n  (bp < 0.004; Cnot significant; dp 
< 0.04; ep < 0.003, fP < 0.05). Plasma total cholesterol was 47 ___ 9 and 25 + 4 mg/dL (P < 0.0001) in the 

I 14 14, lifibro vs. control group, respectively, and [ C]acetate incorporation into hepatic [ C]cholesterol was 38232 
• 23843 vs. 6710 • 2398 dpm/g (P < 0.009), respectively. 
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transient and not sustainable with extended treatment 
{Table 2). This differs from the experiences in marmosets 
and pigs where the hypocholesterolemic effect of the drug 
persists throughout treatment periods of 3 to 6 mon {1,3}. 
Analysis of lipoproteins in pigs receiving 50 mg/kg lifibrol 
yielded results similar to the rats studied here (Ref. 3; 
Table 2). The overall lowering of plasma Chol involved 
reductions in HDL-chol in both species but was largely 
accounted for by lowering of the LDL + VLDL-chol. In 
the case of pigs, it has been proposed that  lifibrol lowers 
the LDL through increased hepatic LDL-receptor activ- 
ity which is the response to reduced hepatic Chol syn- 
thesis {2,3}. Inasmuch as this is a reasonable hypothesis 
for the pig, the response of rats would appear to be more 
complicated since reduced plasma LDL + VLDL-chol 
and increased hepatic sterologenesis are observed concur- 
rently during the hypocholesterolemia phase in the rat 
(Tables 1 and 2). 

The stimulation of hepatic sterologenesis in the rat 
begins within 48 h of lifibrol treatment and persists as 
long as drug is administered (Table 2). This increased syn- 
thesis likely accounts for the frank rebound in plasma 
Chol observed at 41 d and indicated as early as 10 d 
(Table 2). Data from the ex vivo liver mince studies in 
lifibrol-treated rats (Table 1) and in vivo-treated rats in- 
jected with [1-14C]acetate (Table 2) suggest that the in- 
creased hepatic sterologenesis is a function of dose and 
time. Doses of 50 mg/kg, but not 15 mg/kg, increased 
ex vivo hepatic sterologenesis in 6-day treated rats, 
whereas treatment for 41 d at similar or higher doses (10 
and 50 mg/kg) yielded equivalent increases in sterolo- 
genesis (4.5-fold, Table 2). 

Clearly, the intrinsic ability of lifibrol to inhibit sterolo- 
genesis as demonstrated here, using [14C]Ac and [14C]- 
MVA, and elsewhere (1) is readily neutralized in normal 
rats over time. The species difference in tolerance to lifibrol 
may be related to differences in the degree of counter- 
regulation achievable or to differences in the site(s) of drug 
action. In this regard, Schliak et  aL (2) have proposed that 
the sustained hypocholesterolemia induced by lifibrol in 
pigs argues for inhibition of sterol synthesis prior to the 
rate-limiting, HMG-CoA reductase (14) step, whereas in- 
hibition of [14C]MVA incorporation into hepatic sterols 
in vitro in rat liver minces in the presence of exogenous 
lifibrol described here suggests that post-reductase site(s) 
of inhibition also exist (i.e., assuming no drug-induced 
changes in substrate access). The reductions in sterol syn- 
thesis in liver minces cannot be attributed to an overall 
inhibition of lipogenesis since [14C]Ac incorporation into 
total saponifiable lipid (dpm]g wet wt) is either unchanged 
or slightly increased in the presence of drug (9480 _ 1942, 
11866 ___ 2770, and 15648 +_ 3544 at 0, 10 -4 and 10 -3 M 
lifibrol respectively, n = 3/group). More definitive studies 
will be necessary to more specifically characterize the in- 
hibitory sites of lifibrol in the liver and the actions which 
determine counter-regulation. The relatively small in- 
creases in inhibition of sterol synthesis from [14C]Ac and 
[14C]MVA that we observed in going from 10 -4 to 10 -3 M 
lifibrol in liver minces suggests that  factors such as drug 
solubility and tissue uptake may be limiting in some 
in vitro systems. 

Another important observation made in these studies 
relates to the effect of lifibrol on tissue sterol concentra- 
tion. In the 41-day rat study, hepatic Chol concentration 

was increased significantly at 10 and 50 mg/kg; carcass 
total sterols were also increased significantly at 50 mg/kg. 
The accumulation of body sterol may be a direct conse- 
quence of overproduction of sterol not only by the liver, 
but by certain nonhepatic tissues as well {Table 4). 

Apart from increased sterologenesis, the most steadfast 
response of the normal rat to lifibrol was the 
hypotriglyceridemic response A 24-hour treatment period 
at 50 mg/kg was sufficient to significantly lower plasma 
TG by 76% {Table 2). At the same dose, Schliak et al. (3) 
reported plasma TG lowering in male (but not female} pigs. 
However, the onset of the reduction was much slower to 
develop and was not statistically significant until some 
time between 2 and 12 wk. Unlike the situation with 
plasma Chol, there is no strong indication that plasma 
TG lowering in the rat is transient in natur~ Quite to the 
contrary, it is a direct reflection of the reduced TG syn- 
thesis in the liver {Table 3 and Fig. 1) and the subsequent 
reduced appearance of newly synthesized TG in plasma 
{Table 3) that was demonstrated in the [14C]Ac injection 
studies. The fact that  the 41-day treated rats maintained 
significant reduction in plasma TG even though VLDL 
-t- LDL-chol were not significantly different from control 
levels (Table 2) suggests that  the hypotriglyceridemia is 
not secondary to problems in LDL production and/or 
secretion. Future studies of VLDL secretion and turnover 
will more specifically address this issue. 

The inhibition of TG synthesis appers to be relatively 
specific in that phospholipid synthesis was only modestly 
affected and fatty acid synthesis was not significantly af- 
fected {Table 3). It was observed, however, that  newly 
formed 14C-labeled FFA circulating in plasma were 
significantly lower in 41-day lifibrol-treated rats {Table 3). 
Whether or not this effect, which seems to be dose- 
dependent, represents a lesser release from liver (or other 
tissues} or a drug-enhanced clearance by peripheral tissues 
is not known. In the studies presented here, we did not 
assay directly the activity of plasma LCAT (lecithin/Chol 
acyltransferase;  EC 2.3.1.42} or hepatic ACAT 
(acylCoA/Chol acyltransferase; EC 2.3.1.26}, which are the 
main determinants of the status of plasma and hepatic 
cholesteryl esters {15}. It  is therefore possible that the 
higher levels of 14C-labeled cholesteryl esters found in 
plasma and liver of the 41-day treated rats reflect lifibrol- 
induced increases in the activity of these enzymes. Alter- 
nately, the increase may reflect the availability of higher 
specific radioactivity Chol in both compartments as a 
result of increased synthesis of hepatic [14C]Chol. 

At the time of this writing, it is not known to what ex- 
tent the long-term response of animals to lifibrol will be 
reflective of the long-term response in humans. In a 14-day 
human volunteer trial, lifibrol at 300, 600 and 900 mg/d 
significantly decreased plasma total Chol and LDL-chol 
by up to 30% or more without significantly affecting 
plasma HDL-chol and TG (4). These results, which were 
similar to the response in pigs given somewhat higher 
doses for 6 mon (3), gave no indication of an impending 
rebound in plasma Chol. In fact, plasma Chol and LDL- 
chol were still in a definite downslope after 2 wk, 
indicating that  maximal lowering, at the doses provided, 
had not been reached. Provided that  long-term safety 
and efficacy of lifibrol can be demonstrated clinically, 
the drug may be useful in the management of hyper- 
cholesterolemia. 
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The in vitro and in vivo effects of lovastatin on fatty acid 
metabolism were studied in isolated rat hepatocytes. When 
added in vitro to cell incubations, lovastatin stimulated 
de novo fatty acid synthesis and acetyl-CoA carboxylase 
activity, whereas fatty acid synthase activity was unaf- 
fected. Lovastatin depressed palmitate, but not octanoate, 
oxidation. This may be attributed to the lovastatin-induced 
increase in intraceliular malonyl-CoA levels, as no concomi- 
taut change of carnitine palmitoyltransferase I (CPT-I) 
specific activity was detected. Lovastatin had no effect on 
the synthesis and secretion of triacylglycerols and phos- 
pholipids in the form of very low density lipoproteins 
{VLDL). When rats were fed a diet supplemented with 0.1% 
{w/w) lovastatin for one week, both acetyl4P~A carboxylase 
activity and de novo fatty acid synthesis were re- 
duced compared to pal~fed controls, whereas fatty acid 
synthase activity was unaffected. Palmitate oxidation was 
enhanced in the lovastatin-fed group. There was an increase 
in CPT-I activity but no change in intracellular concentra- 
tion of malony142oA. Iz)vastatin feeding had no significant 
effect either on the esterification of exogenous palmltic 
acid into both cellular and VLDL triacylglycerols and 
phospholipids or on hepatic lipid accumulation. The /n 
v/tro and/n  v/vo effects of lovastatin were not significantly 
different between periportal and perivenous hepatocytes. 
The results indicate that: (i) the administration of lova- 
statin increased the fatty acid-oxidative capacity of the 
liver at the expense of its lipogenic capacity, (ii) the rate 
of de novo cholesterol synthesis did not seem to be a 
limiting factor in the synthesis and secretion of VLDL and 
(iii) lovastatin produced opposite effects on hepatic fatty 
acid metabol i sm/n  v/tro a n d / n  vivo. 
Lipids 28, 1087-1093 (1993). 

The liver plays a central role in the synthesis and redistribu- 
tion of cholesterol (1,2), and 3-hydmxy-3-methylglutaryl-CoA 
(HMG-CoA) reductase catalyzes the rate-limiting step in 
hepatic de novo cholesterol synthesis (3-5). The amounts 
and activities of hepatic HMG-CoA reductase are controlled 
very closely by a series of mechanisms acting at the trans- 
cription~ translational and post-translational levels (3-5). 

Increased plasma low density lipopmtein {LDLbcho- 
lesterol levels are recognized as a major risk factor in the 
development of atheroeclerosis and coronary heart disease 
{6,7). With the design of nontoxic inhibitors of HMG-CoA 
reductase, and therefore of cholesterol biosynthesis, treat- 
ment of hypercholestemlemic patients has become more ef- 
fective (8-10). Among the different inhibitors of HMG-CoA 
reductase, lovastatin (mevinolin) is one of the most widely 
used agents, owing to its high efficacy and low toxicity 
(8-10). Inhibition of liver cholesterol biosynthesis increases 
the number of apo B/apo E (LDL) receptom on the hepa- 
tocyte surface, and this in turn causes lower plasma con- 

*To whom correspondence should be addressed. 
Abbreviations: ATP, adenosine triphosphate; CPT-I, carnitine 
palmitoyltransferase I, HMG-CoA, 3-hydroxy-3-methylglutaryl- 
coenzyme A; LDL, low density lipoproteins; TLC, thin-layer chrc. 
matography; VLDL, very low density lipoproteins. 

centrations of LDI.~cholesteml (8-12). By contrast, plasma 
levels of anti-athemgenic high density lipopmtein~holesterol 
are unaffected or even raised by lovastatin treatment (8-10). 
Administration of lovastatin to animals and humans has 
been shown to affect bile acid metabolism as well (13,14). 

Much less is known about the effects of lovastatin on 
hepatic fatty acid metabolism It is well recogniz~l that the 
regulation of cholesterol and fatty acid biosynthesis appear 
intertwined; La, in physiopathological situations in which 
cholesterol biosynthesis is increased, fatty acid biosynthesis 
seems also to be enhanced, and vice versa (5,15,16). HMG- 
CoA reductase and acetyl4?~r carboxylase~ the mtelimiting 
enzyme of de novo fatty acid synthesis, are phosphorylate~ 
and thus inactivated, by the same protein kinase, namely 
the adenosine monophosphate-activated protein kinase 
(5,17). Treatment of rats with lovastatin leads to an induc- 
tion of hepatic phosphatidate phosphohydrolase, one of the 
putative regulatory enzymes of triacylgtycerol synthesis (18). 
In addition, a close relationship exists in rat liver between 
HMG-CoA reductase and the key regulatory enzyme of 
long~hain fatty acid oxidation, v/~ carnitine palmitoyltramw 
ferase I {CPT-I) (19,20). Thus, inhibition of CPT-I leads to 
an induction of HMG-CoA reductase (19), whereas pro- 
longed lovastatin feeding increases CPT-I activity (20). 
Henc~ it is ~kely that lovastatin administration may induce 
important changes in hepatic fatty acid metabolism_ In ad- 
dition, by inhibiting cholesterol synthesis in the liver and/or 
by acting on fatty acid-metabollzing pathways, lovastatin 
has been shown to interfere with hepatic synthesis of lip(> 
pmtein~ Thus, it has been reported that chronic treatment 
with lovastatin decreases very low density lipopmtein 
(VLDL) secretion in perfused rat liver (21), as well as in the 
intact animal (22,23). More recently, a similar effect of 
lovastatin administration has been shown to occur in hu- 
mans (24). In addition, treatment with lovastatin and other 
HMG-CoA reductase inhibitors resulted in reduced plasma 
VLDL levels (8-10,22-24). 

In the present article we report on the in vitro and in vivo 
effects of lovastatin on fatty acid metabolism in rat hepa- 
tocytes Because different pathways of lipid metabolism are 
operative at different rates in the periportal and perivenous 
zones of the liver acinus (25), we also looked at possible dif- 
ferences in the observed effects of lovastatin on periportal 
and perivenous hepatocytes. 

MATERIALS AND METHODS 

Materials. 3H20 (5 Ci/mol), [1-14C]acetyl-CoA (54 Ci/mol), 
[U-14C]palmitic acid (403 Ci/mol), [1-14C]palmitic acid (58 
Ci/mol), [1-14C]octanoic acid {32 Ci/mol) and L-[methyl- 
14C]carnitine (54 Ci/mol) were supplied by Amersham In- 
ternational (Amersham, Bucks, United Kingdom). Lova- 
statin was kindly furnished by Dr. J. Gonzhlez Esteban 
(Merck, Sharp & Dohme, Madrid, Spain). Digitonin, 
bovine serum albumin (fraction V; essentially fatty acid- 
free) and collagenase {type I) were purchased from Sigma 
Chemical Co. {St. Louis, MO). All other reagents and 
solvents were analytical reagent grade from Sigma, Boelm 
inger (Mannheim, Germany), Merck (Darmstadt, Ger- 
many) and Aldrich (Steinheim, Germany). 

Copyright �9 1993 by the American Oil Chemists' Society LIPIDS, Vol. 28, no. 12 (1993) 



1088 

M. GUZMAN ET AL. 

Animals. Male Wistar rats (225-275 g body weight) 
were used in all experiments. The in vitro effects of 
lovastatin were studied in hepatocytes isolated from rats 
fed a standard, stock-pelleted diet (21% of total calories 
as protein, 15% as fat and 64% as carbohydrates). The in 
vivo effects of lovastatin were studied in hepatocytes 
isolated from rats pair-fed, for one week, the same stan- 
dard diet either supplemented (lovastatin group) or not 
(control group) with 0.1% (w/w) lovastatin. Animals were 
housed individually and kept in a constant-temperature 
room with a 12-h light-dark cycle (light, 6 a.m. to 6 p.m.; 
dark, 6 p.m. to 6 ram.) Hepatocytes were isolated at 9 ~_m. 
Food intake and body weight gain were not significantly 
different in lovastatin-fed and control animals (results not 
shown). 

Isolation of hepatocytes. Hepatocytes from the whole 
liver were isolated as described by Beynen et al. (26), 
whereas periportal and perivenous hepatocytes were 
isolated by the digitonin/collagenase perfusion technique 
of Chen and Katz (27), and further characterized based 
on several marker enzyme activities (25,28). As lipogenesis 
is markedly depressed just  after the isolation procedur~ 
hepatocytes were incubated for 20 min at 37~ in a 
metabolic gyratory shaker and then filtered through nylon 
mesh (25,26). The final hepatocyte preparation was 
suspended in Krebs-Henseleit bicarbonate buffer (pH 7.4) 
supplemented with 10 mM glucose Cell viability, as deter~ 
mined by 2~3~pan Blue exclusion, always exceeded 85% 
in the final hepatocyte suspension. 

Hepatocyte incubations. Hepatocytes were incubated 
in Krebs-Henseleit bicarbonate buffer (pH 7.4) sup- 
plemented with 10 mM glucose and 2% (wt/vol) defatted 
and dialyzed bovine serum albumim Incubations were car- 
ried out in a metabolic gyratory shaker (85 rpm) in a total 
volume of 2 mL at 37~ in an O2/CO 2 (19:1) atmospher~ 
Cell concentration was adjusted to 4-6 mg of cellular prc~ 
tein per mL (1.3-2.1 • l0 s cells/mL) in order to obtain 
comparable rates of fatty acid metabolism independent 
of cell density (25,28). For the study of the in vitro effects 
of lovastatin, stock solutions of lovastatin were prepared 
in dimethylsulfoxide. Control incubations contained cor- 
responding dimethylsulfoxide levels; no significant effect 
of dimethylsulfoxide on fatty acid metabolism was ob- 
served at the concentrations used (0.2%, vol/vol). 

Rates of fatty acid metabolism and cholesterol syn- 
thesis. Hepatocytes were incubated as described earlier 
to monitor the rates of de novo fatty acid and cholesterol 
synthesis, fat ty acid esterification and fatty acid oxida- 
tion. The three parameters were determined at time points 
when reaction rates were linear (results not shown). 

The rates of de novo fatty acid and cholesterol synthesis 
were determined by following the incorporation of ~H20 
into total fat ty acids and total cholesterol, respectively. 
Reactions were initiated by the addition of 3H20 (0.4 
mCi/mL) to the hepatocyte incubations. After 60 min, the 
reactions were stopped, and lipids were extracted as 
described previously (29). Total lipids were saponified at 
75~ with 0.3 M NaOH in 90% (vol]vol) methanol. After 
acidification of the samples, fatty acids and cholesterol 
were extracted with petroleum ether (b.p. 40-600C) (30). 
Cholesterol was separated from the other lipid fractions 
by thin-layer chromatography (TLC) on silica gel G plates 
using hexane/diethyl ether]formic acid (40:20:1, by vol) as 
the developing system. 

The rates of fatty acid esterification were monitored by 
following the incorporation of [U-14C]palmitic acid into 
major lipid classes. Hepatocytes were incubated in the 
presence of 0.4 mM albumin-bound [U-14C]palmitic acid 
(0.05 Ci/mol), and after 60 min, cells were transferred in- 
to centrifuge tubes and separated from the medium (31) 
from which VLDL were isolated by gradient ultracen- 
trifugation (32). The appearance of VLDL in the incuba- 
tion medium showed a lag phase of ca. 20 min. Therefore, 
rates of VLDL secretion were calculated between 30 and 
60 min of cell incubation. Cellular and VLDL lipids were 
extracted (29} and subsequently separated by TLC on 
silica gel G plates using hexane]diethyl ether]formic acid 
(40:20:1, by vol) as the developing system. Individual 
bands were scraped off for determination of radioactivity. 

The rates of fatty acid oxidation were measured by 
following the formation of oxidation products from either 
[1-14C]palmitate or [1-14C]octanoate. Hepatocytes were in- 
cubated in the presence of 0.4 mM albumin-bound 
[1-~4C]fatty acid (0.05 Ci/mol), and after 30 min, the reac- 
tions were stopped by addition of 0.5 mI, of 2 M perchloric 
acid. At the same time, 0.1 mL of 6 M KOH was injected 
into a center well containing filter paper. Samples were 
allowed to equilibrate for an additional 60 rain, and the 
content of the center well (with the 14CO2 fixed as bicar- 
bonate) was transferred to vials for radioactivity counting. 
Ketone bodies were determined as the nonvolatile, acid- 
soluble oxidation products (33). Total oxidation products 
were calculated as the sum of CO2 plus ketone bodies. 

Acetyl-CoA carboxylase assay. The activity of acetyl- 
CoA carboxylase was determined by following the incor- 
poration of radiolabelled acetyl-CoA into fatty acids in 
a reaction coupled to the fatty acid synthase reaction, 
both in the 12000 • g supernatant (29) and in digitonin- 
treated hepatocytes (30). This method does not suffer from 
interferences, as does the classical bicarbonateqixation 
assay of acetyl-CoA carboxylase activity (30). In order to 
measure enzyme activity in digitonin-treated hepatocytes, 
100/~L of hepatocyte suspension were added to 100 ~L 
of digitonin-containing assay medium. The final assay 
mixture contained 63 mM N-(2-hydroxyethyl)piperazine- 
N'-(2-ethanesulfonic acid) (pH 7.5), 1.5 mM MgC12, 0.5 
mM citrat~ 2.5 mM ethyleneglycol-bis(f~amlnoethyl ether) 
N,N,N'JV'-tetraacetic acid, 22.5 mM NaHCO3, 70.5 mM 
NaC1, 5 mM glucose, 0.5 mM MgSO4, 1.25 mM CaC12, 2 
mM adenosine triphosphate (ATP), 0.5 mM NADPH, 0.44 
mM dithioerythrol, 0.93% bovine serum albumin (defat- 
ted and dialyzed), 0.062 mM [1-~4C]acetyl-CoA (4 Ci]mol), 
0.062 mM butyryl-CoA, 64 ~g of digitonirdmg of cellular 
protein and 3.2 milliunits of rat liver fatty acid synthase 
After 4 min, reactions were stopped with 0.1 mL of 10 M 
NaOH and fatty acids were extracted and radioactivity 
was measured (30). 

Fatty acid synthase assay. The activity of fatty acid 
synthase was determined using digitonin-treated hepa- 
tocytes and by following the incorporation of radiolabelled 
acetyl-CoA into fatty acids under conditions in which 
acetyl-CoA carboxylase remains inactive (30). One hun- 
dred ~L of hepatocyte suspension were added to 100 ~L 
of digitonin-containing assay medium. The final assay 
mixture contained the same components as the acetyl- 
CoA carboxylase assay, except that butyryl-CoA was 
replaced by malonyl-CoA and ATP; citrate and purified 
fatty acid synthase were omitted. After 8 min, reactions 
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were stopped with 0.I mL of 10 M NaOH, and fatty acids 
were extracted and radioactivity measured (30). 

Ct~-I assay. The activity of CPT-I was determined by 
following the malonyl-CoA-sensitive incorporation of 
radiolabelled L-carnitine into palmitoylcarnitine, both in 
isolated mitochondria and in digitonin-treated hepato- 
cytes. In the first case, mitochondria were isolated from 
intact hepatocytes, and CPT-I activity was measured as 
described previously (34}. Preparations of mitochondria 
were practically devoid of peroxisomes, as judged by 
measuring catalase activity {results not shown). 

In order to determine CPT-I activity in digitonin-treated 
hepatocytes (35), 100 pL of hepatocyte suspension were 
added to 100 ~L of digitonin-containing assay medium. 
The final assay mixture contained 12.5 mM Tris-HC1 (pH 
7.4}, 70 mM sucrose, 5 mM glucose, 32.5 mM KC1, 12.5 
mM NaHCO3, 60 mM NaC1, 0.5 mM KH2P04, 0.5 mM 
MgSO4, 1.25 mM CaC12, 1 mM ethylenediaminetetra- 
acetic acid, 1 mM dithioerythrol, 50/AVI palmitoyl-CoA, 
0.5 mM L-[rnethyl-14C]carnitine {1 Ci/mol), 0.5% bovine 
serum albumin {defatted and dialyzed) and 40 ~g of 
digitonin/mg of cellular protein. After 1 min, reactions 
were stopped with 0.3 mL of 1 M HC1 and [14C]palmitoyl- 
carnitine product was extracted with n-butanol as de- 
scribed before (33}. 

In both the isolated mitochondria and the digitonin- 
treated hepatocyte assays, malonyl-CoA-insensitive CPT 
activity, representing the latent form of mitochondrial 
CPT activity {CPT-II), was always subtracted from the 
total CPT activity that  was experimentally determined. 
CPT-I activity always accounted for more than 90% of this 
total CPT activity. Furthermore, the degree of inhibition 
of hepatocellular CPT activity by 100 ~M malonyl-CoA 
was similar within a wide range of palmitoyl-CoA con- 
centrations {20-200 pM) (results not shown). 

Other analytical procedures. Intracellular levels of 
malonyl-CoA were determined in neutralized perchloric 
acid cell extracts by a radioenzymatic method using 
purified rat liver fatty acid synthase {26). Kits from Boeh~ 
inger were used for the determination of cellular cho- 
lesterol and triacylglycerols. 

Statistical analysis. Results shown represent the means 
• SD of the number of animals indicated. Cell incuba- 
tions and/or enzyme assays were carried out in triplicate. 
Statistical analysis was performed by the Student's t-test. 

RESULTS 

In vitro effects of lovastatin. The in vitro effects of 
lovastatin on fatty acid metabolism were studied in 
isolated rat hepatocytes. In preliminary experiments, 
lovastatin was shown to decrease de novo cholesterol syn- 
thesis in a dose-dependent manner (Fig. 1). A similar trend 
was observed with regard to the appearance of labelled 
VLDL cholesterol in the extracellular medium {93 • 5% 
inhibition in the presence of 0.1 mM lovastatin). A 
lovastatin concentration of 0.1 mM was chosen as stan- 
dard condition. 

Addition of lovastatin to the hepatocyte incubation in- 
creased the rate of de novo fat ty acid synthesis by 35% 
(Table 1). This increase correlated well with the lovastatin- 
mediated stimulation of acetyl-CoA carboxylase activity, 
as measured in digitonin-treated ceils (Table 1). No 
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FIG. 1. I n  v i t r o  effect of lovastatin on hepatic de n o v o  cholesterol 
synthesis. Periportal (0) and perivenous ( � 9  hepatocytes were prein- 
cubated for 30 rain in the presence of different concentrations of 
lovastatin and de n o v o  cholesterol synthesis was followed. Results 
represent the means • SD of three different preparations of peripor- 
tal and perivenons hepatocytes. The 100% level for the rate of 
cholesterol synthesis (in nmol acetyl units/h X mg cell protein} was 
10.54 + 2.31 and 6.47 -- 1.26 in periportal and perivenous hepatocytes, 
respectively. 

direct effect of lovastatin was observed on acetyl-CoA car- 
boxylase activity, as measured in the 12000 X g super- 
natant {results not shown}. In addition, lovastatin showed 
no effect on fatty acid synthase activity {Table 1). 

In cell incubations, lovastatin had no significant effect 
on the rate of fatty acid esterification from exogenous 
palmitate into the major glycerolipid fractions, namely 
triacylglycerols and phospholipids (Table 1). Isolated 
hepatocytes have previously been used to study the secre- 
tions of newly synthesized VLDL lipids {1,28,36}. Thus, 
we monitored the rate of VLDL lipid secretion into the 
incubation medium by following incorporation of exogen- 
ous palmitic acid into the VLDL fraction. This approach 
is valid as long as changes in fatty acid incorporation in- 
to cellular lipids are also considered. When cells were in- 
cubated with [14C]palmitic acid, no effect of lovastatin 
was observed on the appearance of labelled VLDL tri- 
acylglycerols and VLDL phospholipids in the extracellular 
medium {Table 1). 

The rate of palmitate oxidation was depressed by the 
addition of lovastatin to the incubation medium; the 
decrease was seen in both the CO2 and the acid-soluble 
component of total oxidation products {Table 1}. However, 
lovastatin had no significant effect on hepatic octanoate 
oxidation {Table 1). As can be seen in Table 1, CPT-I ac- 
tivity was not changed when hepatocytes were incubated 
with lovastatin. In addition, no direct effect of lovastatin 
was observed on CPT-I activity measured in isolated 
mitochondria {results not shown}. 

Inhibition of CPT-I activity by malonyl-CoA is a 
well-described property of the enzyme {16,37-39}. Hence, 
we determined the effects of lovastatin on hepatic 
malonyl-CoA levels. In line with the lovastatin-mediated 
stimulation of acetyl-CoA carboxylase activity previously 
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TABLE 1 

In vitro Effects  o |  Lovastatin on Hepatic Fatty  Acid Metabolism a 

Additions to the incubations 

0.1 mM 
Metabolic parameter None Lovastatin 
Fatty acid synthesis 33.6 ___ 4.7 45.9 • 3.5 b 
Palmitate esterification 
Cell lipids 

Triacylglycerols 8.65 +_ 1.34 7.96 +_ 0.52 
Phospholipids 6.49 _+ 0.68 5.45 __ 0.59 

VLDL lipids 
Triacylglycerols 0.94 +_ 0.12 0.88 -4-_ 0.05 
Phospholipids 0.24 __ 0.07 0.26 +_ 0.06 

Palmitate oxidation 
Acid-soluble product 42.1 +_ 6.9 24.4 +_ 5.0 c 
CO 2 5.2 +_- 0.6 3.5 -t- 0.4 b 
Total product 47.3 ___ 7.7 27.9 ___ 3.3 c 

Octanoate oxidation 
Acid-soluble product 97.3 +_ 10.2 108.0 + 13.1 
CO2 11.3 + 1.8 11.5 ___ 2.6 
Total product 108.6 + 9.7 119.5 ___ 15.4 

Enzyme activities 
Acetyl-CoA carboxylase 0.60 + 0.07 0.75 +_ 0.04 b 
Fatty acid synthase 1.65 __. 0.20 1.68 + 0.07 
CPT-I 1.53 + 0.18 1.62 +__ 0.32 

aHepatocytes were isolated from whole liver and preincubated in 
the absence or in the presence of 0.1 mM lovastatin. After 30 min, 
part of the cells was used for determination of the rates of fatty acid 
synthesis, esterification [in both cell and very low density lipoprc~ 
teins (VLDL) lipids] and oxidation in intact hepatocytes. The rest 
of the cells were used for measurement of enzyme activities in digi- 
tonin-treated hepatecytes. Rates of fatty acid synthesis are expressed 
as nmol acetyl unitsth • mg cell protein. Rates of fatty acid 
esterification and oxidation are expressed as nmol fatty acid into 
product/h • mg cell protein. Enzyme activities are expressed as nmol 
product/min X mg cell protein. Results represent the means -- SD 
of six hepatocyte preparations. CoA, ceenzyme A; CPT-I, carnitine 
~palmitoyltransfer ase I. 

< 0.05 between incubations with no additions and lovastatin- 
containing incubations. 
cp < 0.01 between incubations with no additions and lovastatin- 
containing incubations. 

ment ioned here" lovastat in  induced a significant increase 
in the intracellular concentrat ion of malonyl -CoA in in- 
t ac t  hepatocytes  (Fig. 2). 

Because H M G - C o A  reductase is predominantly located 
in the periportal  zone of the liver (40), the aforementioned 
in v i tro  effects of lovastat in  on hepatic  f a t ty  acid metab-  
olism were studied in periportal  and in perivenous 
hepatocytes.  However, no significant differences between 
the two hepatocyte  subpopula t ions  were found with 
regard to the  effects of lovas ta t in  on f a t t y  acid synthesis  
and oxidation. Thus, lovastat in  s t imulated de novo fa t ty  
acid synthesis by 42 • 10% in periportal hepatocytes and 
by 31 • 11% in perivenous hepatocytes,  whereas lova- 
s ta t in  increased ace ty l -CoA carboxylase  ac t iv i ty  by 24 
• 4% in periportal  hepatocytes  and by 27 • 5% in peri- 
venous hepatocytes.  In  addition, lovastat in  depressed 
pa lmi ta te  oxidation to CO2 by 30 • 8% in periportal  
hepatocytes  and by 47 • 7% in perivenous hepatocytes.  

In  vivo ef fec ts  o f  lovastat in .  The in v ivo  effects of 
Iovastat in  on f a t ty  acid metabol i sm were studied in 
hepatocytes  isolated f rom ra ts  tha t  had been pair-fed a 
s tandard  diet either supplemented (lovastatin group) 
or not  (control group) wi th  0.1% (w/w) lovastatin.  In  
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FIG. 2. In vitro effect of lovastatin on hepatocyte levels of malonyl-  
CaSk. Hepatocytes  isolated from whole liver were preincubated for 
30 rain in the absence (O) or in the presence ( � 9  of 0.I mM lovastatin, 
and intracellular levels of malonyl-CoA were subsequently deter- 
mined. Results represent the means +_ SD of three different 
hepatocyte preparations. CoA, coenzyme A. 

prel iminary experiments ,  we observed tha t  the  rate of de 
novo cholesterol synthesis  in hepatocytes  isolated from 
lovastat in- treated animals was 8.4 _ 2.1-fold higher than  
in control cells. This may  be due to the well-described in- 
duc t ion  of H M G - C o A  reduc tase  upon  pro longed  
lovastat in  adminis t ra t ion (3,40). 

Both  the act ivi ty  of acetyl-CoA carboxylase  and the 
rate  of de novo fa t ty  acid synthesis were depressed in cells 
f rom lovastatin-fed animals, whereas f a t ty  acid synthase  
ac t iv i ty  was not  significantly changed (Table 2). 

Lovas ta t in  adminis t ra t ion  had  no significant effect on 
the esterification of exogenous [14C]palmitic acid into 
cellular triacylglycerols and phospholipids (Table 2). In ad- 
dition, the ra te  of appearance of labelled V L D L  triacyl- 
glycerols and V L D L  phospholipids into the extracellular 
medium was not  affected by lovastat in  adminis t ra t ion 
(Table 2). The lipid content  of hepatocytes  isolated from 
lovastatin-fed animals was similar to tha t  of pair-fed con- 
trols (Table 3). 

The rates  of hepatic pa lmi ta te  oxidation to bo th  CO2 
and acid-soluble products  were increased in hepatocytes  
isolated from lovasta t in- t reated animals  as compared to 
control cells (Table 2). A similar t rend was observed with  
regard to CPT-I act ivi ty  (Table 2). As mos t  of the long- 
t e rm variat ions of hepatic long-chain f a t ty  acid oxidation 
are accompanied by changes in malonyl -CoA levels 
(16,37-39), hepatocytes were isolated from the two animal 
groups and the intracellular concentrat ion of malonyl -  
CoA was determined. However, no significant differences 
in malonyl -CoA concentrat ions were detected. The 
resul t ing values (in nmol]mg cell protein) were 0.038 • 
0.016, 0.036 • 0.009, 0.048 • 0.013 and 0.038 • 0.007 
for the control group periportal  zone" control group 
perivenous zone, lovasta t in  group periportal  zone and 
lovastat in  group perivenous zone" respectively. 

Induct ion of H M G - C o A  reductase by administra-  
t ion of lovasta t in  or choles tyramine appears  to occur 
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TABLE 2 

In vivo Effects of Lovastatin on Hepatic Fatty Acid Metabolism a 

Metabolic parameter 
Animal group 

Control Lovastatin-fed 

Fatty acid synthesis 27.0 • 3.5 13.1 __. 2.3 b 
Palmitate esterification 
Cell lipids 
Triacylglycerols 7.92 + 1.78 8.05 _ 2.67 
Phospholipids 7.41 _ 1.35 8.39 • 1.80 

VLDL llpids 
Triacylglycerols 0.85 _ 0.27 0.67 _ 0.21 
Phospholipids 0.25 • 0.07 0.25 • 0.09 

PMmltate oxidation 
Acid-soluble product 44.3 _ 7.9 62.1 __ 9.6 b 
CO 2 5.8 __ 2.8 8.2 _ 1.4 c 
Total product 50.1 _ 8.2 70.3 ___ 10.8 b 

Enzyme activities 
Acetyl-CoA carboxylase 0.48 • 0.07 0.17 • 0.05 b 
Fatty acid synthase 1.26 • 0.68 1.46 • 0.71 
CPT-I 1.31 • 0.17 1.82 • 0.16 b 

aHepatocytes from whole liver were isolated from animals fed either 
the control or the lovastatin-containing diet for one week. Part of 
the cells were used for determination of the rates of fatty acid syn- 
thesis, esterification {into both cell and VLDL lipids) and oxidation 
in intact hepatocytes. The rest of the cells were used for measure- 
ment of enzyme activities in digitonin-treated hepatocytes. Rates 
of fatty acid synthesis are expressed as nmol acetyl units/h X mg 
cell protein. Rates of palmitate esterification and oxidation are ex- 
pressed as nmol palmitate into product/h • mg cell protein. Enzyme 
activities are expressed as nmol productlmin X mg cell protein. 
Results represent the means • SO of eight different ~nimals of each 
~poup. Abbreviations as in Table 1. 

< 0.01 between control and lovastatin-fed animals. 
cp < 0.05 between control and lovastatin-fed animals. 

predominantly in the perivenous zone of the liver (40). 
Hence, we determined whether the effects of lovastatin 
feeding on hepatic fa t ty  acid synthesis and oxidation dif- 
fered between periportal and perivenous hepatocytes. The 
lovastatin-induced reduction of fa t ty  acid synthesis (and 
of acetyl-CoA carboxylase activity), and the lovastatin- 
induced increase in palmitate oxidation (and CPT-I 
activity) were seen equally in both liver zones. Thus, 
lovastatin administration depressed de novo fa t ty  acid 
synthesis by 55 -!-_ 8% in periportal hepatocytes and by 
47 _ 9% in perivenous hepatocytes, whereas it reduced 
acetyl-CoA carboxylase activity by 56 +_ 11% in peripor- 
ta l  hepatocytes and by 65 +- 8% in perivenous hepato- 

cytes. In addition, lovastatin administration enhanced 
palmitate oxidation to CO2 by 39 ___ 14% in periportal 
hepatocytes and by 45 + 18% in perivenous hepatocytes. 
I t  also increased palmitate oxidation to acid-soluble prod- 
ucts  by 32 +__ 13% in periportal hepatocytes and by 48 +__ 
15 in perivenous hepatocytes, and enhanced CVr-I activity 
by 41 _ 17% in periportal hepatocytes and by 37 +_ 13% 
in perivenous hepatocytes. 

DISCUSSION 

The in vitro and in vivo effects of lovastatin on fa t ty  acid 
metabolism were studied in rat  hepatocytes with a two- 
fold goal  On the one hand, lovastatin is known to be useful 
in modulating the rates of hepatocellular cholesterol syn- 
thesis, thus allowing s tudy of the relationship between 
cholesterol synthesis and fa t ty  acid metabolism both in 
vitro and in vivo. On the other hand, lovastatin is widely 
used in clinical practice and, hence, we considered it of in- 
terest to investigate both the rapid response (in vitro 
studies) and the prolonged effects (in vivo studies) of ad- 
ministering to animals. 

The parallel in vitro stimulation of acetyl-CoA carbox- 
ylase activity and de novo fa t ty  acid synthesis by 
lovastatin supports the general view that  acetyl-CoA car- 
boxylase is a key regulatory point in the fa t ty  acid- 
synthesizing process (5,15). Malonyl-CoA, the product of 
the reaction catalyzed by acetyl-CoA carboxylase, is a 
physiological inhibitor of CPT-I and plays an essential role 
in the coordinate control of fa t ty  acid synthesis and ox- 
idation in the liver (37-39). I t  is well established tha t  
palmitate is t ransported into the mitochondria by a 
carnitine<lependent process, whereas octanoate may enter 
mitochondria independently of carnitine (16,37-39). 
Therefore, the lovastatin-induced increase of malonyl-CoA 
levels, together with the differential effects of lovastatin 
on palmitate and octanoate oxidation in intact  hepato- 
cytes, indicates tha t  decreased CPT-I activity might  be 
involved in the lovastatin-mediated inhibition of long- 
chain fa t ty  acid oxidation. Other components of the fat- 
ty  acid-translocation system, namely acyl-CoA synthe- 
tase, carnitine:acylcarnitine translocase and CPT-II, are 
generally not considered to play a significant regulatory 
role in the t ransport  of long-chain fa t ty  acids into the 
mitochondrial matr ix (16,37-39). Al though we were not 
able to detect any rapid effect of lovastatin on CPT-I ac- 
tivity, it should be pointed out that,  in order to measure 

TABLE 3 

Lipid Content of Hepatocytes Isolated from Control and Lovastatin-Fed Rats a 

Control group Lovastatin-fed group 

Lipid fraction PP (n = 4) PV (n = 5) PP (n = 5) PV (n = 4) 

Triacylglycerols 57.0 • 8.4 63.7 • 14.0 63.2 • 9.0 60.8 • 14.8 
Cholesterol 
Free 42.9 • 13.2 49.3 • 10.5 46.1 • 10.0 39.4 • 3.9 
Esterified 53.4 • 7.8 52.5 • 9.8 60.2 • 12.1 56.5 • 8.7 
Total 96.3 • 18.7 101.8 • 12.1 106.3 --- 21.8 95.9 _ 8.9 

aCellular levels of triacylglycerols, free cholesterol and esterified cholesterol were deter- 
mined in periportal (PP) and perivenous (PV) hepatocytes isolated from control and 
lovastatin-fed animals. Lipid content is expressed as nmol lipid/rag cell protein. Results 
represent the means + SD of the number of hepatocyte preparations indicated in 
parentheses. 
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enzyme activity, we had to make the plasma membrane 
permeable. This may have caused the cytosol to leak out 
of the cell, leading to a substantial dilution of cytosolic 
components, including malonyl-CoA. Lovastatin is not 
expected to induce an irreversible, ag., covalent, modifica- 
tion of CPT-I protein. Conformational constraints exerted 
by malonyl-CoA on CPT-I disappear almost immediately 
at the temperature at which the assay is carried out (37~ 
(37). Therefor~ if lovastatin exerts rapid changes in CPT- 
I activity, they will probably not be preserved in digitonin- 
treated hepatocytes. It is thus possible that increased 
malonyl-CoA levels would inhibit CPT-I activity in intact 
hepatocytes, but not in digitonin-treated hepatocytes. As 
a matter of fact, short-term changes in CPT-I activity in- 
duced by a number of agonists, such as hormones and 
phorbol esters, seem to involve changes in the phos- 
phorylation state of the enzyme,, which may be preserved 
upon digitonin treatment of the plasma membrane 
(35,41,42}. 

We realize that the in v i t ro  effects of lovastatin on fatty 
acid synthesis, oxidation and esterification seem 
somewhat contradictory. Thus, if fat ty acid synthesis is 
increased and oxidation is reduced, there should be an in- 
crease in the incorporation of labelled palmitate into lipids. 
Reduced oxidation of the tracer might be balanced by ad- 
ditional synthesis of unlabeled palmitate~ However, in 
palmitate-containing incubations, the fatty acid oxidiz- 
ed or esterified is mostly of exogenous origin. We have 
observed that addition of 0.5 mM palmitic acid to the 
hepatocyte incubations strongly blunts fatty acid syn- 
thesis through inhibition of acetyl-CoA carboxylase, as 
determined in digitonin-treated hepatocytes. Although 
hepatic lipogenesis and long-chain fatty acid oxidation 
usually change in concert (i.e., higher rates of lipogenesis 
are accompanied by lower rates of oxidation, and v ice  ver- 
sa), there are situations in which this relationship is not 
seen (see Ref. 39). The reasons for these discrepancies are 
not known. 

Changes in hepatic acetyl-CoA carboxylase activity 
observed in lovastatin-fed animals did not parallel changes 
in malonyl-CoA content. However, this is not the only 
case where this occurs. For example, during lactation {43), 
or after prolonged ethanol feeding (29,44), acetyl-CoA car- 
boxylase activity decreases but malonyl-CoA levels re- 
main unaltereck This may be due to the fact that malonyl- 
CoA levels depend not only on changes in the activity of 
acetyl-CoA carboxylase, but also on variations in the ac- 
tivity of a number of malonyl-CoA consuming enzymes, 
such as fatty acid synthase, malonyl-CoA decarboxylase 
and the microsomal fatty acid elongation/desaturation 
system (30,37). Because the rate of palmitate oxidation 
was enhanced in the lovastatin-fed group, this would in- 
dicate that the intracellular concentration of malonyl- 
CoA, the physiological inhibitor of CPT-I activity, is not 
the factor responsible for the regulation of hepatic long- 
chain fatty acid oxidation under these conditions. In- 
creased long-chain fatty acid oxidation after lovastatin 
administration seems to involve, at least in part, an in- 
crease in CPT-I activity (see also Ref. 20). Other examples 
of malonyl-CoA independent control of hepatic long-chain 
fatty acid oxidation have been described previously 
(41,43-46). Although changes in rat liver CPT-I activity 
usually occur in concert with changes in enzyme sen- 
sitivity to inhibition by malonyl-CoA (37-39), the latter 

parameter has been shown to remain unaltered by lova- 
statin treatment (20). Something similar is known to oc- 
cur after prolonged treatment of rats with other drugs, 
such as anabolic steroids {47). 

It is worth noting that lovastatin caused opposite ef- 
fects in vitro and in vivo on hepatic fatty acid synthesis 
and oxidation. Upon addition of lovastatin to the incuba- 
tion medium, de novo cholesterol synthesis was blocked, 
and cytosolic acetyls may be diverted into fatty acid syn- 
thesis at the expense of cholesterol synthesis. However, 
in the long term it is well known that lovastatin produces 
a very strong induction of the HMG-CoA reductase en- 
zyme (3,40). In the whole animal the continuous presence 
of lovastatin in the diet ensures that hepatic HMG-CoA 
reductase activity (and thus cholesterol biosynthesis) is 
permanently blunted in spite of the increase in enzyme 
concentration (9,10). By contrast, in hepatocytes isolated 
from lovastatin-fed animals, de novo cholesterol synthesis 
is markedly enhanced because of the induction of HMG-  
CoA reductase and the absence of lovastatin in the ex- 
tracellular medium (3,40). Therefore, cytosolic acetyls 
would preferentially be used for cholesterol synthesis at 
the expense of fatty acid synthesis. Hence it seems that 
fatty acid and cholesterol synthesis compete for the same 
cytosolic acetyl-CoA pool. 

On the basis of in v i t ro  and  in v i v o  studies, Khan e t  
aL (21,22) have suggested that cholesterol availability is 
a regulatory factor for the secretion of VLDL by the liver. 
In our system, addition of lovastatin to the hepatocyte 
incubation medium strongly decreased both cholesterol 
synthesis de novo  and the secretion of newly synthesized 
cholesterol as VLDL. However, lovastatin had no effect 
on the secretion of newly synthesized VLDL triacylgly- 
cerols and VLDL phospholipids. I,ikewise, Khan e t  aL (21) 
did not observe any significant effect of lovastatin on 
VLDL output by perfused rat liver when the drug was 
directly added to the perfusion medium, although lova- 
statin strongly decreased de novo  cholesterol synthesis 
from [14C]acetate when either control or lovastatin-fed 
animals were used as liver donors. Moreover, in the pres- 
sent study, we showed that hepatocytes isolated from 
lovastatin-fed rats displayed an enhanced capacity for de 
novo cholesterol synthesis and for secretion of this newly 
synthesized cholesterol, but  they secreted VLDL 
triacylglycerols and VLDL phespholipids at the same rate 
as cells isolated from control animals. Therefore, the rate 
of de novo  cholesterol synthesis did not seem to be a 
limiting factor for VLDL secretion by the liver, at least 
in the experimental system employed herein. This does 
not seem surprising, as the total pool of hepatic cho- 
lesterol (free plus esterified) would be very large compared 
to the metabolic pool required for the formation and secre- 
tion of VLDL (21). 

Intermediary metabolism, including fatty acid metabo- 
lism, is asymmetrically distributed within the liver acinus 
(25,27,48-50). However, no differences between peripor- 
tal and perivenous hepatocytes have been noted in the 
short-term modulation by cellular effectors of lipid (25) 
and carbohydrate (51) metabolism. This was also the case 
in short-term incubations with lovastatin. In addition, the 
zonal heterogeneity of hepatic intermediary metabolism 
is flexible and may change during the development of the 
animal and upon physiopathological changes, including 
starvation, diabetes and alcohol ingestion (28,48-50,52). 
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B y  c o n t r a s t ,  t h e  d i s t r i b u t i o n  of f a t t y  ac id  m e t a b o l i s m  
wi th in  t he  l iver  ac inus  r emains  unchanged  af ter  l ovas t a t in  
a d m i n i s t r a t i o n .  The  s i t u a t i o n  in vivo, of course,  m u s t  be  
more  c o m p l i c a t e d  due  to  t h e  ex i s t ence  of  c o n c e n t r a t i o n  
g r a d i e n t s  for nu t r i en t s ,  h o r m o n e s  a n d  oxygen ,  as  well  as  
due  to  t h e  p a r t i c u l a r  i u n e r v a t i o n  of t h e  two  d o m a i n s  of 
t he  l iver  ac inus  (48-50).  O n g o i n g  s t ud i e s  are  d i r ec t ed  
t o w a r d  de f in ing  the  ef fec ts  of l o v a s t a t i n  on f a t t y  ac id  
m e t a b o l i s m  in t he  whole  an imal .  
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To assess the relationship between tissue a-tocopherol 
depletion and histopathologic or functional changes in 
nervous tissue, a longitudinal study of male 1-year-old 
beagle dogs, two fed a vitamin E-deficient diet (0.05 + 
0.02 mg a-tocopherol/kg; --E dogs) and two fed a vitamin 
E-supplemented diet (114 _+ 14 mg a-tocopherol/kg; -t-E 
dogs), was carried out. Plasma and adipose tissue a- 
tocopherol concentrations, neurological examinations, and 
sensory and motor nerve conduction velocities were dete~ 
mined at approximately 8-wk intervals over 109 wk. Tibial 
nerve a-tocopherol concentrations were measured at 65 
and 109 wk; adjacent sections were examined for 
histologic changes. In the two --E dogs, plasma a- 
tocopherols declined Hnearly on a semilog plot to < 0.1 
~g/mL by 109 wk. Plasma a-tocopherol concentrations 
were depleted to half of the initial concentrations in ap- 
proximately 87 d. Adipose tissue a-tocopherol concentra- 
tions (based on wet weight, cholesterol or triglyceride) also 
declined linearly on semilog plots, and were depleted to 
half of the initial concentrations in approximately 120 d. 
Tibial nerve a-tocopherols (ng//~g cholesterol) in --E dogs 
decreased to 16% of average +E  at 65 wk, and to 2% at 
109 wk. Neurologic examinations, histologies and nerve 
conduction velocities were normal in all dogs throughout 
the study. Our results demonstrate in dogs that depletion 
of plasma, adipose tissue and nerve a-tocopherol precedes 
histologic and functional changes in peripheral nerves 
during vitamin E deficiency. 
Lipids 28, 1095-1099 (1993). 

Symptoms of vitamin E deficiency in humans and ex- 
perimental animals include spinocerebellar ataxia and 
peripheral neuropathy (for review, see Ref. 1); therefore, 
vitamin E deficiency should be considered in the diagnosis 
of patients with neurological disease Measurements of 
plasma a-tocopherol (aft) concentrations have been widely 
used for assessment of vitamin E status, but are not 
necessarily the most reliable indicator because plasma a-T 
values vary with lipid levels (2). 

Adipose tissue a-T can be a more reliable indicator of 
vitamin E status than plasma concentrations. For exam- 
ple, adipose tissue a-T levels are depleted in vitamin E- 
deficient humans (3), while normal adipose tissue a-T levels 
are associated with the prevention of neurologic dysfunc- 
tion in patients at risk for vitamin E deficiency, consum- 
ing adequate levels of vitamin E supplements (4). In 
response to supplementation with vitamin E, adipose 
tissue a-T in most species do increase (5-10). Further, 
adipose tissue a-T concentrations are correlated with sural 
nerve a-T concentrations in humans (3). 

*To whom correspondence should be addressed. 
Abbreviations: a-T, a-tocopherol; -E, dogs fed a vitamin E-deficient 
diet, +E, dogs fed a vitamin E-supplemented diet; i.m., intra- 
muscularly; NCV, nerve conduction velocity; SD, standard devia- 
tion; tl/2, time to deplete half of initial concentrations; TG, 
triglycerides. 

Longitudinal studies in rodents demonstrated that, in 
response to a vitamin E-deficient diet, adipose tissue a-T 
is conserved compared with that in other tissues (5,6). 
However, rodents may not be accurate models of human 
vitamin E deficiency because they develop clinical signs 
of the deficiency within months, as opposed to humans, 
in whom clinical signs can take several years to decades 
to develop (1). 

The purpose of this study was to compare tissue a-T 
depletion with functional and histopathologic changes in 
nervous tissue Beagle dogs were chosen as an alternative 
animal model of experimental vitamin E deficiency be- 
cause they have a longer life span than rodents. Vitamin 
E deficiency in dogs has been documented to cause 
pathologic changes in smooth and skeletal muscles, cen- 
tral nervous system and retina, as well as hematologic 
changes (11,12). The dogs were fed semi-purified casein- 
based diets with or without (-E, dogs fed a vitamin E- 
deficient diet; +E, dogs fed a vitamin E-supplemented 
diet) added vitamin E for 109 wk. At approximately 8-wk 
intervals, we performed physical and neurologic examina- 
tions, measured plasma and adipose tissue a-T, and sen- 
sory and motor nerve conduction velocities (NCV). We col- 
lected biopsy (65 wk) and necropsy (109 wk) samples of 
the tibial nerve to determine the depletion of a-T from 
nerves in comparison with adipose tissue, and to evaluate 
histopathologic changes. 

MATERIALS AND METHODS 

Protocol All procedures were approved by the Auburn 
University Institutional Animal Care and Use Commit- 
tee (Auburn, AL). Four 1-year-old male beagle dogs (Mar- 
shall Farms, North Rose, NY), weighing 18 kg, were fed 
a purified diet containing all-rac-a-tocopheryl acetate (TD 
No. 87238; Teklad Laboratories, Madison, WI; a- 
tocopherol, 114 --+ 14 mg/kg) for an adjustment period of 
4 wk. Then, two dogs ( - E l  and -E2) were selected ran- 
domly to receive the same diet without vitamin E (TD Na 
87237, a*tocopherol 0.05 • 0.02 mg/kg) and two dogs (+El 
and +E2) continued on the supplemented diet. The de- 
tailed composition of the diet has been reported elsewhere 
(13). Diets were ordered in batches of 50 kg and stored 
at 4~ for a maximum of 8 wk. Samples from each ship- 
ment were collected toward the end of the storage period 
for measurement of a-T to verify that the supplemented 
diet contained approximately 120 IU vitamin E/kg, the 
manufacturer's added vitamin E content prior to mixing. 

At the end of the 4-wk adjustment period, blood was 
collected by jugular venipuncture into heparinized 10-mL 
Vacutainer tubes (143 USP units of heparin; Becton- 
Dickinson Ca, Rutherford, NJ) and immediately placed 
on ice The tubes were centrifuged (Model CRU-5000, rotor 
No. 269; IEC, Needham Heights, MA) at 1500 • g for 
10 rain, and 1-mL aliquots of plasma were removed and 
stored at -80~ for a-T analysis (see below). The follow- 
ing day, physical and neurologic examinations were 
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conducted. Then, the dogs were premedicated with 
acepromazine maleate (0.5 mg/kg body weight, i.m., 
Atravet; Ayerst Laboratories, Montreal, Quebec, Canada) 
and atropine (0.05 mg/kg i.m., Fort Dodge Laboratories, 
Fort Dodge, IA) and anesthetized with Pentothal (18 
mg/kg body weight, IV; Abbott Laboratories, North 
Chicag~ IL). Sensory NCV of the superficial radial and 
peroneal nerves and motor NCV of the ulnar and tibial 
nerves were determined, as described {14). 

Bleeding and electrodiagnostics were repeated at ap- 
proximately 8-wk intervals for 109 wk. From 24 wk on- 
ward, adipose tissue samples were biopsied from sub- 
cutaneous fat in the popliteal fossa; samples were wrap- 
ped in aluminum foil, immediately frozen on dry ice and 
stored at -80~ for a-T analysis. At 65 wl~ fascicular biop- 
sies of the tibial nerve from the left side {just proximal 
to the calcaneal tuber) were obtained under anesthesia. 

Half of the nerve biopsy specimen was wrapped in foil, 
frozen on dry ice and stored at -80~ for a-T analysis, 
as described below. The other half was stretched on a 
wooden tongue depressor and fixed in 3% glutaraldehyde 
(4~ for a week, followed by osmication, dehydration and 
embedding in epon. Semithin (1 l~rn) sections of epon 
embedded nerves were cut, stained with p-phenylenedi- 
amine and examined by light microscopy {15). Stained sec- 
tions of nerves were projected onto a monitor, using a com- 
puterized video-display image analysis system (Optomax 
semiautomatic image analysis system; Optomax, Hollis, 
NH), and mean external diameters of 500 randomly 
selected fibers were measured (15). 
At 109 wk, the dogs were euthanized by an overdose 

of Pentothal, and 2-cm sections of the tibial nerve from 
the right side {same location as the biopsy) were collected 
and processed as described for the biopsies. 

a-Tocophero~ triglyceride and cholesterol analyses. 
Samples of diet, plasma, adipose tissue and nerves were 
shipped on dry ice, within 7 d of collection, to New York 
University School of Medicine for analysis of a-T within 
1 mort of receipt. Plasma a-T levels were analyzed, as 
described (16). Adipose tissue a-T, cholesterol and tri- 
glycerides (TG) and nerve a-T and cholesterol were ana- 
lyzed, as described (3,7,17). Data are reported as the mean 
• standard deviation (SD). 

Semilog plots depicting plasma and adipose tissue a-T 
concentrations over time were constructed, and linear 
regression analysis was used to determine depletion rates 
(Delta Graph Professional, Delta Point, Monterey, CA). 
Because the decay curves were exponential functions 
following first-order kinetics, the time to deplete half of 
the a-T was calculated from the equation: tz/2 = in(2)//J, 
where/3 is the elimination rate constant (given by the 
slope) for each curve {18). 

RESULTS 

Physical and neurologic examination. No abnormalities 
(rough skin coat, hind limb ataxia or depressed tendon 
reflexes) were detected in the dogs during physical and 
neurologic examinations. All dogs maintained their body 
weights throughout the study {-El,  18 _ 4 kg;, -E2,  19 
• 6; +El ,  18 • 5; +E2, 19 • 6). 

Plasma and adipose tissue aT. Baseline plasma a-T con- 
centrations of the four dogs were 25 • 6 ~g/mL (range, 
18.4 to 31.3 ~g/mL). Throughout the study (14 measure- 

ments), plasma a-T values in + E l  were 24 _ 3 ~g/mL and 
in +E2 were 28 • 5 ~g/mL. In - E  dogs, semilog plots 
showed a linear decline in plasma a-T concentrations 
(Fig. 1); values were <1.0 ~g/mL by 65 wk (455 d) and <0.1 
/~g/mL by 109 wk (763 d). The times to deplete half of the 
plasma tocopherol {tz/2), estimated from the slopes of the 
plasma a-T concentration curves, were 90 d for - E  1 and 
85 d for - E 2  (Fig. 1). 

Shown in Figure 2 are the a-T contents (ng) of adipose 
tissue expressed per mg wet weight, per mg TG and per 
/xg cholesterol. These three denominators were chosen 
because (i) wet weight can vary if the specimen becomes 
dried, (ii) TG have been used as the denominator for 
measurements of needle biopsies in humans where wet 
weights are not available and (iii) cholesterol is extracted 
during a-T isolation and can be conveniently measured. 
Cholesterol/TG ratios were calculated and found to be 
relatively constant throughout the study, thereby demon- 
strating the relative uniformity of the biopsy specimens 
( -E l ,  2.3 + 1.3 pg/mg;, -E2 ,  1.8 + 0.6; +El ,  2.4 • 2.1; 
+E2, 2.1 • 1.3). 

In +E doge, adipose tissue a-T concentrations remained 
high throughout the study (+El, 450 • 110 t~g/g wet 
weight; +E2, 320 ___ 180) (Fig. 2). Adipose tissue a-T/TG 
in +E dogs (730 • 280 ~g/mg and 470 • 250, for + E l  
and 2, respectively) are somewhat higher than those ob- 
tained by needle biopsies of subcutaneous adipose tissue 
from nine healthy adult humans (402 • 154 ~g/mg) (19). 

Semilog plots of adipose tissue a-T concentrations in - E  
doge decreased linearly, and were similar in both --E doge, 
whether expressed per wet weight (Fig. 2A), TG (Fig. 2B) 
or cholesterol (Fig. 2C). The tz/2 estimated from Figures 
2A, B and C for - E l  were 103, 91 and 104 d and for - E 2  
were 133, 121 and 165 d; the overall mean was 120 d. 

Nerve a-T concentrations, NCV and histopathology. At 
65 wk, a-T/cholesterol in tibial nerves of - E  dogs were re- 
duced to about 16% of +E values, and by 109 wk, had 
decreased to about 2% (Table 1). 

100 

E 0.1 --J ~ 

o 1so 3 o s o 7 o 9oo 
Time (days) 

FIG. 1. The semilog plots of plasma a-tocopherol (a-T) in dogs fed 
a vitamin E-supplemented diet (-I-E dogs) (A, -I-E1, &, -t-E2) are 
relatively constant, while in dogs fed a vitamin E-deficient diet (--E 
dogs) (O, --El; e ,  --E2) concentrations decline linearly on the semilog 
plot (--El,  r 2 = 0.97; --E2, r z = 0.94). The half-life of plasma a-T in 
--E dogs, given by the equation tl/2 = ln(2)/f~ where/3 is the elimina- 
tion rate constant of the exponential function (--0.0077 and --0.0082 
in - -E l  and 2, respectively) is 90 d for - -E l  and 85 d for --E2. 
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FIG. 2. Semilog plots of adipose tissue a-T concentrations (A) per 
wet  weight,  (B) per triglycerides (TG), and (C) per cholesterol are 
shown. In +E dogs (A, +El; b, +E2), the values remained relatively 
constant throughout the study. In - -E dogs (O, --El; o, --E2), the 
declines in adipose tissue a-T concentrations were linear on a semilog 
plot for each of the denominators (wet wt, r 2 = 0.90, 0.79; TG, r 2 = 
0.77, 0.77; cholesterol, r 2 = 0.80, 0.75, for - - E l  and --E2, respec- 
tively). The time to deplete half of initial concentrations (tl~) values 
were calculated as described in Figure 1. The/3 values were similar 
for each of the denominators ( i n  --El,/3 = --0.0067, -0.0076, -0.0066; 
in --E2,/3 = --0.0052, --0.0057, --0.0042; from A, B and C, respeo 
tively). The tlt 2 values calculated from A, B and C for --El were 103, 
91 and 104 d and for --E2 were 133, 121 and 165 d, respectively. See 
Figure 1 for other abbreviations. 

The sensory and motor  NCV values were similar in all 
dogs throughout  the s tudy  (Fig. 3). Sensory action poten- 
tial ampli tudes  were also measured and were similar in 
all dogs th roughout  the s tudy  (data not  shown). 

At  65 and 109 wk, no detectable differences between 
- E  and + E  nerves were apparent  by  fight microscopy. 
Electron microscopic examinat ion of semithin sections of 
the tibial nerve did not  reveal any abnormali t ies  (such 
as loss of large-diameter myefinated fibers) a t  ei ther 
65 or 109 wk. By 109 wk, mean external  diameters  of 

TABLE 1 

a-T/Cholesterol Ratios and Diameters of Tibial Nerves from Dogs  
Fed Vitamin E-Deficient (--E) or Supplemented (+E)  Diets  

Time Nerve composition Nerve diameter 
(wk) Dog (~g a-T/mg cholesterol) (/~m _+ SD) 

65 +El  6.3 na a 
+E2 5.6 na 
--El 0.4 na 
- E 2  1.5 na 

109 +El  3.6 5.1 +_ 2.6 
+E2 6.7 4.1 _+ 2.0 
- E l  0.04 3.8 -+ 1.6 
- E 2  0.09 4.8 _ 2.6 

~ Not analyzed; abbreviations: a-T, a-tocopherol; SD, standard 
deviation. 

myelinated nerve fibers were not different between the two 
groups (Table 1). 

DISCUSSION 

This is the first longitudinal s tudy measuring p lasma and 
adipose t issue a-T concentrat ions in dogs fed v i tamin  E- 
supplemented or -deficient diets over 109 wk~ In - E  dogs, 
bo th  p lasma  and adipose t issue a-T concentrat ions 
decreased with first-order kinetics. Es t ima ted  values of 
the t~/2 for depletion of a-T from p lasma  were 87 d and 
from adipose t issue were 120 d. These da ta  sugges t  t ha t  
dog adipose t issue a-T stores are utilized for the main- 
tenance of p lasma a-T. P lasma and adipose tissue a-T con- 
centrat ions in --E dogs were correlated (--El ,  r 2 = 
0.7942, P < 0.0003; - E 2 ,  r 2 = 0.7930, P < 0.0003}, giv- 
ing fur ther  suppor t  to this hypothesis.  

P lasma a-T concentrations also decrease with first-order 
kinetics in response to a v i tamin  E-deficient diet in other 
species, such as ra ts  {6,20), guinea pigs (5), monkeys (6) 
and humans  (for a review, see 21). Adipose t issue a-T also 
decreases with first-order kinetics in rodents.  We have 
estimated, using previously reported data, tha t  the tt/2 of 
a-T in adipose t issue of ma tu re  ra ts  was 7 0 d  (20), and of 
ma tu re  guinea pigs was 600 d (5). Thus, the tl/2 of a-T in 
adipose t issue is longer in the dog compared to the rat,  
bu t  much  shorter  than  the guinea pig. 

By 65 wk, - E  dogs had tibial nerve concentrat ions 
(Table 1), which were comparable  to those from sural 
nerves of v i tamin  E-deficient humans  (1.8 _ 1.2 ng//zg 
cholesterol) (3). By  109 wk, a-T concentrat ions of tibial 
nerves in - E  dogs were well below deficient human  sural 
nerve levels. By contrast ,  weanling ra ts  fed v i tamin  E- 
deficient diets had a faster  decline of a-T from nerve (4-7% 
of control sciatic-tibial nerve values by 36 wk) compared 
to - E  dogs (16% of control tibial nerve values by 65 wk). 
Furthermor~ vi tamin E-deficient rats  had decreased tibial 
NCV by 8 mon  (22) and axonal swelling in sural nerves 
by 12 mon (23). The earlier onset  of changes in ra ts  may  
be at tr ibuted to the younger age when vi tamin E-deficient 
diets were init iated and to species differences. 

The - E  dogs did not develop neurologic abnormalities,  
and electrophysiologic tes ts  remained normal  (Table 1). 
The lack of slowing in nerve conduction velocities in our 
s tudy is similar to findings in vi tamin E-deficient humans  
with subclinical disease (24). In nine pat ients  with serum 
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FIG. 3. Sensory nerve conduction velocity (NCV) of the pemneal and 
superficial radial nerves, and motor NCV of the ulnar and tibia] 
nerves in dogs fed vitamin E-deficient (O, --El; o, --E2) or con- 
trol diets (A, +El; A, +E2) were similar in both groups at all 
times. 

a-T < 5 ~g/mL, three were clinically asymptomat ic  and did 
not  show any electrophysiologic abnormalit ies.  The re- 
maining six pa t ien ts  had vary ing  degrees of neurologic 
abnormalities including weakness, proprioceptive deficits 
and ataxia, and had delayed central conduction measured 
by somatosensory  evoked potent ials  (24). These findings 
and a previous report  in humans  (3) suggest  t ha t  nerves 
mus t  be depleted of mT for years before histologic changes 
Occur. 

In conclusion, p la sma  a-T in adult  dogs fed v i tamin  E- 
deficient diets declines in parallel with adipose t issue a-T. 
The correlation of p lasma a-T with adipose tissue a-T sug- 
gests  t ha t  the adipose t issue a-T can be taken up  by 
p l a sma  lipoproteins for delivery to other t issues in the 
body (as reviewed in Ref. 25). The development of v i tamin 
E deficiency in adult dogs resembles tha t  in humans  more 
closely than  in rodents  in t e rms  of t issue a-T depletion, 
and the relatively prolonged duration of the deficient s tate 
before development  of clinical, electrophysiologic and/or 
histopathologic signs. 
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a-Tocopherol Concentrations of the Nervous System and Selected 
Tissues of Adult Dogs Fed Three Levels of Vitamin E 
Shreekumar R. Pillai a, Maret G. Traber b, Janet E. Steiss a,*, Herbert J. Kayden b and Nancy R. Cox a 
ascott-Ritchey Research Center, College of Veterinary Medicine, Auburn University, Auburn, Alabama 36849 and bDepartment 
of Medicine, New York University School of Medicine, New York, New York 10016 

The effects of dietary vitamin E levels on tissue a-toc~ 
pherol (a-T) concentrations in different parts of the nervous 
system are largely unknown. Therefore, we measured the 
a-T contents of nervous and other tissues obtained from 
beagle dogs fed for two years a vitamin F_~deficient diet 
(--E, 0.05 _ 0.02 mg vitamin E/kg diet, n = 2), a vitamin 
E~supplemented diet (-I-E, 114 • 14 mg/kg, n = 2), or a 
standard chow diet (Eo, 74 • 6 mg/kg, n = 3). Brain 
regions and spinal cords of + E  dogs contained about dou- 
ble the a-T concentrations of E n d o g s ,  and about l{~fold 
those of - -E dogs. The various brain regions of - -E dogs, 
compared with E,  dogs, retained 12-18% of the a-T con- 
centrations, with the exception of the caudal colliculus, 
which retained 48%. Peripheral nerve a-T concentrations 
in + E  dogs (67 ng/mg wet weight) were nearly ~fold higher 
than in E, dogs (13.4 + 5.9 ng/mg) and 8~fold higher than 
in --E dogs (0.8 ng/mg). Within each dietary group, the 
lowest a-T concentrations in the central nervous system 
(CNS) were in the spinal cord. Peripheral nerves were the 
most susceptible to vitamin E repletion or depletion: in + E  
dogs, nerves contained higher concentrations of a-T than 
most brain regions; in E,  dogs, they contained similar 
concentrations; but in - -E dogs, they contained less a-T 
than most brain regions. Muscles and other tissues of - -E 
dogs retained from 1 to 10% of E~ values. The studies 
demonstrate that the CNS conserved a-T compared to 
peripheral nerves and nonnervous tissues in adult dogs, 
but contained lower absolute concentrations of a-T com- 
pare with most other tissues. 
Lipids 28, 1101-1105 {1993). 

Vitamin E deficiency symptoms in humans and in ex- 
perimental animals include a progressive peripheral neuro- 
pathy (1). Our hypothesis is that the development of path- 
ological changes resulting from vitamin E deficiency de- 
pends upon the tissue concentrations of a-tocopherol (aT), 
which reflect the storage capacity of the tissue (La, the lipid 
content of the tissue), a-T utilization rates and a-T replace- 
ment rate~ For example in rodents the nervous system con- 
serves a-T compared to liver, heart and muscle (2,3). However, 
the cerebellum of rodents is particularly susceptible to 
vitamin E deficiency, presumably because the low a-T con- 
centrations reflect high utilization despite a high uptake of 
a-T, as measured with radioactive a-T (4). 

To investigate the effects of vitamin E deficiency on net ~ 
vous tissue concentrations of a-T in adult dogs, four male 
1-year~ld beagle dogs were evaluated; two were fed a vitamin 
E-deficient diet (-E), and two were fed the same diet sup 
plemented with vitamin E (+E) for two year~ Additionally, 
tissues from three female 5-yea~old beagles that were fed 
a standard chow diet were analyzecL Concentrations of a-T 

*To whom correspondence should be addressed. 
Abbreviations: a-T, a-tocopherol; ANOVA, analysis of variance; CNS, 
central nervous system; +E, dogs fed vitamin E-supplemented diet; 
-E, dogs fed vitamin E-deficient diet; E n, dogs fed standard chow 
diet; SD, standard deviation. 

in the central nervous system (CNS), peripheral nerves, 
skeletal muscles and selected tissues were determinecL 

MATERIALS AND METHODS 

Protocol. All procedures were approved by the Auburn 
University Institutional Animal Care and Use Commit- 
tee (Auburn, AL). As described in other works (5,6), four 
1-year-old male beagle dogs (Marshall Farms, North Rose 
NY), weighing about 18 kg, were fed a purified diet con- 
taining all-rac-a-tocopheryl acetate (TD Na 87238; Teklad 
Laboratories, Madison, WI; a-T, 114 +__ 14 mg/kg) for an 
adjustment period of 4 wl~ Then, two dogs ( - E l  and 
-E2) were selected randomly to receive the same diet 
without vitamin E (TD Nr 87237, a-T 0.05 _ 0.02 mgfkg), 
and two dogs (+El and +E2) continued on the sup- 
plemented diet. 

The dogs (3-years-old), following maintenance on the 
diets for two years, were euthanized by an overdose of 
intravenous barbiturate (Pentothal; Abbott Lab; North 
Chicago, IL); tissues were collected for measurement of 
a-T as described below. Additional tissues from three 
healthy female 5-year~ld beagles maintained for two years 
in the same facility were collected. These dogs (designated 
E n) had received a standard laboratory diet (Dog Chow; 
Purina Mills, St. Louis, MO) containing added all-rac- 
a-tocopheryl acetate (measured a-T content, 74 + 6 
mg/kg). 

Tissue collection. Immediately after euthanasia, the 
cranium was opened and the entire brain was removed and 
placed on ice The left half was used to dissect out 500-mg 
pieces of frontal, parietal, temporal and occipital cortex, 
caudate nucleus, hippocampus, amygdala, rostral and 
caudal colliculus, cerebellum, ports and medulla. The 
spinal cord was dissected into cervical (C 1), thoracic (T 
6-7) and lumbar (L 5-6) segments, and 500-mg pieces from 
the dorsal columns were collected. Samples (1 cm) of the 
sciatic (at the coxc~femoral joint), tibial (proximal to the 
tarsus) and superficial radial {at the elbow joint) nerves, 
and the rectus femoris and extensor carpi radialis muscles 
were excised. Pieces (1 g) of liver, cardiac muscle (left ven- 
tricle), adrenal gland, renal cortex and medulla, and 
testicles were collected alsa All tissue samples were strip- 
ped of connective tissue and fat, immediately wrapped in 
aluminum foil and frozen on dry ice The samples were 
stored at -80~ until shipment, within 1 wk of collection, 
to New York University School of Medicine for a-T analy- 
sis. The a-T and cholesterol contents of all samples were 
analyzed, as previously reported (7,8), within two months 
of receipt. 

Statistical analysis. Average a-T concentrations of tis- 
sues for +E and - E  dogs, and means +__ standard devia- 
tions for En dogs were calculated [Super ANOVA; 
Abacus Concepts, Berkeley, CA). For En dogs, one-way 
analysis of variance and comparisons of least square 
means were used to determine differences in a-T concentra- 
tions in the brain and spinal cord samples, and peripheral 
nerves. A value of P < 0.05 was considered significant. 
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RESULTS 

Brain regions. The a-T contents of various anatomical sites 
from the brains of the three groups of dogs fed different 
dietary levels of vitamin E are shown in Table 1. Because 
a-T concentrations in specific neuroanatomic areas of the 
brain did not differ markedly, brain regions were grouped 
according to embryological divisions, viz., telencephalon 
{frontal, parietal, occipital and temporal cortices, caudate 
nucleus, hippocampus and amygdala), diencephalon {thal- 
amus and hypothalamus), mesencephalon (rostral and 
caudal colliculus), metencephalon (cerebellum and pons) 
and myelencephalon {medulla oblongata). Mean a-T con- 
centrations for these regions and the statistical signifi- 
cance between regions in E,  dogs are also shown in 
Table 1. 

In E,  dogs, o~T concentrations in the telencephalon 
were significantly greater than those of the medulla ob- 
longata. Furthermor~ the rostral brain regions (telen- 
cephalon, diencephalon), irrespective of diet group, con- 
tained higher ~T concentrations than the caudal areas 
(mesencephalon, metencephalon, myelencephalon). 

On an a-T/cholesterol basis, the telencephalon in E,  
dogs contained significantly greater concentrations (P < 
0.05) than the other brain regions. Indeed, the a-T/choles- 
terol ratios were markedly higher in the telencephalon 
compared with the myelencephalon in all dogs. The a- 
~cholesterol ratios were high in the telencephalon because 
this region contained the lowest cholesterol concentra- 
tions, while the myelencephalon contained the highest. It 
should be noted that the cholesterol concentrations of 
each of the brain regions were similar between the three 
dietary groups (Table 1). 

In - E  dogs, a-T concentrations of the brain regions were 
minimal, ranging from 0.7 to 3.8 ng/mg wet wt (Table 1), 
about 12-18% of those of En dogs, with the exception of 
the mesencephalon (Fig. 1). In the mesencephalon, the 
caudal colliculus of - E  dogs contained 48% of a-T con- 
centrations in En dogs. However, the caudal colliculus in 
- E  dogs did not contain high concentrations of a-T, nor 
was it particularly enriched with a-T in either +E or En 
dogs (Table 1). 

Spinal cord. The spinal cord a-T/wet weight ratios 
were significantly lower than in the telencephalon and 
the peripheral nerve in En dogs (Table 1). Again the 
high cholesterol content of the spinal cord caused the 
a-T/cholesterol ratio to be one of the lowest in the ner- 
vous system. In En dogs, the spinal cord a-T/choles- 
terol ration was 1/8 of that of the telencephalon (P < 
0.05). 

Spinal cord a-T contents (expressed per weight or per 
cholesterol) in +E dogs were double those in En dogs, 
and more than 10-fold those in - E  dogs (Table 1). 

Peripheral nerves. Of all nervous tissues, peripheral 
nerves were the most susceptible to vitamin E repletion 
or depletion (Table 1 and Fig. 1). In +E dogs, nerve a-T 
concentrations were more than double those of most brain 
regions, or spinal cord. In En dogs, nerve a-T concentra- 
tions were significantly greater than in the mesencepha- 
lon, metencephalon, myelencephalon or the spinal cord. 
However, in - E  dogs, nerve a-T concentrations were about 
half of most other brain regions. Peripheral nerves of - E  
dogs contained about 6% of those of En nerves, the 
lowest percentage retained of all the nervous tissues {Fig. 
1), but comparable to a-T retention in nonnervous tissues 
(see below). 

TABLE 1 
a-Tocopherol (a-T) Concentrations of Various Neuroanatomie Regions of Brain, Spinal Cord and Peripheral Nerve 
from Dogs  Fed Vitamin E-Deficient ( - -El ,  --E2), -Supplemented ( + E l ,  +E2)  or Control (E n, n = 3) Diets 

ng a-T/rag wet wt  ng a-Tl~g cholesterol  ~g Cholesterol]mg wet  wt 

Region - - E l  - -E2 + E l  + E 2  E n •  - - E l  - -E2 + E l  + E 2  E n •  - - E l  - -E2 + E l  + E 2  E n •  

Frontal  cortex 2.4 2.0 36 30 14 • 8 0.18 0,17 2.0 1.8 0.5 - 0.5 13 11 18 16 19 • 5 
Parietal  cortex 1.6 0.8 24 33 12 • 1 0.11 0.04 1.3 2.3 1.1 • 0,1 14 19 18 14 11 • 2 
Occipital cortex 1.8 1.6 33 36 13 + 3 0.10 0.09 2.8 2.0 0.5 • 0.3 17 19 12 18 21 • 4 
Temporal  cortex 1.7 1.5 27 26 11 + 2 0.12 0.10 2.8 2.5 0.9 • 0.2 14 15 10 10 11 • 1 
Caudate nucleus 1.5 2.0 22 31 10 • 3 0.14 0.16 1.8 2.7 0.5 • 0.3 11 12 12 11 18 • 5 
Hippocampus  0.9 1.7 33 12 9 • 4 0.04 0.08 1.8 0.4 0.7 • 0.4 24 22 18 30 14 • 8 
A m y g d a l a  1.0 1.5 8 29 8 • 1 0.07 0.14 0.5 2,5 0.7 • 0.2 14 11 17 12 13 • 2 

Telencephalon (mean) 1.5 1.6 26 28 11 • 4 a'b'c 0.11 0,11 1.9 2.0 0.8 • 0.3 a-e 15 16 15 16 16 • 5 a-d 

Tha lamus  2.4 1.9 36 14 15 • 7 0.10 0,10 1.4 0,5 0.6 • 0.3 24 20 26 26 22 • 2 
Hypo tha lamus  0.3 0.9 17 23 5 • 1 0.02 0.06 0.8 1,1 0.2 • 0.1 22 15 21 22 23 • 1 

Diencephalon (mean) 1.4 1.4 27 18 10 • 7 d 0.06 0.08 1.1 0,8 0.5 • 0.4 a'I 23 18 24 24 23 • 2 e 

Rostra] colliculus 1.6 1.6 15 42 7 • 3 0.04 0.06 0.4 1.3 0.3 • 0.2 37 27 36 33 40 • 16 
Caudal colliculus 2.3 2.2 8 17 5 • 3 0.09 0.10 0.5 0.7 0.2 • 0.1 25 21 18 25 27 • 10 

Mesencephalon (raean) 1.9 1.9 12 29 6 • 3 a'e 0.07 0.08 0.4 1.0 0.2 • 0.1 b'g 31 24 27 29 30 • 14 a'f'g 

Cerebellum 0.7 0.6 23 23 8 • 1 0.05 0.03 1.4 1,7 0.4 • 0.18 16 19 16 14 17 • 3 
Pons 0.4 2.4 12 15 9 • 1 0.01 0.07 0.2 0.3 0.2 • 0.02 34 37 52 49 41 • 4 

Metencephalon (mean) 0.5 1.5 17 19 8 • I f 0.03 0.05 0.8 1.0 0.4 • 0.20 c'h 25 28 34 31 30 • 16 T M  

Myelencephalon 0.0 1.3 2 12 4 • 3 b'd'g 0.00 0.03 0.1 0.2 0.2 • 0.1 d'i 22 49 24 53 33 • 17 c'j'k 
Cervical cord 1.8 2.6 59 22 6 • 1 0.03 0.05 1.0 0.4 0.1 • 0.02 52 58 57 56 54 • 2 
Thoracic cord 0.6 1.5 14 17 7 • 2 0.01 0.03 0.2 0.2 0.1 • 0,04 62 57 60 68 59 • 4 
Lumbar  cord 3,8 0.2 17 18 7 • 3 0,08 0.00 0.4 0.4 0.2 • 0.07 45 54 46 46 48 • 3 

Spinal cord (mean) 2.0 1.4 30 19 7 • 2 c'h 0.04 0.02 0.5 0.3 0.1 • 0.04 e'j 53 56 55 57 53 • 5 d-i'h'j'l 

Superficial radial nerve 1.5 0.6 60 83 18 • 5 0.24 0.08 9.5 14.8 1.4 • 0.4 7 8 6 6 12 • 1 
Sciatic nerve  0.6 0.8 56 64 11 • 1 0.03 0.04 3.9 4.5 0.6 • 0.1 18 17 14 14 17 • 5 
Tibial nerve  0.8 0.8 60 80 11 • 8 0.04 0.09 3.6 6.7 0.9 • 0.6 19 9 17 12 13 • 1 

Peripheral nerve (mean) 1.0 0.7 58 76 13 • 6 e-h 0.10 0.07 5.6 8.7 1.0 • 0.6 f-j 14 11 12 11 15 • 5 g'i'k'l 

a-lRegions of E n dogs in each column bear ing the same superscr ipt  le t ter  are significantly different (P < 0.05} by least  squares  means  comparisons. 
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FIG.  1. A.  o~Tocopherol (o-I') concentrat ions  of t i s sues  from two  dogs  
fed v i tamin E-deficient diets  (--E), expressed as a % of mean  E n dog 
o-T concentrat ions ,  i.e., % = - - E / E  n X 100. B. o-T concentrat ions  of 
t i s sue  from two  dogs  fed v i tamin  E-supplemented  diets  (-FE), ex- 
pressed as a % of E n dog a-T concentrations,  L~, % = +E/F_~ X 100. 

Because  of the i r  re la t ive ly  low cholesterol  con ten t s  com- 
p a r e d  w i t h  o t h e r  p a r t s  of  t he  C N S  {except t e l ence pha lon  
and  diencephalon),  ~T/cholesterol r a t ios  were s ign i f i can t ly  
(P < 0.05) h ighe r  in E ,  pe r i phe ra l  ne rves  t h a n  in  mesen-  
cephalon ,  m e t e n c e p h a l o n ,  m y e l e n c e p h a l o n  and  sp ina l  
cord. 

Other tissues, o-T c o n c e n t r a t i o n s  were fol lowed longi-  
t ud ina l ly  in - - E  and  + E  dogs,  as  r epo r t ed  in  t he  p reced ing  
p a p e r  (6). In  + E  dogs ,  ad ipose  t i s sue  a-T c o n c e n t r a t i o n s  
r e m a i n e d  h igh  t h r o u g h o u t  t he  s t u d y  [450 +_ 110 pg/g wet  
w e i g h t  a n d  320 +_ 180 for + E  1 a n d  2, r e spe c t i ve ly  (6)], 
a n d  were s imi l a r  to  t h o s e  in En d o g s  (376 ~g/g) (Table 2). 

I n  - - E  dogs ,  mT was  d e p l e t e d  f rom a d i p o s e  t i s s u e  w i t h  
f i r s t  o rde r  k ine t i c s  to  1.6 n g / m g  wet  w t  in - E  1 and  1.9 
in - E 2  (6). However,  1 w k  p r io r  to  sacrif ice,  t h e s e  d o g s  
were g iven  a dose  of d e u t e r a t e d  a - tocophero l  [4 m g / k g  
b o d y  we igh t  each  of RRR- and all rac-a-tocopheryl 
ace ta t e s ,  142 m g  t o t a l  {9)], wh ich  a p p a r e n t l y  r a i s ed  t h e  
ad ipose  t i s sue  va lues  to  7.9 n g / m g  wet  we igh t  in - - E l  and  
2.6 in - E 2 ,  a s  shown in Table 2. 

The  l iver  c o n t a i n e d  s imi l a r l y  h igh  a-T c o n c e n t r a t i o n s  
in b o t h  + E  dogs  and  in En dogs  (Table 2). Thus ,  t he  l iver  
d i d  n o t  s to re  a d d i t i o n a l  a-T in r e sponse  to  s u p p l e m e n t a -  
t ion.  The  l iver  in - E  dogs  con ta ined  3.2 rig/rag, only  1.6% 
of t h a t  in E n l iver  (Fig.  1). 

H i g h  a-T c o n c e n t r a t i o n s  were found  in t he  ad rena l  
g l a n d s  of b o t h  + E  and  E ,  dogs,  b u t  were dep l e t ed  in - E  
dogs  to  3.5% of En va lues  (Table 2 and  Fig.  1). The  h igh  
cho les te ro l  c o n t e n t s  of  t h e  a d r e na l  g l a n d s  (20-30  pg /mg  
wet  weight)  decreased  the  ra t ios  of a-T/cholesterol to  values  
lower t h a n  t h o s e  in m o s t  o t h e r  n o n n e r v o u s  t i s sue s  (Table 
2). 

I r r e s p e c t i v e  of d ie t ,  the  r ena l  m e d u l l a  c o n t a i n e d  8-10  
t i m e s  more  a-T t h a n  d i d  t h e  c o r t e x  on  a we t  w e i g h t  b a s i s  
a n d  4 - 5  t i m e s  more  on a cho les te ro l  b a s i s  (Table 2). The  
h ighe r  a-T c o n t e n t s  of t he  m e d u l l a  can  be  e x p l a i n e d  b y  
d i f ferences  in  l ip id  con ten t s .  On  h i s to log ic  e x a m i n a t i o n  
of  f ixed  t i ssue ,  t h e  m e d u l l a  was  o b s e r v e d  to  have  more  
l ip id  t h a n  the  c o r t e ~  The  cholesterol  con t en t s  conf i rm th i s  
obse rva t ion ;  t he  m e d u l l a  c o n t a i n e d  r o u g h l y  doub le  t h e  
cho les te ro l  c o n c e n t r a t i o n  of t he  cor tex .  

Wi th in  each  d i e t a ry  group, ~T concen t ra t ions  (either per  
we t  we igh t  or  pe r  choles terol )  of t h e  t h ree  d i f fe ren t  
m u s c l e s  (card iac  a n d  t h e  two  ske l e t a l  musc les )  were 
s imi la r  (Table 2). The  average  a-T concen t r a t i on  of musc les  
f rom + E  dogs  were a p p r o x i m a t e l y  4-fold g r e a t e r  t h a n  
t h o s e  of En a n d  50-fold g r e a t e r  t h a n  t h o s e  of - - E  dogs .  

Test ic les  of + E  dogs  c o n t a i n e d  a b o u t  50 t i m e s  more  a- 
T t h a n  t h o s e  of - E  dogs  (Table 2). 

D I S C U S S I O N  

The  d i s t r i b u t i o n  of a-T in b r a i n  r eg ions  of  dogs  fed th ree  
d i e t a r y  levels  of v i t a m i n  E was  m e a s u r e d  in  an  ef for t  to  

T A B L E  2 

a-Tocopherol  (&-T) Concentrat ions  of N o n n e r v o u s  T i s s u e s  from D o g s  Fed  Vi tamin  E-Def ic ient  ( - - E l ,  --E2),  -Supplemented  ( + E l ,  + E 2 )  
or Control  (E n, n = 3) D ie t s  

ng a-T/mg wet wt ng a-Tl~g Cholesterol ~g Cholesterol/mg wet wt 

Region - E l  -E2 +El +E2 E n • SD --El --E2 +El +E2 E n • SD --El --E2 +El  +E2 E n • SD 
Adipose tissue Popliteal fossa 7.9 2.6 110 230 406, 346 a 11.1 2.6 115 324 509, 403 a 0.7 1.0 1.0 0.7 0.8, 0.9 a 
Liver 4.0 2.4 131 185 194 - 55 1.4 0.9 48 56 54 • 26 2.9 2.5 2.7 3.3 3.5 • 0.6 
Adrenal gland 5.9 3.1 277 336 131 • 50 0.4 0.2 19 12 4 +- 1 16 21 14 27 28 • 8 
Kidney Renal medulla 3.9 8.2 237 148 107 + 31 1.1 2.3 55 45 22 + 7 3.4 3.6 4.3 3.3 4.6 - 0.5 

Renal cortex 0.7 0.5 24 25 13 +- 6 0.3 0.2 14 13 4 • 2 1.9 2.8 1.8 2.0 2.4 - 0.3 
Muscle Cardiac 0.9 0.7 65 31 11 • 2 0.5 0.6 40 30 8 + 1 1.7 1.2 1.6 1.0 1.3 • 0.2 

Extensor carpi 
radialis 0.9 0.7 29 25 9 • 2 1.0 1.0 31 50 10 • 2 0.9 0.7 0.9 0.5 0.8 • 0.2 

Rectus femoris 0.7 0.8 63 43 10 +- 5 0.9 2.3 83 58 15 • 3 0.8 0.4 0.8 0.7 0.6 • 0.3 
Testicle 0.5 1.2 55 62 b 0.5 0.3 30 32 b 1.2 3.4 1.9 1.9 b 
aAdipose tissue was obtained from only two dogs. 
bNot available. 
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assess which brain regions are responsive to changes in 
dietary aT. In response to vitamin E deficiency, the lowest 
concentrations of a-T in - E  dogs were found in the 
cerebellum (0.7 ng/mg) and the myelencephalon (medulla 
oblongata) (0.7 ng/mg); the cerebellum retained the lowest 
percentage of a-T (9%). Previous studies in rats  (2,3) and 
mice (10) have shown tha t  the cerebellum is readily de ~ 
pleted of a-T, and is an active site of uptake of radioactive 
vitamin E. Typically, axonal dystrophy occurs in the 
cerebellum and brainstem in experimental vitamin E defi- 
ciency in rodents and monkeys (11), and immature dogs 
(12). Dystrophic changes were also seen in the brainstem 
nuclei of - E  dogs (Pillai, S.R., and Steiss, J.E., unpub- 
fished observations). 

In --E dogs, the brain region which retained the largest 
percentage of a-T (48%) was the caudal colliculus, par t  of 
the auditory pathway. Apparently, the auditory pathway 
is more resistant  to vi tamin E depletion than the visual 
and somatosensory tracts. Consistent with our s tudy are 
findings in vi tamin E-deficient humans. No changes in 
brainstem auditory-evoked potentials were reported, 
al though these pat ients  had delayed somatosensory- 
evoked potentials, abnormal electroretinograms and 
delayed visual-evoked potentials (13). Similarly, in vitamin 
E-deficient rats, brainstem auditory-evoked potentials are 
normal (14), while somatosensory-evoked potentials 
(14,15), electroretinograms and visual-evoked potentials 
(14) are abnormal. 

Brain regions of dogs and rodents appear to respond 
somewhat differently to vi tamin E supplementation. In 
+ E  dogs, the highest increase of a-T occurred in the 
mesencephalon, while in vi tamin E-supplemented rats, 
maximum increases have been reported in the medulla 
oblongata and pons (2), and the cerebellum (16). By con- 
trast,  the medulla in + E  dogs was the brain region with 
the smallest increase in a-T concentrations (Table 1). 

Peripheral nerves were remarkable in having the highest 
a-T concentrat ion of all nervous tissue in + E  dogs, as 
previously observed in rats (4,17). Furthermore,  in +E  
dogs, the increases in nerve a-T concentrations were about 
double those of the CNS. Correspondingly, in - E  dogs, 
the nerves retained lower percentages (6%) of a-T than 
other portions of the nervous systenL The ease with which 
peripheral nerves are depleted may explain why humans 
(18), monkeys (11) and rats (19) develop a peripheral neuro- 
pa thy  associated with vi tamin E deficiency. However, in 
the present study, - E  dogs did not  develop clinical, elec- 
trophysiological or histologic evidence of peripheral neur~ 
pa thy  (Pillai, S.R., and Steiss, J.E., unpublished data). 

Of other  tissues examined, the highest a-T concentra- 
tions in response to vi tamin E supplementat ion were in 
adipose tissue, liver, adrenal gland and kidney (Table 2). 
Adipose tissue is a major a-T storage site in humans (7), 
rats  (20), guinea pigs (21), mink (22) and homes (23). The 
liver also accumulates a-T with vi tamin E supplementa- 
tion in most  species (20-25). The accumulation of a-T by 
the adrenal gland in +E  dogs is in agreement with studies 
in humans (26), ra ts  (27) and cat t le  (28,29). These high a- 
T concentrations may be related to the high cholesterol 
contents of the adrenal gland, or higher antioxidant levels 
may be required to protect  the tissue during steroid hor- 
mone synthesis  (26). We found higher a-T concentrations 
in the renal medulla compared with the cortex, which are 
likely due to the higher lipid contents  of the medulla. 

In dogs, irrespective of diet, cardiac and skeletal mus- 
cle contained similar a-T concentrations, but  in pigs (25), 
cat t le  (28) and sheep (30), cardiac muscles contained 
higher aT  concentrations than skeletal muscles. These 
may represent species differences. 

In conclusion, the present  s tudy  demonstrates  in dogs 
tha t  of all nervous tissues, peripheral nerves were most  
responsive to vi tamin E supplementation and deficiency. 
In - E  dogs, the CNS retained higher percentages of a-T 
than either peripheral nerves or non-nervous tissues; 
however, the absolute a-T concentrations in nervous 
tissues were lower than  in most  other tissues. Consider- 
ing vitamin E functions as an antioxidant,  and tha t  
tissues depleted of a-T are susceptible to free radical 
damage, it is therefore not surprising tha t  vi tamin E- 
deficient dogs display neuromuscular  abnormalities 
(12,31). 
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Vitamin E Deficiency in Dogs Does Not Alter Preferential 
Incorporation of RRR.a.Tocopherol Compared 
with all rac.ot.Tocopherol into Plasma 
Maret G. Traber a,*, Shreekumar R. Pillai b, Herbert J. Kayden a and Janet E. Steiss b 
aDepartment of Medicine, New York University School of Medicine, New York, New York 10016 and the bScott-Ritchey Research 
Center, College of Veterinary Medicine, Auburn University, Auburn, Alabama 36849 

The plasma and lipoprotein transport of RRR and all ra~ 
a-tocopherols, labeled with different amounts of deuterium 
[ 2R,4' R,8' R-a-[5-C2H3]tocopheryl acetate (d3RRR-a-toc~ 
pheryl acetate] and 2RS, 4'RS, 8'RS-a-[5,7-(C~I-I3)2]toco- 
pheryl acetate (d~all rac-a-tocopheryl acetate), was 
studied in adult beagle dogs that had been fed a vitamin 
E-deficient (--E; two doge) or supplemented (+E; two dogs) 
diet for two years. We set out to test the hypothesis that 
the activity of the hepatic tocopherol binding protein 
(which is thought to preferentially incorporate RRR-a-toc~ 
pherol into the plasma) is up-regulated by vitamin E deft- 
ciency. Labeled a-tocopherols increased and docTeased simi- 
larly in plasma of both --E and + E  dogs. Irrespective of 
diet, d3RRR-a-tocopherol was preferentially secreted in 
plasma. Thus, vitamin E deficiency in dogs does not 
markedly increase the apparent function of the hepatic 
tocopherol binding protein. We also studied vitamin E 
transport in a German Shepherd dog with degenerative 
myelopathy (DM). Based on the coincident appearance of 
d3RRR-a-tocopherol in plasma and chylomicrons, we sug- 
gest that the abnormality in DM may be associated with 
abnormal vitamin E transport resulting from an impaired 
function of the hepatic tocopherol binding protein. 
Lipids 28, 1107-1112 (1993). 

Vitamin E, a fat-soluble vitamin, is transported in the 
plasma lipoproteins (for review~ see Refs. 1 and 2). Vitamin 
E is absorbed by the intestine and secreted in chylomicrons 
{3), which are catabolized in the circulation. Chylomicron 
remnants are then taken up by the liver. Of the various 
forms of dietary vitamin E, RRR-a-tocopherol is preferen- 
tially secreted by the liver into the plasma in very low den- 
sity lipoproteins (VLDL) (3-6}. This phenomenon was 
demonstrated directly using perfused monkey livers from 
animals fed deuterium-labeled tocopherols (5). The nascent 
VLDL secreted by the livers were preferentially enriched 
with RRR-, as compared with SRR-a-tocopherol or r-tocc, 
pherol (5). 

Catabolism of circulating VLDL maintains plasma RRR- 
a-tocopherol concentrations, as shown in studies using 
deuterated stereoisomers of a-tocopherol (RRR- and SRR-) 
or naturally occurring, deuterated forms of vitamin E (a- and 
7-tocopherols) in healthy subjects (4), patients with familial, 
isolated vitamin E deficiency (7,8) and patients with genetic 
abnormalities of lipoprotein metabolism (6,9). Further, we 
have proposed that incorporation of RRR-a-tocopherol in 
nascent VLDL requires the action of the hepatic tocopherol 

*To whom correspondence should be addressed at the Department 
of Medicine, NYU School of Medicine, 550 First Avenue, New York, 
NY 10016. 
Abbreviations: Cmax, Maximum observed concentrations; DM, degen- 
erative myelopathy; -E, dogs fed a vitamin E-deficient diet; + E, dogs 
fed a vitamin E-supplemented diet; HDL, high density lipoproteins; 
LDL, low density lipoproteins; tmo c, time of maximum observed con- 
centration; VLDL, very low density lipoproteins. 

binding proteirL Such a protein has been purified from rat 
fiver (10,11) and shown to transfer a-tocopherol (in preference 
to other tocopherols) between liposomes and microsomes 
(10). 

Because of its putative role in maintaining plasma vitamin 
E levels (2), the tocopherol binding protein or its activity 
might be increased in response to vitamin E deficiency. How- 
ever, there are conflicting reports in the literature as to 
whether its activity is increased (12) or unchanged (11) in 
response to vitamin E deficiency in rat~ In addition, because 
this protein likely differentiates between forms of vitamin 
E, secretion of RRR-a-tocopherol into the plasma might be 
enhanced by vitamin E deficiency. Therefore, to test the 
hypothesis that the activity of the tocopherol binding pro- 
tein is up-regulated by vitamin E deficiency, we studied the 
transport of RRR- and a//rac-a-tocopherol labeled with dif- 
ferent amounts of deuterium in adult beagle doge that had 
been fed a vitamin E-deficient or vitamin E-supplemented 
diet for two years (-E, +E, respectively). 

We also studied vitamin E transport in a German 
Shepherd dog diagnosed to have degenerative myelopathy 
(DM) (13). This disease (13-15) has several similarities to 
vitamin E deficiency in other species (16,17), namely, degen- 
erative changes in the spinal cord, pelvic limb ataxia and 
paresi~ hyporeflexia or areflexia, impaired cellular immunity, 
and low serum vitamin E levels. Furthermore, a preliminary 
report suggests that progression of the disease is slowed by 
the administration of large doses of vitamin E to affected 
doge (14). Familial isolated vitamin E deficiency in humans 
is an inherited disease (18), and DM in doge primarily af- 
fects the German Shepherd breed, suggesting a genetic 
predispositior~ Based on the possibility that DM might be 
the result of an impaired transport of vitamin E due to a 
defective hepatic tocopheml binding protein, we tested the 
ability of this dog to transport deuterated a-tocopherols. 

MATERIALS AND METHODS 

Animals. All procedures were approved by the Auburn 
University Institutional Animal Care and Use Committee 
(Auburn, AL). As described previously (19,20}, four one- 
year-old male beagle dogs (Marshall Farms, North Rose, 
NY), weighing about 18 kg each, were fed a purified diet 
containing a//rac-a-tocopheryl acetate (TD Na 87238; Tek- 
lad Laboratories, Madison, WI; a-tocopherol, 114 +_ 14 
mg/kg) for an adjustment period of 4 wk. Then, two dogs 
( - E l  and -E2)  were selected randomly to receive the 
same diet without vitamin E (TD No. 87237, a-tocopherol 
0.05 _ 0.02 mg/kg) and two dogs (+El  and +E2) con- 
tinued on the supplemented diet. The dogs were main- 
tained on the diets for two years. At the time of this study, 
- E  dogs were clinically healthy, but their plasma, red 
blood cells and tissues were depleted of vitamin E (19-21). 

The dog diagnosed to have DM was a nine-year-old male, 
purebred German Shepherd. His diet consisted primarily 
of commercial dog food. Ataxia and paresis involving 

Copyright �9 1993 by the American Oil Chemists' Society LIPIDS, Vol. 28, no. 12 (1993) 



1108 

M.G. TRABER ET AL. 

the pelvic limbs were first noted in March 1991. Three 
months later, a subcutaneous adipose tissue biopsy from 
the popliteal fossa and a plasma sample were collected, 
and the deuterated tocopherol study was performed. At 
this time, the dog had patellar hyperreflexia, a decreased 
lymphocyte blastogenesis test to three test antigens, nor- 
real findings on cerebrospinal fluid analysis, negative tiers 
for canine distemper virus (<1:2 for IgG and IgM) and 
no evidence of a compressive lesion on myelogram. Six 
months later, the dog was re-admitted for peripheral nerve 
biopsy for vitamin E analysis. At that time, the dog was 
paraplegic, and the patellar reflexes were depressed bi- 
laterally. The dog was not receiving any vitamin E sup- 
plementation during the time of this study. 

Deuterated tocopherols. Deuterated forms of vitamin 
E [2R,4"R,8"R-a-[5.C2H3]tocopheryl acetate (dsRRR-a-tc~ 
copheryl acetate] and 2RS, 4'RS, 8'RS-a-[5,7-(C2H3)2]to . 
copheryl acetate (deall rac-a-tocopheryl acetate) were syn- 
thesized by Eastman Chemical Products, Inc (Kingsport, 
TN) and were a generous gift from Eastman Chemical 
Products and the Natural Source Vitamin E Association 
(Washington, D.C.). Tocopherols were analyzed by gas chr~ 
matography/mass spectrometry after conversion to their 
trimethylsilyl ethers with quantitation by comparison to 
an added internal standard, 2-arnbo-a-[5,7,8-(C2H3)3]tocc~ 
pherol, as described previously (3,8,22-24). 

Experimental protocols. Following an overnight fast, 
+E and - E  dogs consumed a dose containing 71 mg each 
of deRRR- and ddzll rac-a-tocopheryl acetates (4.0 mg/kg 
body weight) dissolved in 1 mL vegetable oil (94 ng 
unlabeled a-tocopherol/mL and 396 ng y-tocopherol]mL), 
and then were given their daily ration of food. Due to a 
calculation error, the DM dog was given a smaller dose, 
63 mg of each isotope (2.1 mg/kg body weight) in 1 mL 
vegetable oil. Blood samples were obtained at 0, 3, 6, 9, 
12, 24, 36, 48 and 72 h. Lipoproteins were isolated from 
the plasma, as described previously (4), at densities used 
for human lipoproteins [VLDL, d < 1.006 g/mL; low den- 
sity lipoprotein (LDL), 1.006 < d < 1.063; and high density 
lipoprotein (HDL) d > 1.063]. These densities have been 
used previously to characterize dog plasma lipoproteins 
(25). The areas under the curves for the plasma and the 
lipoproteins were calculated using Kaleida Graph 
(Synergy Software, Reading, PA). 

RESULTS 

Plasma and lipoprotein a-tocopherols in +E and --E dogs. 
Plasma concentrations of unlabeled (do) and labeled a- 
tocopherols following oral administration of d~RRR- and 
deall rac-a-tocopheryl acetates are shown in Figure 1. At 
0 h, plasma do-a-tocopherol concentrations in - E  dogs 
were <0.2 nmol]mL; these increased and decreased simi- 
larly to the labeled a-tocopherols, but were always less 
than the deuterated a-tocopherol concentrations. Likely 
this represents the 200 nmol do-a-tocopherol present in 
the vegetable oil given with the dose of labeled a-toco- 
pherols. By contrast, in +E dogs, do-a-tocopherol concen- 
trations were relatively constant throughout the experi- 
ment and did not mimic that of the labeled a-tocopherols 
(Fig. 1). 

Plasma-deuterated a-tocopherol concentrations were 
lower in - E  dogs compared with +E dogs. Although the 
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FIG. 1. Plasma concentrations (nmol/mL) of unlabeled (d o, [~), 
d3RRR-(&) and d6all ra~a-tocopherols (e)  in dogs fed vitamin E- 
deficient (--E) or vitamin E-supplemented (-I-E) diets, or in a Ger- 
man Shepherd with degenerative myelopathy (DM) following oral 
a d min i s t ra t io n  of d3RRR- and d6all rac-a-tocopheryl acetates. 
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shapes of the plasma-deuterated a-tocopherol disap- 
pearance curves in the two groups were similar, the areas 
under the curve of the --E dogs were 42% of those in + E  
dogs [Table 1). Slopes of the disappearance of port ion of 
plasma d~RRR-a-tocopherol were similar in all dogs 
{--El, --0.0234; - E 2 ,  -0.0249; + E l ,  --0.0289; +E2,  
-0.0256), but  maximum observed concentrations (Cm~} 
of d3RRR in - E  dogs were less than  half of those in + E  
dogs { - E l ,  13.8 nmol/mL; - E 2 ,  13.3; + E l ,  38.1; +E2,  
28.8). The t imes of maximum observed concentrat ion 
(troop) in the plasma were 12 h in - -E l  and 24 h in - E 2 ,  
+ E l  and +E2.  

Comparison of plasma concentrat ions of d3RRR- with 
d~all rac-a-tocopherol in - E  and + E  dogs shows tha t  
vitamin E deficiency did not further enhance the preferen- 
tial secretion of RRR-a-tocopherol into plasma. By 24 h, 
the plasma in all dogs was preferentially enriched with 
d3RRR-a-tocopherol; the ratios of daRRR4dczll rac-a-toc~ 
pherol concentrat ions at  24 h were 1.88 mol/mol in - E  1; 
1.63 in - E 2 ;  1.82 in + E l ;  and 1.61 in +E2.  Furthermore, 
the ratios of the areas under  the plasma curves of 
d~RRR-/deall rac-a-tocopherol concentrat ions were also 
similar in both  groups {1.90 in - E l ;  1.73 in - E 2 ;  1.90 in 
+ E l ;  and 1.67 in +E2). 

Labeled and unlabeled a-tocopherol contents of the lipo- 
proteins were determined, and representative data  are il- 
lustrated in Figures 2 and 3 {+E2 and - E 2 ,  respectively). 
(The complete data  set is available from the correspond- 
ing author  upon request.} Unlike human chylomicrons, 
which contain proport ions of tocopherols similar to the 
administered dose (4,6,7), dog chylomicrons were some- 
what  enriched in RRR- relative to all rac-a-tocopherol. The 
ratios of chylomicron areas under the curves were greater 
than  1, and in each of the dogs, the Cm~ .of chylomicron 
daRRR-a-tocopherol was greater than that  of d~all rac-a- 
tocopherol {Figs. 2 and 3). This preferential enrichment  
of chylomicrons with RRR-a-tocopherol could have arisen 
if dogs have an intestinal tocopherol binding protein, 
which would function in an analogous manner  to the 
hepatic protein. More likely, dogs may have a faster turn- 
over of chylomicrons with a more rapid VLDL secretion 
than  humans and, therefore, the chylomicrons were con- 
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FIG. 2. Lipoprotein concentrations (nmol/mL plasma) of d o (D), 
d3RRR-(A) and d6all raoa-tocopherols (@) in dog -t-E2. Chylo- 
microns, very low density lipoprotein (VLDL) (d < 1.006 g/mL), low 
density lipoprotein (LDL) (1.006 < d < 1.063 g/mL) and high density 
lipoprotein (HDL) (d > 1.063 g/mL) were isolated as described 
previously (Ref. 4). 

t a m i n a t e d  wi th  VLDL.  The  tmo c and Cm,,= of the  
chylomicrons and VLDL support  this possibility; in + E l ,  
VLDL tmo~ {9 h) occurred prior to chylomicron tmo~ (12 h), 
and in all dogs, VLDL c ~  was smaller than chylomicron 
Cm~ {data not shown). 

I t  is likely tha t  the preferential enrichment  of nascent  
VLDL with RRR-a-tocopherol causes the preferential 
enrichment of plasma with RRR-a-tocopherol because in 
all dogs {i) the earliest t ime point (3 h) showed the least  
enrichment of lipoproteins with d3RRR- compared with 
d6all rac-a-tocopherol {Figs. 2 and 3}; (ii) compared with 
chylomicrons, other lipoproteins were more dramatically 

TABLE 1 

Areas Under the Curves (nmoUmL �9 h) of Deuterated a-Tocopherol Concentrations in 
Dogs Fed Vitamin E-Deficient (--E) or Vitamin E-Supplemented (+E) Diets, or in a Ger- 
man Shepherd with Degenerative Myelopathy (DM) 

a-Tocopherol 
Dog label Plasma Chylomicrons VLDL a LDL a HDL a 

- E l  d3RRR 534 15.6 15.3 128 360 
-E2  d3RRR 544 5.7 15.1 107 399 
+El  d3RRR 1351 28.0 24.7 213 1084 
+E2 d~RRR 1209 36.8 30.9 190 941 

DM d3RRR 658 47.0 28.9 105 461 
- E l  d6all rac 282 9.0 8.7 66 190 
-E2  d6all rac 314 3.9 9.3 61 230 
+El  dsall rac 712 17.9 14.3 110 569 
+E2 dsall rac 723 25.5 20.4 109 559 
DM dsall rac 392 35.2 19.7 60 262 
=VLDL, very low density lipoprotein; LDL, low density lipoprotein; HDL, high density 
lipoprotein. 
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FIG. 3. Lipoprotein concentrations (nmol/mL plasma) of d o (I-I), 
d3RRR-(k) and d6all rac-a-tocopherols ( � 9  in dog --E2. Chylo- 
microns, VLDL (d < 1.006 glmL), LDL (1.006 < d < 1.063 glmL) and 
HDL (d > 1.063 g/mL) were isolated as described previously (Ref. 4). 
Abbreviations as in Figure 2. 

FIG. 4. Lipoprotein concentrations (nmol]mL plasma) of d o (17), 
d3RRR-(&) and dsall ra~a-tocopherols ( �9  in the German Shepherd 
with degenerative myelopathy. Chylomicrons, VLDL (d < 1.006 g/mL), 
LDL (1.006 < d < 1.063 ghnL) and HDL (d > 1.063 ghnL) were isolated 
as described previously (Ref. 4). Abbreviations as in Figure 2. 

enriched with RRR-a-tocopherol (Figs. 2 and 3 and Table 
1); and (iii) VLDL tmor (14 • 7 h) occurred nearly 
simultaneously with that  of chylomicrons (11 __ 2), but 
prior to, or simultaneously with, tmo c in plasma (21 • 6 
h), LDL (20 • 8 h) and HDL (21 • 6). 

As might be expected from the plasma data, none of 
the - E  dogs' lipoproteins contained more deuterated 
tocopherols than did those of the +E dogs (Table 1). The 
areas under the curves of - E  chylomicron d~RRR-a- 
tocopherol were about 33% of +E. These areas do not in- 
clude the second peak in the chylomicron fraction ob- 
served in both --E dogs because this peak likely 
represents enterohepatic circulation and reabsorption of 
the dose. The areas under the curves of d3RRR-a- 
tocopherol in - E  dogs' VLDL, LDL and HDL were about 
55, 58 and 37% of those of +E dogs, respectively. 

Plasma and Upoprotein a-tocopherols in a German 
Shepherd with DM. Like +E dogs, DM plasma doa- 
tocopherol concentrations following the dose of labeled a- 
tocopherols were relatively constant throughout the ex- 
periment (from 29 to 35 nmol]mL) (Fig. 1). Plasma- 
deuterated tocopherols in the DM dog peaked earlier than 
in +E dogs (6 h compared with 21 _.+ 6, respectively), while 
the area under the curve of dsRRR-a-tocopherol was half 
of that in +E dogs (Table 1). This could be the result of 
the smaller dose of deuterated tocopherols that  was in- 
advertently administered; however, the kinetic data sug- 
gest otherwis~ The slope of the disappearance portion of 
the DM plasma d~J~RR-a-tocopherol curve (-0.0300) was 
slightly faster than in the other four dogs (-0.0259 • 
0.0024). Furthermore~ DM plasma d3RRR-a-tocopherol 
peaked at 6 h, earlier than in --El (12 h) or -E2 ,  + E l  
and +E2 (24 h). Importantly, DM plasma peaked coinci- 
dent with the DM chylomicron t~o r (6 h). 

Defective transport of a-tocopherol by DM is also sug- 
gested by comparison of the areas under the lipoprotein 
a-tocopherol curves. The area under the daRRR-a-toco- 
pherol curve in DM chylomicrons was 145% of that of +E 
dogs, and in DM VLDL was about 100%, yet those of DM 
LDL and HDL were markedly smaller, 52 and 45%, respec- 
tively. Despite the reduced incorporation of a-tocopherol 
into lipoproteins, the ratio of d3RRR/deall rac in the 
plasma at 24 h was 1.91 mol]mol, and the ratio of the 
plasma areas under the curves was 1.68. The ability to 
differentiate between a-tocopherols does not necessarily 
indicate normal function of the tocopherol binding pro- 
tein because some patients with familial isolated vitamin 
E deficiency also differentiate between a-tocopherols (7). 

DISCUSSION 

Vitamin E deficiency in adult beagle dogs in response to 
a single oral dose of deuterated a-tocopherols did not in- 
crease plasma-labeled a-tocopherol concentrations higher 
than in controls (Fig. 1), did not alter rates of disap- 
pearance of plasma labeled a-tocopherols, and did not 
enhance discrimination between RRR- and all rac-a- 
tocopherols {Table 1). Although studies in humans indicate 
that the tocopherol binding protein is apparently respon- 
sible for the discrimination between tocopherols and for 
the regulation of plasma a-tocopherol {4,6-8), the activity 
of this protein does not appear to be up-regulated in 
response to vitamin E deficiency in dogs. This finding may 
not be as surprising as it first appears. The putative role 
of the protein is to discriminate between the different 
forms of dietary vitamin E; therefore~ it may already be 
optimized for recognizing low levels of a-tocopherol. Fur- 
thermore, because it is virtually impossible for natural 
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diets to be v i tamin  E-deficient, there would have been no 
evolutionary pressure for the tocopherol binding protein 
to be responsive to a v i tamin  E-deficient diet. 

Cont rary  to our expectations,  - E  clogs had lower 
plasma-deuterated a-tocopherol concentrat ions than  did 
+ E  dogs. I f  a-tocopherol is readily transferred to v i tamin 
E-depleted tissues, then p lasma  concentrat ions may  be 
low. Al though measurements  of tissue~deuterated a- 
tocopherols were not  carried out, adipose t issue a-toco- 
pherol levels were measured at  intervals th roughout  the 
two-year v i tamin  E depletion (20). At  1 and 3 mon prior 
to sacrifice, adipose t issue a-tocopherol levels were 2.3 
ng /mg and 1.6, respectively, in - E l ;  and 0.6 and 1.0, 
respectively, in - E 2 .  At  autopsy, 1 wk following the deu- 
terated tocopherol study, where a total  of 142 m g  of a- 
tocopheryl  acetates  were consumed, adipose t issue a- 
tocopherol concentrat ions had increased to 7.9 ng/mg in 
- - E l  and 2.6 in - E 2  (21), suggest ing tha t  deuterated 
tocopherols were t ransferred from p lasma to - E  tissues. 

From our study, it appears  tha t  H D L  delivers a-toco- 
pherol to dog tissues. The H D L  area under the curve in 
- E  dogs were only 37% of those of + E  dogs, while the 
areas under  the curve of - E  dog VLDL and LDL were 
>50% of + E  values (Table 1), suggest ing t ha t  - E  H D L  
readily donated a-tocopherol. This is likely because H D L  
a-tocopherol readily exchanges to other l ipoproteins and 
to t issues (26-29). 

All dogs preferred RRR-a-tocopherol compared with all 
rac-a-tocopherol, apparent ly  the result  of the preferential 
secretion of RRR-a-tocopherol in VLDL. Unlike humans,  
dogs have relatively low amounts  of apolipoprotein B- 
containing lipoproteins (25,30-33); therefore, mos t  of the 
p lasma  a-tocopherol is in HDL.  Nonetheless, enr ichment  
of H D L  with RRR-a-tocopherol  took place af ter  the peak  
in V L D L  dsRRR-a-tocopherol,  d e m o n s t r a t i n g  t h a t  
VLDL enriched with d~PdTJ~-a-tocopherol is the source of 
H D L  d~RRR-a-tocopherol. 

We also investigated a German Shepherd dog diagnosed 
to have DM, in an effort  to determine if it had a defective 
tocopherol binding protein. Dogs afflicted with DM have 
some, but  not all, of the characteristics of familial isolated 
vi tamin E deficiency, a human genetic disorder in vi tamin 
E t ranspor t  thought  to result  from a defect in the toco- 
pherol binding protein (7,8,18). Like these pat ients ,  this 
dog did have low adipose t issue a-tocopherol (14 ng/mg 
wet wt) and peripheral  nerve a-tocopherol (13 ng/mg wet 
wt), but, unlike the pat ients ,  the DM p lasma  v i tamin  E 
levels were not  markedly  reduced, nor did they rapidly 
decrease (Fig. 4). The labeled v i tamin  E appeared in the 
DM p lasma  apparent ly  as a result  of chylomicron, not  
V L D L  catabol ism (Fig. 4). However, because bo th  chylo- 
microns and V L D L  turn  over rapidly in dogs (30), and 
because we did not s tudy  a control German  Shepherd, i t  
is not clear whether  or not  this dog had an abnormal i ty  
in v i tamin  E t ransport .  We had ant icipated a much more 
rapid decline in plasma-deutera ted tocopherol concentra- 
t ions based on studies in humans  with familial isolated 
v i tamin  E deficiency (7,8,18); however, the relatively low 
incorporat ion of a-tocopherol into L D L  and H D L  is sug- 
gestive of a defect in a-tocopherol t ransport  in VLDL. This 
question mus t  remain unanswered until  more dogs with 
this disorder are studied. 

In  conclusion, our studies of the t r anspor t  of v i tamin  
E in dogs have demonst ra ted  tha t  dogs discriminate be- 

tween RRR- and all rac-a-tocopherol with a preference for 
the natural,  RRR-a-tocopherol form. This differentiation 
results from the preferential secretion of RRR-a-tocopherol 
in VLDL. Catabol ism of V L D L  labels the p lasma  with 
RRR-a-tocopherol, despite the limited amount  of apolipo- 
protein B-containing lipoproteins in dog p lasma (25, 
30-33). Vitamin E deficiency in dogs does not  appear  to 
markedly  alter the function of the tocopherol binding 
protein. 
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This study was designed to determine whether incorpora- 
tion of y-tocotrienol or a-tocopherol in an atherogenic diet 
would reduce the concentration of plasma cholesterol, 
triglycerides and fatty acid peroxides, and attenuate 
platelet aggregability in rats. For six weeks, male Wistar 
rats tn = 90) were fed AIN76A semisynthetic test diets 
containing cholesterol 12% by weight), providing fat as 
partially hydrogenated soybean oil 120% by weight}, 
menhaden oil (20%) or corn oil {2%). Feeding the ration 
with menhaden oil resulted in the highest concentrations 
of plasma cholesterol, low and very low density lipopro- 
tein cholesterol, triglycerides, thiobarbituric acid reactive 
substances and fatty acid hydroperoxides. Consumption 
of the ration containing ),-tocotrienol (50 mg/kg} and a- 
tocopherol (500 mg/kg) for six weeks led to decreased 
plasma lipid concentrations. Plasma cholesterol, low and 
very low density lipoprotein cholesterol, and triglycerides 
each decreased significantly IP < 0.001). Plasma thiobar- 
bituric acid reactive substances decreased significantly 
(P < 0.01), as did the fatty acid hydroperoxides (P < 0.05), 
when the diet contained both chromanols. Supplementa- 
tion with y-tocotrienol resulted in similar, though quan- 
titatively smaller, decrements in these plasma values. 
Plasma a-tocopherol concentrations were lowest in rats 
fed menhaden oil without either chromanol. Though 
plasma a-tocopherol did not rise with y-tocotrienol sup- 
plementation at 50 mg/kg, ptocotrienol at 100 mg/kg of 
ration spared plasma a-tocopherol, which rose from 0.60 _ 
0.2 to 1.34 +__ 0.4 mg/dL (P < 0.05). The highest concentra- 
tion of a-tocopherol was measured in plasma of animals 
fed a ration supplemented with a-tocopherol at 500 mg/kg. 
In response to added collagen, the partially hydrogenated 
soybean oil diet without supplementary cholesterol led 
to reduced platelet aggregation as compared with the 
cholesterol-supplemented diet. However, )~tocotrienol at 
a level of 50 mg/kg in the cholesterol-supplemented diet 
did not significantly reduce platelet aggregation. Plate~ 
lets from animals fed the menhaden oil diet released less 
adenosine triphosphate than the ones from any other diet 
group. The data suggest that the combination of y- 
tocotrienol and a-tocopherol, as present in palm oil distil- 
lates, deserves further evaluation as a potential hypo- 
lipemic agent in hyperlipemic humans at atherogenic risk. 
Lipids 28, 1113-1118 (1993). 

*To whom correspondence should be addressed at Kenneth L. Jor- 
dan Heart Fund, 48 Plymouth Street, Montclair, NJ 07042. 
Abbreviations: AIN, American Institute of Nutrition; ATP, adeno- 
sine triphosphate; chol, cholesterol; CO, corn oil; vitamin E, a- 
tocopherol; EDTA, ethylenediaminetetraacetic acid; HDL, high den- 
sity lipoprotein; HMG-CoA, 3-hydroxy-3-methyl-glutaryl coenzyme 
A; HPLC, high-performance liquid chromatography; LDL, low den- 
sity lipoprotein; LOPS, fatty acid hydroperoxides; MO, menhaden 
off; SO, partially hydrogenated soybean off; TBARS, thiobarbituric 
acid reactive substances; TG, triglycerides; VLDL, very low den- 
sity lipoprotein. 

That diets rich in polyunsaturated fatty acids lead to 
reduced plasma cholesterol concentrations and lower 
atherogenic risk has been well documented (1-7}. Studies 
reported by this laboratory have shown that though men- 
haden off (MO) is efficacious in lowering plasma triglyc- 
erides (TG), it is also associated with significant increases 
in plasma fat ty acid hydroperoxides (LOPS) and malon- 
dialdehyde equivalent substances. Furthermore, such 
highly polyunsaturated oils lead to depletion of plasma 
a-tocopherol and other antioxidants. Supplementation of 
the diet with a-tocopherol significantly increases plasma 
a-tocopherol concentrations and results in significantly 
less accumulation of peroxides in the plasma (8). Both 
epidemiological and clinical data have implicated perox- 
idized plasma lipid in atherogenesis (9,10).)~Tocotrienol 
by itself has been shown in short-term feeding studies to 
lower total low density lipoprotein (LDL) cholesterol and 
TGs in both pigs (11) and in humans (12); however, when 
tested in combination with a-tocopherol, it showed no such 
effect (13). Neither thiobarbituric acid reactive substances 
(TBARS) nor LOPS were tested in these trials. Should y- 
tocotrienol effectively lower plasma cholesterol or reduce 
plasma lipid peroxidation, or both, it would be a prime 
candidate for further testing in humans. 

In the present study, rtocotrienol alone, or together 
with a-tocopherol, was tested as a potential hypocho- 
lesterolemic agent and also as an antioxidant. For this 
purpose, rtocotrienol, o-tocopherol, or both, were incor- 
porated along with cholesterol into rations fed to rats that 
provided MO, partially hydrogenated soybean (SO) or corn 
oil (CO) to test the purported hypocholesterolemic and 
antithrombotic potential of y-tocotrienol. 

MATERIALS AND METHODS 

Ninety male Wistar rats (Hilltop Laboratory Animals, 
Scottdale, PA) were weighed and divided into nine groups. 
All rats were fed standard, defined (AIN76A; American 
Institute of Nutrition} semisynthetic ration (Dyets, Beth- 
lehem, PA) with indicated otis. Commercially available CO 
and SO were used; MO was obtained from a processor 
(specially Processed Menhaden Oil; Zapata Haynie Corp., 
Reedville, VA). After a two-week adaptation period on a 
chow diet (Ralston-Purina, St. Louis, MO), the animals 
were fed the semisynthetic rations with the diet treat- 
ments for six weeks as described in Table 1. Rats were 
housed in groups of two or three in plastic cages with ac- 
cess to ration and water ad libiturn. Room temperature 
was maintained at 25 _ 2~ A biphasic lighting cycle, 
with alternating 12-h light and dark phases, started with 
the light phase at 7:00 a.m. 

The fatty acid composition of the commercial oils used 
is shown in Table 2. Diets 1-7 provided 18% protein, 42% 
carbohydrate and 40% fat. The CO ration without added 
cholesterol (CO - chol; Diet 8) delivered 22% protein, 73% 
carbohydrate and 5% fat. The SO ration without added 
cholesterol ( S O -  chol; Diet 9) contained 17% protein, 
43% carbohydrate and 40% fat. Supplemental vitamin E 
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TABLE 1 

Composition of Experimental Diets  a 

Diet number Oil b Cholesterol TT c a-T d 

1 S O  + - - 

2 S O  + + - -  

3 M O  + - - 
4 M O  + + - 

5 M O  + - -  + 

6 M O  + + + 
7 M O  + + +  - 

8 C O  - - - 

9 SO - - -  - -  

aAll diets contained salts and vitamins. AIN76A (g/kg): casein (200); 
DL-methionine (3); cornstarch (i 10); sucrose (370); CO - chol: corn- 
starch {157), sucrose (523); SO - chol: cornstarch (115), sucrose (385); 
cellulose (10); salts (30); vitamins (10); choline bitartrate (2); oil (20 
or 200). Salts: calcium phosphate, dibasic (500.0); sodium chloride 
(74.0); potassium citrate, monohydrate (220); potassium sulfate (52.0); 
magnesium oxide (24.0); manganous carbonate (3.5); ferric citrate 
(6.0); zinc carbonate (1.6); cupric carbonate (0.3); potassium iodate 
(0.01); sodium selenite (0.5); chromium potassium sulfate (0.55); 
sucrose (118.03). Vitamins: thiamin-HCl (0.6); riboflavin (0.6); 
pyridoxine HCI (0.7); niacin (3.0); calcium pantothenate (1.6); folic 
acid (0.2); biotin (0.02); vitamin B-12, 0.1% (1.0); retinyl palmitate, 
500,000 IU/g (0.8); vitamin D3, 400,000 IU/g (0.25); tocopheryl 
acetate, 500 IU/g (10.0); menadione sodium bisulfite (0.08); sucrose 
( 981 .15 ) .  

bso, partially hydrogenated soybean oil, 20% (by weight); MO. 
menhaden oil, 20%; CO, corn oil, 2%; chol, cholesterol, 2%. 
c),-Tocotrienol: +, 50 mg/kg; + +, 100 mg/kg. 
ddi-a-Tocopherol: 500 mg/kg. 

T A B L E  2 

Fat ty  Acid Composition of Dietary Fats  Fed to Rats  
During Six-Week Feeding Studies a 

Fatty (wt%) 
acid Soy oil Corn oil Menhaden oil 

14:0 0.1 9.0 
15:0 0.7 
16:0 8.9 13.0 17.1 
16:2 1.7 
16:3 1.7 
16:4 1.8 
17:0 0.9 
18:0 3.9 2.5 2.8 
18:1 47.2 25.0 11.4 
18:2 36.7 58.0 1.5 
18:3 2.7 1.0 1.6 
18:4 3.4 
20:0 0.3 0.2 
20:1 0.1 0.5 1.6 
20:4 2.0 
20:5 15.5 
21:5 0.8 
22:0 0.2 
22:1 0.4 
22:5 2.4 
22:6 9.1 
aSoy oil was partially hydrogenated soybean oil containing vitamin 
E, 200 mg/kg (Procter & Gamble, Cincinnati, OH). Corn oil contained 
vitamin E, 112 mg/kg (CPC International, Elizabeth, NJ). Menhaden 
oil contained vitamin E, 50 mg/kg (Zapata Haynie Corp., Reedville, 
VA). 

(>96% dl-a-tocopherol; Roche, Nutley, N J) and ),-tocotri- 
enol (>88% pure by reverse-phase chromatography;, PORIM, 
Kuala Lumpur,  Malaysia) were mixed with the dietary oil 
before being added to the diet. Diets  were made fresh 
weekly and were flushed with nitrogen and stored in daily 
a l lotments  in "zip-loc" polethylene bags  a t  - 2 0  +_ 2~ 

Diets provided adequate levels of vitamins. Calculations 
indicated tha t  the diets provided ample th iamin and 
riboflavin (1.3 mg/1000 kcal each) for the dietary energy 
load, pyridoxine for the protein load (7.0 mg/4 g protein]d) 
and v i tamin  E for the fat  load, there being more than  0.4 
IU of a-tocopherol per g linoleic acid equivalent in all diets. 

At  the end of the study, the ra ts  were fasted overnight  
(18 h). The animals  were weighed, then euthanized with 
carbon dioxide. All animals were bled by syringe from the 
dorsal aort& Two and one-half mL of blood was transferred 
to a sterile, ci trate-containing Vacutainer tube (0.105 M 
buffered sodium citrate; Becton-Dickinson, Rutherford, 
NJ). The remaining 4.5 m L  of blood was t ransferred to 
an ethylenediaminetetraacet ic  acid (EDTA)-containing 
Vacutainer tube  (0.05 m L  of 0.34 M t r ipo tass ium EDTA; 
Becton-Dickinson) for lipid analysis. After  centrifugation 
to pellet the red cells, the p lasma  was t ransferred to a 
screw-cap polyethylene tube, flushed with nitrogen and 
frozen until  analysis. 

P lasma  cholesterol, high-density lipoprotein (HDL) 
cholesterol and TGs were determined using a dry  film kit  
(Eas tman  Kodak, Rochester, NY; C303-C341). The ki ts  
were used according to the manufac turer ' s  instructions.  
P lasma oxidation products  were measured spectrophoto- 
metrical ly as TBARS by  the method of Mihara e t  al. (14) 

against  1,1,3,3-tetramethoxypropane as reference P lasma 
LOPS were measured spectrophotometr ical ly  with a kit  
(LPO; Kamiya  Biomedical, Thousand  Oaks, CA), accord- 
ing to the manufacturer 's  instructions. The sample LOPS 
convert  10-N-methylcarbamoyl-3,7 -dimethylamino-10H- 
phenothiazine to methylene blue in equimolar  quantity.  
They were assayed with cumene hydroperoxides as refer- 
ence as described by Ohishi e t  al. (15}. Absorbance da ta  
were obtained with a UV-vis spec t rophotometer  (Milton 
Roy Company, Rochester, NY). P lasma retinol and a- 
tocopherol were separated on a C18 column by the high- 
performance liquid chromatography  (HPLC) method of 
Bieri et  aL (16), which was modified to detect analytes near 
their absorbance maxima--ret inol  at  325 nm, ~tocopherol 
at  300 nm and tocopheryl  acetate (the internal standard) 
at  286 nn~ All manipulations were done under amber light 
to reduce photo-induced oxidation. Solvents (HPLC grade) 
were obtained from EM Separat ions (Gibbstown, NJ). 

Platelet  response was measured with an impedance ag- 
gregometer  (Chronolog, Havertown, PA) by the method 
of Galvez et  al. (17) and Mackie e t  al. (18). Whole blood 
was incubated with the agonist  for 6 min, at  which t ime 
the response was recorded. Reagents  were obtained from 
Sigma Chemical Company (St. Louis, MO), except for 
luciferin-luciferase and collagen for platelet  studies 
(Chronolog, Havertown, PA) and dl-a-tocopheryl acetate 
(Roche), unless indicated otherwise. 

Group means and standard errors were analyzed by Stu- 
dent 's  t-test. Past  studies had shown tha t  a t  n = 10, 
s tat is t ical  significance at  P < 0.05 can be achieved with 
95% confidence. 
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RESULTS 

At the s t a r t  of the feeding trials, the mean body weights 
of the animals in all nine groups was 173 • 2.7 g, and after 
six weeks of feeding, the average body weights for each 
group ranged from 416-473 g. All diets were well accepted; 
no significant difference was observed in mean body 
weights  between groups, except for a borderline increase 
in the SO - chol group (Diet 9). No signs of v i tamin  deft- 
ciency on snout, paws or tail were observed; no hemolysis 
or xerophthalmia was seen. Growth rates and coat sheen 
and quality suggested that the diets were adequate for 
maintaining normal growth and vigor. 

Plasma lipid data that was measured after the animals 
were kept on the test diets for six weeks are shown in Table 
3. Animals given 20% MO with 2% cholesterol (MO/chol; 
Diet 3) had the highest total cholesterol levels when com- 
pared to all other groups, including controls and Diets 8 
and 9. In animals fed the MO/chol diet with a-tocopherol 
and y-tocotrienol (Diet 6), the lowest cholesterol levels were 
observed, which were significantly lower than those of 
animals fed the MO/chol diet with a-tocopherol {Diet 5). 
They were also somewhat lower than those of the group 
fed MO/chol with y-tocotrienol (Diet 4). Diet 4 also resulted 
in a p la sma  cholesterol concentrat ion tha t  was signifi- 
cant ly  lower than  t ha t  of the CO control wi thout  added 
cholesterol (Diet 8), 53.5 + 4.4 v s .  72.8 • 5.1, P < 0.01. 
In the 20% SO groups with 2% cholesterol (SO/chol; Diets 
1 and 2), p l a sma  cholesterol concentrat ions did not 
decrease significantly with ),-tocotrienol supplement, 75.7 
v s .  66.9, a l though p l a sma  cholesterol decreased wi thout  
the 2% cholesterol supplement  in the diet, SO/chol v s .  

S O -  chol, 75.7 v s .  57.2 (Diet 1 v s .  9). 
P lasma combined LDL and very low densi ty  lipopro- 

tein (VLDL) cholesterol concentrations approximated the 
values found for total  cholesterol (Table 3). The MO/chol 
group (Diet 3) had the highest  total  and LDL + V L D L  
cholesterol levels; the lowest LDL + VLDL concentra- 
tions were measured in the groups fed ),-tocotrienol sup- 
plement  (Diets 4 and 7). No dosage effect was observed 
(Diets 4 and 7). The addit ion of a-tocopherol did not  fur- 
ther  enhance the hypocholesterolemic effect of ),-toco- 
trienol. No dietary supplement  resulted in total or LDL + 

V L D L  cholesterol levels as low as those in the group not  
given cholesterol, which was also reflected in the higher 
H D L  cholesterol found in this group (SO - chol, Diet  9). 
Incorporat ion of y-tocotrienol in the SO/chol rat ion 
resulted in a lower LDL + V L D L  cholesterol concentra- 
t ion (Diet 1 v s .  2); however, omission of the die tary  cho- 
lesterol was of a much larger effect (Diet 1 v s .  9). 

Supplementary  ),-tocotrienol did not result in increased 
H D L  cholesterol concentrat ions (Table 3). P lasma  H D L  
cholesterol concentrat ions were lower in animals  fed the 
2% cholesterol supplement,  compared with bo th  the CO 
- chol group (Diet 8) and the SO - chol (Diet 9) group. 
The group fed MO/chol had a mean  H D L  cholesterol con- 
centration statistically higher than all of the other groups, 
except those fed added a-tocopherol (Diet 5). rTocotrienol 
had a negligible effect when added to the MO/chol groups; 
the combined a-tocopherol (500 mg/kg) with ),-tocotrienol 
group (Diet 6), and 100 mg/kg  ),-tocotrienol group (Diet 
7) had s tat is t ical ly  lower values than  Diets  3 or 8. In  
general, higher p lasma H D L  cholesterol was associated 
with lower L D L  + VLDL cholesterol concentrations. 

In the case of p la sma  TGs, the SO/chol groups (Diets 
1 and 2) and MO/chol (Diet 3) group produced concentra- 
t ions similar to the CO - chol (Diet 8) and the SO - chol 
groups (Diet 9). In  the SO/chol groups, r tocotr ienol  sup- 
p lementa t ion  did not a t t enua te  the p l a sma  TG concen- 
t ra t ion (Diet 1 v s .  2); the cholesterol supplementa t ion  
masked  a ),-tocotrienol effect, if any. In  contrast ,  the 
MO/chol groups inclusion of ),-tocotrienol or ~tocopherol  
resulted in significantly improved p lasma TG clearance, 
or decreased synthesis,  or bo th  (Diets 3, 4, 5, 6 and 7). 
A combinat ion of a-tocopherol and ),-tocotrienol was not  
be t te r  than  either alone (Diet 3 v s .  4, 5 or 6). rTocotrienol 
a t  100 mg/kg  was no more effective than  at  50 mg/kg  in 
influencing p lasma  TG concentrat ions (Diet 4 v s .  7). 
The groups fed MO/chol with or wi thout  a-tocopherol or 
),-tocotrienol (Diets 4, 5, 6 and 7) had lower TG concen- 
t ra t ions  than  the other groups, point ing to an effect of 
the acyl composit ion in addition to the ),-tocotrienol 
effect. 

Oxidation product  levels measured as TBARS or LOPS 
varied both  with the die tary  oil fed and the ant ioxidant  
supplement  (Table 4). As expected, the TBARS were 

TABLE 3 

Plasma Cholesterol and Triglycerides (TG) Concentrations of Rats Fed Atherogenic Diets for Six Weeks 
with or v~ithout Tocotrienol or Tocopherol a 

Diet number Diet b Cholesterol LDL + VLDL Chol HDL Chol TG 

1 SO 57.7 • 12.1 d 48.5 • 8.5 d 16.7 • 1.34 65.5 -+ 13.6 
2 SO + TT 66.9 +_ 5.04 35.8 -- 3.6 c'4 19.0 • 1.5 <e 76.1 + 10.04 
3 MO 112 _+ 6.4  c,e 79.6 • 4.7 c'e 23.1 • 1.6 c 51.1 • 5.4 
4 MO + TT 61.3 • 6.3 d 36.0 • 4.24 20.3 • 1.3 c'e 28.7 - 2.8 c'de 
5 MO + E 67.9 +_ 3.84 42.3 -+ 2.9 d 21.6 • 1.4 24.9 -- 3.3 c'd'e 
6 MO + E + TT 53.5 +- 4.4  c'cLe 30.8 +- 3.4 c'd 18.5 • 1.5 d'e 26.3 • 4.2  c'd'e 
7 MO + 2TT 57.2 • 7.04 32.6 --  5.1 d 20.0 • 1.3 ~e 28.8 • 5.4 c'4"e 
8 CO - chol 72.8 _+ 5.14 34.4 -- 4.3 d 29.2 • 1.7 c,4 57.7 _+ 4.6 
9 SO - chol 57.2 • 5.1 d'e 20.7 • 4.2 c'~'e 28.9 + 0.8  c'4 47.2 --+ 3.0 

aMean • SEM, n = 10 animals/group. See Table 1 for abbreviations. LDL, 
teins; HDL, high density lipoprotein. 
bSee Table 1 for details. 
c p  < 0.05 vs .  Diet 1. 
4 p  < 0.05 vs.  Diet. 3. 
ep < 0.05 vs .  Diet. 8. 

low density lipoprotein; VLDL, very low density lipopro- 
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T A B L E  4 

Plasma T B A R S  and LOPS Data of Rats  Fed Atherogenic Diets  
for Six Weeks  with or without Tocotrienol or Tocopherol a 

Diet ~M 
no. Diet b TBARS c LOPS d 

1 SO 2.09 • 0.2 e 6.01 • 1.6 
2 SO + TT 3.59 + 1.4 f 7.22 • 2.3 
3 MO 11.0 • 1.8 e'g 6.86 _ 1.0 
4 MO + TT 3.02 ___ 0.9 f 3.75 _ 1.0f 
5 MO + E 6.21 • 0.5 f g  5.33 • 0.9 
6 MO + E + TT 3.93 • 1.0 f e  4.17 +_ 0.7f 
7 MO + 2TT 4.38 __. 0.7 e'fg 4.26 • 0.6 f 
8 CO - chol 0.76 • 0.3 e'f 8.91 4-_ 2.1f 
9 SO - chol 1.56 • 0.5f 5.73 • 1.1 

aMean • SEM, n = 10 animals/group. Abbreviations as in Table 1. 
bSee Table 1 for details. 
CThiobarbituric acid reactive substances. 
dFatty acid hydroperoxides. 
ep < 0.05 vs .  Diet 1. 
f P  < 0.05 vs .  Diet 3. 
gP < 0.05 vs.  Diet 8. 

greatest in the MO/chol group without a-tocopherol or y- 
tocotrienol supplement (Diet 3), presumably because of 
the high level of unsaturat ion in the MO-rich diet. )* 
Tocotrienol inclusion in the SO/chol ration had no mea- 
surable effect on either TBARS or LOPS (Diet 1 v s .  2). 
wTocopherol supplementa t ion (Diet 5) resulted in 
moderately decreased TBARS concentrations, but  when 
y-tocotrienol was included, either alone (Diets 4 or 7) or 
combined with a-tocopherol (Diet 6), TBARS values 
decreased significantly as compared with the MO/chol 
group lacking a supplement of either antioxidant (Diet 
3). o-Tocopherol in combination with ptocotrienol was no 
more effective than the latter alone in keeping TBARS 
concentrations down (Diet 3 v s .  4, 5 and 6). Twice the 
amount  of I-tocotrienol did not reduce TBARS levels any 
further (Diet 4 v s .  7); no dose-response effect was ap- 
parent. The lowest TBARS concentrations were measured 
in the groups without  the 2% cholesterol supplement 
(Diets 8 and 9). Although TBARS levels were lower in the 
SO and CO than the MO/chol groups (Diets 1, 2, 8 and 
9 v s .  Diets 3, 4, 5, 6 and 7), the SO/chol group with y- 
tocotrienol was somewhat higher than SO - chol (Diet 2 
v s .  9). This occurred in spite of the inclusion of 50 ppm 
of a-tocopherol in the MO. The CO group (Diet 8) con- 
tained the least TBARS; it also contained the least fat, 
2% rather than 20%, and 112 ppm of a-tocopherol. 

Some oxidation to hydroperoxides occurred for each oil 
fed, even for the CO - chol group as seen in the LOPS 
data  (Diets 1, 3 and 8; Table 4). The LOPS concentrations 
were similar in groups with or without the 2% cholesterol 
supplementation (Diet 1 v s .  9). Although y-tocotrienol was 
not effective in protecting the SO/chol groups (Diet 1 v s .  

2), it effectively protected the MO/chol groups (Diets 3, 
4, 6 and 7), and a-tocopherol did not afford such protec- 
tion in these trials (Diet 3 v s .  5). No dose-response effect 
was seen under these conditions for y-tocotrienol (Diet 4 
v s .  7). Also, in the case of LOPS, as for TBARS, no ap- 
parent  synergism of a-tocopherol with y-tocotrienol was 
observed (Diets 3 v s .  4, 5 or 6), the combination being no 
better than y-tocotrienol alone at 50 mg/kg. 

Supplementation of the SO/chol group with ),-tocotrienol 
at  50 mg/kg (Diet 1 v s .  2) did not result in increased 
plasma a-tocopherol concentrations (Table 5). The lowest 
plasma concentration of a-tocopherol was measured in the 
MO/chol group (Diet 3) fed very polyunsaturated oil. In- 
clusion of 50 mg/kg of y-tocotrienol had no effect on 
plasma a-tocopherol (Diet 4), but  when tha t  amount  was 
doubled (Diet 7), the a-tocopherol concentration increased 
significantly, P < 0.05. Yet this level was still lower than 
when a-tocopherol was added alone or in combination with 
),-tecotrienol at 50 mg/kg (Diets 5 and 6 v s .  Diet 7). Plasma 
a-tocopherol was highest in the CO - chol group {Diet 8), 
being comparable to the SO groups (Diets 1, 2 and 9). 

Plasma retinol concentrations were the lowest in the 
MO/chol group supplemented with a-tocopherol (Diet 5) 
(Table 5). The highest levels of plasma retinol measured 
occurred in groups not given cholesterol (Diets 8 and 9). 
In the SO/chol groups, )~tocotrienol apparently spared 
plasma retinol (Diet 1 v s .  2). In the MO/chol groups, )- 
tocotrienol at 100 mg/kg or a-tocopherol combined with 
y-tocotrienol at 50 mg/kg resulted in higher retinol con- 
centrations (Diet 3 v s .  6 and 7). 

Using collagen as agonist, the only significant difference 
observed in platelet aggregation responses occurred be- 
tween the a-tocopherol-supplemented group (Diet 5) and 
the SO - chol group (Diet 9), as compared with the CO - 
chol group (Diet 8) (Table 6). Inclusion of cholesterol sup- 
plement resulted in hyperaggregable platelets, as seen in 
the SO/chol and SO - chol groups (Diet 1 v s .  9). Neither 
),-tocotrienol nor a~tocopherol at the levels fed significantly 
decreased platelet aggregation in the SO/chol or the 
MO/chol groups (Diet 1 v s .  2, and Diet 3 v s .  4, 5, 6 and 7). 

Neither y-tocotrienol nor a-tocopherol supplementation 
decreased platelet adenosine tr iphosphate (ATP) release 
with thrombin as agonist (Diet 1 v s .  2 and Diet 3 v s .  4 ,  

5, 6 or 7; Table 5). However, the acyl composition, particu- 
larly the w3 content, resulted in reduced platelet ATP 
charge. The MO/chol group without  a-tocopherol or 7- 
tocotrienol showed significantly less ATP release, pre- 
sumably indicative of less ATP platelet charge. ATP re- 
lease of the other groups were virtually identical and 
greater than Diet 3. Supplementation with either a- 
tocopherol or y-tocotrienol resulted in increased ATP 
release in the MO/chol groups (Diet 3 v s .  4, 5, 6 and 7), 

T A B L E  5 

Plasma a-Tocopherol and Retinol Concentrations of Rats  
Fed Atherogenic Diets  for Six Weeks  with or without 
Tocotrienol or Tocopherol a 

Diet a-Tocopberol Retinol 
number Diet b (mg/dL) (~g/dL) 

1 SO 3.46 • 0.78 d 76 - 18 e 
2 SO + TT 3.03 • 0.71 d 123 • 44 c 
3 MO 0.60 - 0.21 c'e 71 +- 27 e 
4 MO + TT 0.51 4- 0.26 c'e 80 • 25 e 
5 MO + E 2.72 • 0.72 d 48 • 8 c'd'e 
6 MO + E + TT 2.90 • 0.84 d 110 • 25 d 
7 MO + 2TT 1.34 -+ 0.40 d'e 102 +- 22 c'd 
8 CO - chol 3.55 • 0.85 d 189 • 29 d 
9 SO - chol 3.52 • 0.84 d 170 • 31 d 

aMean • SEM; n -- 10 animals/group. Abbreviations as in Table 1. 
bSee Table 1 for details, c p  < 0.05 vs .  Diet 1. d p  < 0.05 vs .  Diet 3. 
ep < 0.05 vs .  Diet 8. 
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T A B L E  6 

P la te le t  A g g r e g a t i o n  R e s u l t s  of  R a t s  Fed  A t h e r o g e n i c  D i e t s  
for S ix  W e e k s  wi th  or wi thout  Tocotr ienol  or Tocopherol  a 

Diet Aggregation ATP release 
number Diet b (Q)c (/~M)d 

1 SO 10.8 ___ 2.3 1.69 ___ 0.14 f 
2 SO + TT 7.6 +_ 1.3 1.74 +_ 0.03 f 
3 MO 10.8 +_ 2.3 0.92 +_ 0.14 e'e 
4 MO + TT 8.1 +_ 0.4 1.54 __ 0.26 f 
5 MO + E 7.4 +_ 0.9 g 1.76 _+ 0.24f 
6 MO + E + TT 8.4 _+ 1.3 1.75 _+ 0.25f 
7 MO + 2TT 8.6 _+ 1.2 1.46 _+ 0.11 f 
8 CO - chol 10.1 +_ 0.9 1.70 +_ 0.14 f 
9 SO - chol 6.7 +_ 0.4 g 1.38 __ 0.14f 

aMean _+ SEM, n -- 10 animals/group. Abbreviations as in Table 1. 
ATP, adenosine triphosphate. 
bSee Table 1 for details. 
cQ, ohms; Aggregation measured after six minutes; equine collagen, 
2 mg/mL final concentration. 
dThrombin (human plasma) agonist, 1 NIH U/mL final concen- 
tration. 
el, < 0.05 vs. Diet 1. 
fP  < 0.05 vs. Diet 3. 
e p  < 0.05 vs. Diet 8. 

possibly related to lower plasma hydroperoxide levels 
(Table 4). 

DISCUSSION 

Incorporation of dietary cholesterol in these tes t  rations 
(Diets 1-7) was expected to result in elevated plasma 
cholesterol; such was observed in the SO/chol groups 
(Diet 1 vs .  9); Table 3). I t  is presumed tha t  the presence 
of t r a n s - f a t t y  acid in the SO groups led to elevated plasma 
cholesterol. Lichtenstein e t  al. (19) have observed this 
when feeding human subjects partially hydrogenated CO 
vs .  CO. Our data  confirmed tha t  as dietary fa t ty  acid un- 
saturat ion increased, plasma cholesterol decreased {Diet 
8 vs .  9); however, the MO/chol group without  chromanol 
supplement {Diet 3) had the highest plasma cholesterol. 
Though dietary MO has been reported by Haglund e t  al. 
(20) to a t tenuate  plasma TG levels, its hypocholester- 
olemic effect, if any, was marginal. 

Supplementat ion of these test  diets with 50 mg/kg of 
y-tocotrienol resulted in reduced total  and LDL + VLDL 
cholesterol {Table 3). Marked decreases were measured in 
the MO/chol groups when either y-tocotrienol or o~tocoph- 
erol was added {Diets 2, 4 and 5 vs .  3). )-Tocotrienol at  
100 mg/kg of diet spared a-tocopherol, but  no fur ther  
decrease in total  or LDL + VLDL cholesterol occurred. 
Tha t  no fur ther  decrease in plasma cholesterol occurred 
at  this higher dosage suggested tha t  key 3-hydroxy- 
3-methyl-glutaryl coenzyme A (HMG-CoA) reductase sites 
were approaching saturat ion at the lower dosage, No 
significant decrease of plasma cholesterol was observed 
in the SO/chol groups with supplementat ion of y-toco- 
trienol, 50 mg/kg {Diet 1 vs .  2). The t r a n s - f a t t y  acid con- 
tent  of the SO/chol and SO - chol diets likely introduced 
matr ix  ordering incompatible with access to HMG-CoA 
reductase by )~tocotrienol. As in previous rat studies done 
in this laboratory {8,21), supplementation of rat  diets with 
20% MO and 2% cholesterol produced the highest total  
and LDL + VLDL cholesterol concentrations. 

The finding tha t  the combination of a-tocopherol and 
y-tocotrienol produced further decreases over y-tocotrienol 
alone was somewhat unexpected, as in an earlier human 
study, Qureshi e t  al. (11) had found a subgroup which did 
not  respond to a mixture of tocopherols and tocotrienols 
(although the majori ty did). Only when they were sup- 
plemented with 200 mg]d of y-tocotrienol for an additional 
14-28 d did their total and LDL cholesterol decrease 
Wahlquist e t  al. (13) has also reported a similar failure of 
human subjects to respond to a mixture of tocopherols 
and y-tocotrienol {obtained from the y-tocotrienol-rich frac- 
tion of palm oil). The lower dosage used by Qureshi e t  al. 
(12) may have explained the different response. In those 
studies the maximal dosage fed was about  2.5 mg/kg/d 
as mixed tocotrienols; in this s tudy we fed ),-tocotrienol 
at  a level of about  2.5 mg/kg/d. Hence, )~tocotrienol may 
be a more efficacious hypocholesterolemic agent than the 
mixed tocotrienols. If  future studies show the combina- 
tion of y-tocotrienol and a-tocopherol to be as effective, 
or more effective than y-tocotrienol alone, then supplying 
a natural ly occurring mixture would be easier and more 
cost-effective. 

As to the method of action of y-tocotrienol, animal and 
tissue culture studies {22,23) have shown that  ),-tocotrienol 
derived from barley or palm oil lowers serum cholesterol 
concentrations by inhibiting enzymes of the cholesterol 
biosynthetic pathway, including HMG-CoA reductase 
and cholesterol-7-hydroxylase. The currently widely used 
HMG-CoA reductase inhibitors of the lovastatin family 
are effective in similarly reducing serum lipids percentage ~ 
wise (24,25), but  they have no activity against free radicals 
and are quite expensive on a long-term basis. 

Neither y-tocotrienol nor wtocopherol supplementation 
altered HDL cholesterol concentrations. H D L concentra- 
tions were higher in groups not  given exogenous choles- 
terol {Diets 8 and 9) as compared with each of the other  
groups {Diets 1-7) fed rations with cholesterol (2%) along 
with SO, CO, or low erucic acid rapeseed oil (8,21). The 
apparent  lack of a chromanol effect on HDL cholesterol 
levels suggests tha t  the effect observed was related more 
directly to LDL and]or VLDL clearance, i.e., membrane 
dynamics dependent  upon acyl composition or stacking 
order, because in groups with higher LDL + VLDL con- 
centrations, H D L cholesterol levels were lower (Diets 1, 
2, 3 a n d  5 vs .  4, 6, 7, 8 and 9). 

Supplementat ion with y-tocotrienol did not  result in 
decreased plasma TGs in the SO/chol groups {Diet 1 vs .  
2), presumably a reflection of higher melting points, hence 
order, in the membranes of these groups, as also seen by 
the addition of the cholesterol supplement (Diet 1 vs .  9). 
In contrast ,  in MO/chol groups given y-tocotrienol or a- 
tocopherol {Diets 4-7), the plasma TG concentrations 
decreased significantly; whether this reflected altered syn- 
thesis or clearance because of altered membrane dynamics 
is unclear. 

As increased unsaturat ion of lipid increases suscep- 
tibility to oxidation of lipid e x  v i v ~  so plasma lipid per- 
oxidation increased with increasing dietary lipid unsatura- 
tion (Table 4). Plasma TBARS and LOPS accumulated at 
higher concentrations in groups fed more highly unsatu- 
rated lipid, as expected: CO, SO and MO. Supplementation 
with a-tocopherol (500 mg/kg) was accompanied by a 
decrease in malondialdehyde equivalent material. How- 
ever, ),tocotrienol supplementation (50 mg/kg) net ted the 
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lowest concentrations of hydroperoxides and substances 
reactive with TBA. The trend observed in each diet for 
LOPS was similar, though greater quantitatively, for each 
group. The hydroperoxides level for CO - chol was 
distinctly greater than the TBA adducts  concentration. 
These data  suggest  tha t  ),-tocotrienol may be a more effi- 
cient ant ioxidant  than  a-tocopherol on a molar basis. 

Much work in recent years has suggested an important  
inverse relationship between the development of arterio- 
sclerosis and plasma antioxidant concentrations. This was 
well s tated by Riemersma e t  al. (26), who showed a clear, 
inverse relation between the incidence of angina pectoris 
in men with low serum vitamin E levels. They also demon- 
s trated tha t  this relationship was a bet ter  predictor of 
disease development than serum cholesterol, hypertension 
or smoking. In this study, the addition of a-tocopherol im- 
proved the plasma malondialdehyde equivalent material  
concentrations, and in combination with y-tocotrienol, 
these levels were decreased to levels similar to the SO 
groups, which were fed lower levels of unsaturated fat. The 
plasma LOPS concentrations followed a similar trend, 
though the significant decreases were observed in the 
groups with ),-tocotrienol supplementation. I t  appears, 
therefore, tha t  a dual benefit, lowering of plasma choles- 
terol and TG as well as peroxides, may be achieved by sup- 
plementat ion with ),-tocotrienol in combination with 
a-tocopherol. 

Further,  as in previous studies (8,21), plasma a-tocoph- 
erol concentrations decreased when highly unsatura ted  
oils, such as MO, were fed (Table 5). With a dietary fat 
load of 20% MO, rtocotrienol at 50 mg/kg did not improve 
the plasma a-tocopherol economy. However, if incorpo- 
rated at  a level of 100 mg/kg, r tocotr ienol  spared plasma 
a-tocopherol. With the combination of supplementary y- 
tocotrienol and a-tocopherol, the highest plasma levels of 
a-tocopherol were measured. 

In spite of s ignif icant  hypocholesterolemic and 
hypotriglyceridemic effects of y-tocotrienol, no significant 
antiaggregation effect of this tocotrienol on platelets was 
measured at either supplementat ion level. The attenua- 
tion of platelet aggregation to collagen agonist in the 
group supplemented with a-tocopherol (Diet 5) was similar 
to tha t  seen in human feeding studies in this laboratory 
(27). The platelet effect of y-tocotrienol would be expected 
to be similar to tha t  of a-tocopherol; however, neither of 
the two levels of y-tocotrienol tested was sufficient to 
reduce the platelet response to collagen in these short- 
t e rm trials. The geometry of the unsa tura ted  side chain 
of y-tocotrienol may restr ict  its part i t ioning into platelet  
membranes compared with a-tocopherol. ATP release after 
thrombin stimulation of the MO/chol group without  
chromanol supplement (Diet 3) was of the same order of 
response as seen in another  s tudy from this laboratory 
(21); it  showed no fur ther  improvement with either y- 
tocotrienol or a-tocopherol supplementation. 

In summary, supplementation with y-tocotrienol alone 
or in combination with a-tocopherol resulted in decreased 
concentrations of plasma total  and LDL + VLDL choles- 
terol, TG, TBARS and LOPS, and raised plasma a- 
tocopherol concentrations in these feeding studies with 
semisynthetic, hypercholesterolemic diets. Platelet hyper- 
aggregabili ty was decreased by a-tocopherol supplemen- 
tation. No noxious effect was observed in any of the 

groups supplemented with y-tocotrienol. The combination 
of y-tocotrienol with a-tocopherol was better, in general, 
than  either supplement alone; hence, the combination of 
a-tocopherol with y- (or other) tocotrienols deserves fur- 
ther  evaluation as a potential  antiatherogenic agent. 
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Inhibition by Cardiolipins of Platelet-Activating Factor-Induced 
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Evidence is presented that cardiolipin, a naturally occur- 
ring phospholipid, inhibits the aggregatory effect of 
platelet-activating factor (pal) on rabbit platelets in vitro. 
Bovine heart cardiolipin was shown to inhibit the aggrega- 
tion of washed rabbit platelets induced by 1 X 10 -1~ M 
and 2 X 10 -1~ M paf with ICs0 values (doses for half- 
maximal inhibition) of 8.4 • 0.8 X 10 -7 M and 2.6 • 
0.6 X 10 -6 M, respectively. Phosphonocardiolipin was 
also able to inhibit platelet aggregation induced by 1 X 
10 -10 M paf with an ICs0 value of 3 • 1 X 10 -7 M. Both 
compounds, in concentrations up to 1 X 10 -5 M, were 
unable to aggregate washed rabbit platelets and failed 
to inhibit the aggregation induced by 0.9 and 1.8 ~M 
adenosine diphosphate or 0.2-1.0 ~M arachldonic acid. By 
contrast, the acetylated derivative of cardiolipin exerted 
an aggregatory effect on aspirin-treated rabbit platelets 
in the presence of creatine phosphate/creatine phospho- 
kinase. This aggregation was inhibited by the specific pal 
antagonists BN 52021 and WEB 2086. Also, platelets 
treated with acetyl-cardiolipin were insensitive to the ag- 
gregatory effect of pal. Phosphatidic acid, phosphatidyl- 
glycerol, b/s(dip~lmltoylglycero)phosphate and their phos- 
phono analogues were totally inactive. Similar data were 
obtained when platelet-rich plasma was used instead of 
washed rabbit platelets. Our results support the hypothe- 
sis that the effect of cardiolipin is mediated through speci- 
fic pal receptors that act on the rabbit platelet membrane. 
Lipids 28, 1119-1124 (1993). 

Platelet-activating factor (pail, 1-O-alkyl-2-acetyl-sn- 
glycero-3-phosphocholine (1-3}, is a naturally occurring 
lipid mediator with a wide range of effects in vivo and 
in vitro. These effects include vasodilation and hypoten- 
sion (3-5), increased vascular permeability (4,6), a negative 
inotropic effect, coronary vasoconstriction, reduced cor- 
onary blood flow (7-11), cardiac arrhythmias (11) and 
bronchoconstriction (12,13). In addition, pal can stimulate 
various cells, such as platelets, neutrophils, macrophages, 
endothelial cells and protozoan cells (14-16). It has also 
been suggested that pal is involved in the pathogenesis 

*To whom correspondence should be addressed. 
Abbreviations: AA, arachidonic acid; ADP, adenosine diphosphate; 
BN 52021, 3-(1,1-dimethylethyl)hexahydro-l,4,7b-trihydroxy-8- 
methyl-9H- 1,7a-(epoxymethano)-I H,6aH-cyclopenta[c]furo(2,3b)- 
[3'2'3,4]cyclopenta[1,2-d]furan-5,9,12(4H)-trione; BSA, bovine serum 
albumin; CP, creatine phosphate; CPK, creatine phosphokinase; 
EDTA, ethylenediaminetetraacetic acid; EGTA, ethyleneglycol- 
tetraacetic acid; IR, infrared; paf, platelet-activating factor, 1-O- 
alkyl-2-acetyl-sn-glycero-3-phosphocholine; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; PPP, platelet-poor plasma; PRP, 
platelet-rich plasma; Tg-EGTA, Tyrode's-gelatin-EGTA buffer; 
Tg-Ca 2+ buffer; TLC, thin-layer chromatography; TPS, 2,4,6- 
triisopropylbenzenesulfonyl chloride; WEB 2086, 3-[4-(2-chlor~ 
phenyl)-9-methyl-6H-thieno[3,2-f] [1,2,4]triazolo[4,3-a] [ 1,4]diazepi- 
ne-2-yl]-l-(4-morpholinyl)-l-propanone. 

of various diseases, such as bronchial asthma (17), en- 
dotoxemia (18), acute serum sickness (19,20), ischemic 
bowel necrosis (21), gastrointestinal ulceration (22), cold 
urticaria (23) and psoriasis (24). 

Over the last few years, various synthetic and naturally 
occurring compounds have been identified that act as 
specific paf antagonists (25). These include compounds 
that are structural analogs of pal and others with no struc- 
tural resemblance Endogenous lipid inhibitors of paf have 
been found in various mammalian tissues and organs 
(26-28). Phospholipids with a chromatographic behavior 
similar to that of cardiolipins and phosphatidylglycerols, 
which specifically inhibit rabbit platelet aggregation in- 
duced by paf in vitr~ have been isolated from perfusates 
of guinea pig heart (Tsoukatos, D., Chignard, M., Boullet, 
C., LeCoedic, J.P., and Benvenist~ J., unpublished data). 

In the present study, we examined the effect of bovine 
heart cardiolipin, phosphatidylglycerol and of some struc- 
tural analogues, on rabbit platelet aggregation induced 
by paf and other agonists in vitro. 

MATERIALS AND METHODS 
Bovine heart cardiolipin sodium salt, 1,2-dipalmitoyl-sn- 
glycero-phosphoric acid sodium salt (phosphatidic acid), 
1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol sodium salt 
(phosphatidylglycerol), 1,2-dipalmitoyl-sn-glycerol, 1,2-di- 
palmitoyl-sn-glycero-3-phosphocholine IPC), 1,2-dipal- 
mitoyl-sn-glycero-3-phosphoethanolamine (PE), 2,4,6-tri- 
isopropylbenzenesulfonyl chloride ITPS), trimethylchloro- 
silanr creatine phosphate (CP), creatine phosphokinase 
(CPK), arachidonic acid {AA), adenosine diphosphate 
(ADP) and bovine serum albumin (BSA) were purchased 
from Sigma (St. Louis, MO). Tris-HC1 was from Fluka 
(Buchs, Switzerland), 1-O-hexadecyl-2-acetyl-sn-glycero- 
3-phosphocholine Ipaf) was a product of Bachem IBuben- 
dorf, Switzerland); and aspirin as a lysine soluble salt 
tAspergic) was obtained from Egic Laboratory (Amilly, 
France). Trimethyl phosphite, purchased from lancaster 
synthesis Ltd. (East Gate Lancaster, England} was redis- 
tilled and kept over molecular sieve (5A). BN 52021 [3- 
{1,1-dlmethylethylthexahydr~l,4,7b-trihydroxy-8"methyl" 
9H-1,7 a-(epoxymethano)-I H,6aH-cyclopenta[c] furo(2,3b}- 
[3'2"3,4]cyclopenta[1,2-d]furan-5,9,12(4H)-trione] was a 
gift from Dr. Braquet (Institute Henri Beaufour, Paris, 
France); WEB 2086 [3-[4-(2-chlorophenyl)-9-methyl-6H- 
thieno [3,2-f] [1,2,4]triazolo [4,3-a] [1,4]diazepine-2-yl]-l-14- 
morpholinyl)-l-propanone] was a gift from Dr. Weber 
IBoehringer-Ingelheim, Ingelheim, Germany). 

Animals. Male New Zealand white rabbits were used 
as the platelet source 

Buffers and reagents. The following buffers and rea- 
gents were used: Tyrode's-gelatin~thylene~glycoltetra - 
acetic acid IEGTA) buffer solution ITg-EGTA), pH 6.5 that 
consisted of KC1, 2.6 mM; MgC12, 1.0 raM; NaC1, 
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137 mM; NaHCO3, 12 mM; glucose, 1.0 g/L; EGTA, 0.2 
mM; and gelatin, 0.25% (by vol). Tg-Ca 2+, pH 7.4, was 
the Tg-EGTA buffer that contained CaC12, 12 mM, and 
Tris-HC1, 10 mM, but no NaHCO3 or EGTA. Ethylenedi- 
aminetetraacetic acid (EDTA) solution in saline, 0.2 M, 
pH 7.2, and ACD solution (citric acid, trisodium citrate 
and glucose, 0.1 M each), were used as anticoagulants. Pal 
solutions in BSA saline (2.5 mg/mL) were prepared as 
previously described (29). 

Synthesis and identification of the compounds tested. 
The structures of cardiolipin, phosphatidic acid, 
phosphatidylglycerol, and of their analogues are shown 
in Table 1. The chemical purity of the commercial products 
(cardiolipin, phosphatidic acid and phosphatidylglycerol) 
was confirmed by thin-layer chromatography (TLC) on 
silica gel G plates (0.25-mm thick) using (i) acetoneJpetrm 
leum ether (1:3, vol/vol) followed by chloroform]metha- 
nol/acetic acid/water (80:13:8:0.3, by vol) and (ii) chloro- 
form]methanol/water/ammonium hydroxide (65:35:5:2, by 
vol) as solvent systems. TLC of the compounds developed 
either way showed a single fraction with Rf values of 0.36 
and 0.46 for cardiolipin, 0.44 and 0.15 for phosphatidic 
acid and 0.22 and 0.39 for phosphatidylglycerol, respec- 
tively, in the two systems. The fat ty acid composition of 
cardiolipin was determined by gas-liquid chromatography. 
The main constituent fatty acid was linoleic, 87%, and 
oleic and linolenic acids amounted to 7.2 and 3.1%, respec- 
tively. The optical rotation of cardiolipin was [a] 2~ = 
+5.4 ~ (c = 2.55, in chloroform), and the melting point 
(m.p.) was in the range of 206-208~ 

1,2-Dipalmitoyloxypropyl-3-(l',2'-dipalmitoyl-sn. 
glycero)phosphatr [bis(dipalmitoylglycero)phosphate]. 
Dry 1,2-dipalmitoyl-sn-glycero-3-phosphate (105 mg, 0.162 
mmol) and dry 1,2-dipalmitoyl-sn-glycerol (191.6 mg, 0.326 
mmol) were dissolved in 1.0 mL anhydrous pyridine, and 
a solution of TPS (123 mg, 0.492 mmol) in anhydrous 
pyridine (2.0 mL) was added. The reaction mixture was 
kept at room temperature for 6-8 h. After completion of 
the reaction, excess TPS was hydrolyzed by addition of 
water (1.5 mL), the solvents were evaporated under re- 
duced pressure and the residue was extracted twice with 
diethyl ether (5 mL). 

The product was purified by preparative TLC on silica 
gel H plates (0.55-mm thick) chloroform]methanol/water 
(65:25:4, by vol) using as solvent system. The band with 
Rf 0.72 was scraped off, and the adsorbent was eluted 
with chloroform]methanol (2:1, vol/vol). The yield of the 
pure product was 34.5 mg (50.6%) (30). 

1,2-Dipalmi toy lox yp ropy l-3-(1 ',2'-dipalmi toy l-sn- 
glycero)phosphonatr ~hosphono analogue of bis(dipal- 
mitoylglycero)phosphate]. Dry 1,2-dipalmitoyloxypropyl- 
3-phosphonic acid (300 mg, 0.46 mmol) and 1,2-dipal- 
mitoyl-sn-glycerol (547 mg, 0.93 mmol) were dissolved 
in 2.5 mL of anhydrous pyridine (31,32). A solution of 
TPS (350 mg, 1.4 mmole) in anhydrous pyridine (4.0 mL) 
was added to this, and the reaction mixture was kept 
at room temperature for 8 h. Then water was added 
(3.0 mL), and the solvents were evaporated under reduced 
pressure. The residue was extracted twice with diethyl 
ether (10 mL), and chromatographically pure bis(1,2- 
dipalmitoyl-sn-glycero)phosphonate was obtained by 
preparative TLC on silica gel H plates (0.75-ram thick). 
The band with an Rf of 0.72 was scraped off the plate, 
and the adsorbent was eluted with chloroform]methanol 

(2:1, vol/vol). The yield was 334.9 mg (59.7%), and the m.p. 
was 59.5~ 

Elemental analysis. Found: C, 69.98%; H, 11.81%; 
O, 14.98%; P, 2.64%. Calculated: C, 71.06%; H, 11.42%; 
O, 14.90%; P, 2.62%. 

Phosphorus determinations confirmed that  the com- 
pound was a phosphonolipid because it did not release in- 
organic phosphorus when subjected to hydrolysis with 6N 
HC1 for 48 h at 110~ Infrared (IR) spectrum: carbonyl 
of ester, C=O, at 1,740 cm-1; P=O, at 1,320 and 1,245 
cm-~; O=P-OH, at about 2,300 cm-1; P-C, at 1,000, 
1,040 and 1,180 cm-1; and C-P stretching at 725 cm-L 
Optical rotation [a]~ 4 = +7.2 ~ (c = 3.6, in benzene). 

1,2-Dipalmitoyloxypropyl-3-(1 ',2"-diacyl-sn-glycero-3- 
phosphoryl-l,3-sn-glycero)phosphonate [phosphono ana- 
logue of cardiolipin]. Phosphatidylgiycerol (100 mg) was 
mixed with 1,2-dipalmitoyloxypropyl-3-phosphonic acid 
(500 mg, 0.077 mmol) in 5.0 mL of anhydrous pyridine 
(31,32). Then, 230 mg (0.90 mmol) of TPS in 5.0 mL of 
pyridine was added, and the reaction mixture was kept 
at room temperature for 8 h. After the completion of the 
reaction, 2 mL of water was added and the product was 
extracted with chloroform. The product was purified by 
preparative TLC on silica gel H plates with chloro- 
forrrdmethanol/water (65:25:4, by vol) as solvent system 
(Rf 0.96). The yield of the pure product was 63 mg (60%), 
and the m.p. was 174-175~ 

Elemental analysis. Found: C, 64.90%; H, 10.10%; P, 
4.22%. Calculated: C, 65.80%; H, 10.40%; P, 4.40%. The 
IR spectrum was similar to that reported previously (33). 
The optical rotation of the compound was [a]~ 4 = +6.4 ~ 
(c --- 2.4, in chloroform). 

1,2-Dipalmitoyloxypropyl-3-(glycerol-1)phosphonate 
[phosphono analogue of phosphatidylglycerol]. 3Yimethyl- 
chlorosflane (7 mg, 0.065 mmol) was mixed with LiBr 
(5 mg, 0.052 mmol) in 3.0 mL of CH3CN. A solution of 
phosphatidylglycerol (20 mg, 0.026 mmol) in 2.0 mL of 
CHzCN was added to this, and the reaction was com- 
pleted within 20 h. The reaction mixture was taken up in 
diethyl ether (40 mL) and washed successively with H20, 
then with NaHCO 3 solution (10% wt/vol), and finally 
with NaC1 solution (5% wt/vol), and the ether layer was 
dried over anhydrous Na2SO4. Evaporation of the solvent 
afforded the bromohydrin. The dry bromohydrin was 
reacted at 120~ for 24 h with trimethylphosphite ac- 
cording to the procedure of Kosolapoff (33). The crude 
product was hydrolyzed with trimethylchlorosilane/NaI 
in CH3CN at room temperature for 15 min, and the final 
product was purified by preparative TLC on silica gel G 
plates (0.75-mm thick) using chloroform]methanol/water 
(65:25:4, by vol). The Rf value was 0.57, and the optical 
rotation of the compound was [a] 24 = +1.8 ~ (c = 9, in 
chloroform). The m.p. was 57-59~ (uncorrected), and the 
IR spectrum in the region 900-1,400 cm -~ was similar to 
that  reported previously (31,32). 

Acetyl-cardiolipin. Bovine heart cardiolipin was 
acetylated with acetic anhydride at 65~ for 31~ The prod- 
uct was purified by preparative TLC on silica gel plates 
(0.55-mm thick) using the solvent system chloroform] 
methanol/water (80:20:2, by vol). The Rf of acetyl-cardio- 
lipin was 0.8, and the Rf of cardiolipin was 0.72. 

Platelet-rich plasma (PRP) preparation. Whole blood 
from rabbits was mixed with ACD (9:1, vol/vol) in poly- 
ethylene tubes and centrifuged at 375 • g for 20 min at 
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T A B L E  1 

S t r u c t u r e  a n d  B i o l o g i c a l  A c t i v i t y  o f  C a r d i o l i p i n ,  P h o s p h a t i d i c  A c i d ,  
P h o s p h a t i d y l g l y c e r o l  a n d  S o m e  S t r u c t u r a l  A n a l o g u e s  

No. Name/activity Structure 

1 Cardiolipin/inhibition 

O 
II 

RICOO~ H2 CH2--O-P-O-- 'CH2 I I 

R2COOCH O CHOH OH CHOCOR 3 
l II 1 
CH2--O-P-O--CH 2 CH2OCOR 4 

I 
OH 

Phosphonocardiolipin/inhibition 
0 
11 

CH3tCH2)14COOCH2 CH2--O-P--CH 2 

CH3(CH2114COOCH O CHOH OH CHOCO(CH2)14CH 3 
I II I I 
CH2--O-P-O--CH 2 CH2OCO(CH2)14CH 3 I 

OH 

Acetyl-cardiolipin/aggregation 
O 

R1COOCH2 CH 2 O-P-O--CH 2 
I I I 

R2COOCH O CH-OCOCtt B OH CttOCOR 3 
I II I I 
CH2--O-P-O--CH 2 CH2OCOR 4 

I 
OH 

4 Phosphatidic acid/inactive 

CH3(CH2)14COOCH2 

CH3(CH2)14COOCH 0 
I II 
CH2--O-P-OH 

I 
OH 

5 Phosphatidylglycerol/inactive 

CH3(CH2)14COOCH 2 CH2OH] 

CH3(CH2)14COOCH O CHOH 
I II I 
CH2--O-P-O--CH 2 

I 
OH 

6 Phosphonophosphatidylglycerol/inactive 

CH3(CH2)I4COOCH2 CH2OH 

CH3(CH2)14COOCH O CHOH 
I II I 
CH2--P-O--CH 2 

Oil 

7 bis(Dipalmitoylglycero)phosphatelinactive 

CH3(CH2)14COO~ H2 CH2--OCO(CH2)14CH31 

CH3(CH2)14COOCH O CH--OCO(CH2)14CH 3 
I II I 
CH2--O-P-O--CH 2 

1 
OH 

Phosphono analogue of 7/inactive 

CH3(CH2)14COOCH 2 ~H2--OCO(CH2)I4CH3 

CH3(CH2)I4COOCH O CH--OCO(CH2114CH 3 
I II I 
CH2--P-O--CH 2 

OH 

room temperature The PRP was collected and centrifuged 
at 1,400 X g for 15 min at room temperature to obtain 
platelet-poor plasma (PPP). Platelets were counted on a 
hematocytometer according to the method of Brecher and 
Cronkite (34), and PRP was diluted with homologous PPP 
to yield a concentration of 3.0 +_ 0.2 • l0 s cells/mE 

Washed rabbit platelet preparation. Platelets were pre- 
pared from whole blood (collected in EDTA, 1:40, vol/vol) 
by successive centrifugations and dilutions in Tg-EGTA 
buffer according to the method of Ardlie et al. (35) as 
modified by Benveniste et aL (29). The washed platelets 
were suspended in an appropriate volume of Tg-EGTA to 
give a concentration of 2.5 • 109 cells/mL. 

Platelet aggregometry. Platelet aggregation was moni- 
tored with a single channel aggregometer (ChronoLog 
Corp., Havertown, PA) under constant sitrring (1,200 rpm 
at 37~ PRP was treated with aspirin (1 raM), and with 
CP (5 mM) and CPK (40 U/mL), for 15 rain and 1 min, 
respectively, before aggregation was measure(k Cardiolipin 
solutions in ethanol]water (60%, vol]vol) were added to 500 
~L of PRP, in volumes of 1-5 ~L. In inhibition studies, 
PRP was incubated with cardiolipin for 30 s and 10 min 
before the pal addition. Aggregation measurements with 
washed rabbit platelets were done as follows: 100 ~L of 
platelet suspension pre~incubated with aspirin (1 mM) 
for 15 min was transferred into the cuvette of the ag- 
gregometer in which 400 ~L of Tg-Ca 2+ buffer containing 
CI~CPK (5 mM/40 U/mL, respectively) was added. Antag- 
onist solutions in ethanol]water (60%, vol/vol), in volumes 
of 1-5 ~L were added to paf, 30 s before the p la te le t  
suspension. In other experiments, the platelet suspension 
was incubated in the cuvette with the antagonist for 10 
min prior to pal additiom For the aggregation studies with 
ADP or AA, CP/CPK or aspirin (respectively) was omit- 
ted. Inhibition studies with the specific paf inhibitors, BN 
52021 (solubilized in dimethylsulfoxide) and WEB 2086 
(solubilized in Sorenson's phosphate buffered saline, pH 
7.4) were performed as previously described (36,37}. 

RESULTS 

General comments. The structures of the compounds 
tested as possible pal inhibitors as well as their biological 
activities are shown in Table 1. The compounds were 
chosen with the aim of elucidating the possible relation- 
ship between cardiolipin structure and biological activity. 

Experiments with washed rabbit platelets. The ECs0 
value for paf (dose for half-maximal aggregation) was 1 X 
10 -1~ M, while at a dose of 2 • 10 -1~ M pal caused sub- 
maximal aggregatiorL The possible inhibitory effect of car- 
diolipin and of its analogues and derivatives was tested 
at the above pal concentrations. As shown in Figure 1, 
cardiolipin inhibited platelet aggregation induced by paf 
at 1 X 10 -'~ M and 2 • 10 -1~ M in a concentration- 
dependent manner with an ICs0 value of 8.4 +_ 0.8 X 
10 -7 M and 2.6 +_ 0.6 X 10 -6 M, respectively. In con- 
trast, cardiolipin in concentrations ranging from 1 • 
10 -7 to 1 • 10 -5 either failed to inhibit or only slightly 
inhibited platelet aggregation induced by 0.2-1.0 ~ AA 
or 0.9-1.8 pM ADP. Under the same experimental condi- 
tions, the phosphono analogue of cardiolipin showed a 
more potent inhibitory effect than cardiolipin itself 
against the aggregation induced by pal (1 • 10 -1~ M); 
the IC~0 value was 3 • 10 -7 M. Als(~ phosphonocardio- 
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FIG. I. The inhibitory effects of cardiolipin and phosphonocardiolipin 
on platelet-activating factor, l-O-alkyl-2-acetyl-snlglycer~phosph~ 
choline (pal)-, arachidonic acid (AA}~ and adenosine diphosphate 
(ADPHnduced washed rabbit platelet aggregation. O, Cardiolipin 
against 2 • 10 -1~ M pal; A, cardiolipin against 1 • 10 -1~ M pal; 
e,  cardiolipin against 1 ttlVl A_A; A, cardiolipin against 0.9 U M ADP; 
and D, phosphonocardiolipin against I X 10 -1~ M paf. Each point 
represents the mean -4- 1 SD of ten experiments. 

lipin in concentrations up to 1 X 10 -~ M failed to inhibit 
platelet  aggregat ion induced by AA (0.2-1.0/~vt) or A D P  
(0.9-1.8 ~M) (Fig. 1). Phosphat idic  acid, phosphatidyl-  
glycerol bis(dipalmitoylglycem)phosphate and their phos- 
phono analogues a t  concentrat ions up to 1 X 10 -~ M 
were ineffective in inhibiting platelet aggregation induced 
by pal, AA or A D P  (results not  shown}. Similar results  
were obtained when PC and PE were tes ted as possible 
pa l  inhibitors a t  the above concentrations.  In  some ex- 
periments, platelets were preincubated with cardiolipin for 
10 min prior  to paf  addition. As shown in Figure 2, the 
inhibitory effect of cardiolipin was preserved even after  
a 10-min incubation with platelets. In  contrast, cardiolipin 
added to the platelets  af ter  paf  failed to reverse the ag- 
gregat ion (Fig. 2). 

In  cont ras t  to other  compounds  tested, which failed to 
induce platelet aggregation or lysis even at  concentrations 
up to 1 X 10 -5 M, acetyl-cardiolipin at  concentrat ions 
higher than  1 X 10 -6 M exerted a weak aggrega tory  ef- 
fect on washed rabbi t  platelets  t ha t  reached a m a x i m u m  
(%) at  a concentration of 1.7 X 10 -5 M (Fig. 3). This max- 
imal aggregat ion was total ly  inhibited by 1 X 10 -5 M 
BN 52021 or 1 X 10 -8 M W E B  2086. Also, platelets  
t rea ted  with  acetyl-cardiolipin were insensitive to the ag- 
gregatory  effect of paf  (Fig. 3). 

Experiments with rabbit PRR The purpose of these ex- 
per iments  was to s tudy  the effect of p la sma  on the ac- 
t iv i ty  of cardiolipin as a paf  inhibitor. The inhibi tory ef- 
fect of cardiolipin was examined in respect  to platelet  ag- 
gregat ion induced by  pal, 6 X 10 -8 M, which resulted in 
a submaximal  response. As shown in Figures 4 and 5, 
cardiolipin added 30 s prior to pa l  addit ion inhibited 
platelet  aggregat ion in a dose-dependent manner  up to 
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FIG. 2. Representative tracings of the inhibitory effect of cardiolipin 
on washed rabbit platelets. 2 X 10 -1~ M (1); 7 X 10 -6 M cardiolipin 
(2); 2 X 10 -1~ M paf (3); 2 X 10 -1~ M pal (4); 7 X 10 -6 M cardiolipin 
(5). Abbreviation as in Figure 1. 
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FIG. 3. Representative tracings of the aggregatory effect of acetyl- 
6 5 cardiolipin. 8 X 10-  M acetyl-cardiolipin (1); 1.5 X 10-  M acetyl- 

cardiolipin (2); 2 X 10 -l~ M paf (3); 1.5 X 10 -5 M acetyl-cardiolipin 
(4); 2 X 10 -1~ M pal (5). Abbreviation as in Figure 1. 

a concentrat ion of 1.5 +_ 0.3 X 10 -5 M, a t  which 50% in- 
hibition was observed. This inhibi tory effect decreased 
with higher cardiolipin concentrations, and was complet~ 
ly lost a t  a concentrat ion of 1 +_ 0.5 X 10 -4 M. Incuba- 
t ion of P R P  with cardiolipin at  1.5 X 10 -5 M for 10 min 
a t  room tempera ture  caused a complete loss of inhibition. 
Finally, acetyl-cardiolipin at  concentrat ions higher than  
1 X 10 -5 M exhibited a weak aggregatory  effect (Fig. 5). 

DISCUSSION 

The existence of endogenous paf  inhibitors in various 
mammal i an  cells and t issues has been described previ- 
ously (26-28), bu t  the chemical s t ructures  of these in- 
hibitors are still unknown. Also, little is known about their 
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FIG. 4. The inhibitory effect  of cardiolipin (CL) on rabbit platelet- 
rich plasma aggregation induced by 6 X 10 - s  M pal. Each point is 
the mean _ 1 SD of four experiments. Abbreviation as in Figure 1. 
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FIG. 5. Representative tracings of the effects of cardiolipins on rabbit 
platelet-rich plasma. The inhibitory effect of cardiolipin at 1.5 X 
10 -5 M (3) and 0.9 X 10 -5 M (2) on platelet aggregation induced by 
6 X 10 -8  M pal (I). The agg~segatory effect of acetyl-curdiolipin at 
1.5 X 10 -5  (4) and 5 X I 0 -  M (5). Abbreviation as in Figure I. 

biological role as anti-paf agents under normal conditions 
or in various diseases in which paf is thought to be in- 
volved. In the present study we demonstrated that  car- 
diolipin, a phospholipid that is a normal constituent of 
mammalian tissues, specifically inhibits rabbit platelet ag- 
gregation induced by pal in vitro. 

Cardiolipin can constitute 2-10% of the total phospho- 
lipids of various mammalian tissues and is characteristi- 
cally associated with subcellular membranous particles, 
particularly mitochondria; it is thought to play an impor- 
tant role as a structural component in the respiratory 
chain (38}. As far as we are aware" little research has been 
done on the relationship between cardiolipin and platelets, 
although cardiolipin is a minor constituent of platelet 
phospholipids (39). In high concentrations (10-100-fold 
greater than those employed in this study), cardiolipin ex- 
hibits a significant Ca 2+ ionophoretic activity on washed 
human platelets and also enhances platelet aggregation 
caused by ADP and epinephrine in human PRP (40). 
Clinical interest in the possible involvement of anti- 
cardiolipin antibodies in thrombocytopenia observed in 
Lupus erythematosus and related auto-immune disorders 
has been increasing, although little is known about the 
mode of action (41,42). 

Our results show that cardiolipin is a specific inhibitor 
of pal in washed rabbit platelet aggregation in vitro 
because it failed to inhibit the aggregation induced by AA 
and ADP. Of particular interest is the observation that  
cardiolipin exhibits its inhibitory effect at concentrations 
similar to those of known, specific paf antagonists (25). 
These concentrations were lower than those reported for 
other endogenous paf inhibitors (28) and lower than the 
concentrations at which various phospholipids cause 
nonspecific pal inhibition, possibly due to general distur- 
bance of the platelet membrane structure (43). I t  is un- 
known whether or not within our range of concentrations, 
and under our experimental conditions, cardiolipin forms 
micelles with paf which could explain inhibition. Never- 
theless, when cardiolipin is incubated with washed rab- 
bit platelets 10 min prior to paf addition, it preserves its 
inhibitory effect. A decrease in cardiolipin inhibitory ef- 
fect would be expected if pal molecules were sequestered 
in micelles under our experimental conditions. Our study 
also demonstrates that the cardiolipin molecule must be 
intact to exhibit its specific anti-paf action. Any altera- 
tion of the structure of the molecule results in a complete 
loss of observed biological activity; also, lyso-monocardi~ 
lipin has been reported to be inactive (27). 

Of particular interest is the observation that acetyl- 
cardiolipin exhibits a pal-like aggregatory effect on plate- 
lets because it aggregates platelets in the presence of 
aspirin and CP/CPK, while its aggregatory effect is com- 
pletely inhibited by the pal receptor antagonists, BN 
52021 and WEB 2086. Also, platelets treated with acetyl- 
cardiolipin are desensitized to the aggregatory effect of 
paf. This observation supports the hypothesis that the 
acetyl-cardiolipin aggregatory effect and the cardiolipin 
inhibitory effect on washed rabbit platelets are paf 
receptor-mediated phenomena~ although both compounds 
are not structural analogues of paf. 

The complicated behavior of cardiolipin in PRP is 
possibly due to its binding to various plasma constituents, 
such as enzymes, proteins and ions leading to configura- 
tional changes (38). These interactions may be responsi- 
ble for the loss of biological activity, particularly at high 
cardiolipin concentrations or after a prolonged incubation 
with PRP. 

Our study has provided evidence that cardiolipin is a 
specific paf inhibitor. Cardiolipin may play an anti-paf role, 
in v iva  in cell-to-cell interactions in which pal is involved. 
In plasma and in other biological fluids, it may have a 
special pathophysiological significance through its anti- 
pal action. 
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Synthesis of Deuterated Cyclopropene Fatty Esters Structurally 
Related to Palmitic and Myristic Acids 
Laura Gosalbo, Mireia Barrot, Gemma Fabrias, Gemma Arsequell and Francisco Camps* 
Departamento de Quimica Org&nica Biol6gica, C, entro de Investigacibn y Desarrollo, Consejo Superior de Investigaciones Cien- 
tificas, 08034 Barcelona, Spain 

To develop a synthesis of tritiated cyclopropene fatty acids 
(CPFA), compounds that should prove useful for affinity 
labeling of desaturases in insect pheromone biosynthetic 
studies, a series of novel, selectively deuterated CPFA 
analogues was prepared and characterized. In methyl 
[1~2H]12,13-methylene-12-hexadecenoate, the incorpora- 
tion of deuterium was achieved by treatment of the co~ 
responding co<hloro derivative with sodium borodeuteride 
in dlmethylsulfoxide at 70~ for 24 h (67% yield) follow- 
ing conventional procedures. Alkylation of the tetrahydr~ 
pyranyl derivative of 13-tridecynol in the presence of 
lithium diisopropylamide in tetrahydrofuran at --20~ 
with l~hloro~-iodopropane in hexAmethylphosphoramide, 
followed by Jones oxidation of the crude product, yielded 
16~hloro-12-hexadecynoic acid (54%), which was esterified 
to the corresponding methyl ester by treatment with 
potassium carbonate and methyl iodide in dimethylfo~ 
mamlde. Treatment of this acetylenic ester with ethyldia- 
zoacetate in the presence of activated coppe~bronze as 
catalyst followed by hydrolysis in KOH solution at room 
temperature yielded l~chlor~12,13~carboxymethylene)-12- 
hexadecenoic acid. This diacid was treated with excess ox- 
alyl chloride to give the corresponding diacyl chloride, 
which was decarbonylated in a diethyl ether solution with 
zinc chloride, and the cyclopropeninm ions thus formed 
were added at --40~ to a methanolic sodium hydroxide 
solution of sodium borohydride to give methyl 16~hlorc~ 
12,13-methylene~12-hexadecenoate. Analogous procedures 
were followed to prepare methyl [17-2H]10,U-methylene - 
10-hexadecenoate, methyl [17~rH]U,12-methylene-11-hex - 
adecenoate and methyl [17JH]12,1~methylene-12-hexad~ 
cenoate from the corresponding diacids using sodium boro- 
deuteride in the reduction of the cyelopropenium ions. 
Alternatively, methyl [2,2,3,3~I4]hexadecynoate~ prepared 
by reaction of methyl 2,11-hexadeeadiynoate with magne- 
sium in deuterated methanol at room temperature, was 
submitted to the above eyclopropenylation and reduetive 
decarbonyiation sequence to give methyl [2,2,3,3,17-2Hs]- 
ll,12-methylene-ll-bexadecenoate. In summary, comple- 
mentary methods for the selective incorporation of one to 
five deuterium atoms into eyclopropene fatty acids, at dif- 
ferent sites, in moderate to high yields have been devel- 
oped. The methods should easily be applicable to the 
preparation of the corresponding tritiated analogues. 
Lipids 28, 1125-1130 (1993). 

Desaturases are key enzymes in the biosynthesis of 
lepidopteran sex pheromones (1). Our interest in these 
unique enzymes led us to the search for specific and irrever ~ 
sible desaturase inhibitors that would be useful for affinity 
labeling. We had previously found (2,3) that certain cyclo- 
propene fatty acids (CPFA) are potent and presumably 
reversible inhibitors of Z(11) and Z(9) desaturation of palmitic 
and E(llbtetradecenoic acids, respectively, in Spodoptera 
littoralis pheromone glands. We thought that these com- 
pounds, conveniently radiolabeled, might be suitable affinity 
labels for these enzyme~ Additional bioassays indicated that 
compounds lb, 3b, 4h and 5h would label both the Z(ll) and 
the Z(9) desaturasr whereas 2b and 6b would be specific 
for the Z(9) and the Z(ll) enzymes, respectively. As a pilot 
study to the synthesis of tritiated cyclopropene fatty acids, 
we describe in this paper the preparation of the deuterated 
cyclopropene fatty esters la-6a. In most cases, deuterium 
was introduced in the last step of the synthesis to optimize 
the procedures for the preparation of the corresponding 
radioactive materials. 

/ % / %  / (CH2).COR2 
RI ~ v 

I 
R3 

la: RI=D, R2=OCH3, R3=H, n=10 
lb: RI=D, R2=OH, R3ffiH, n-10 
2a: RI=H, R2--OCH 3, R3=D, n=8 
2b: RI=H, R2=OH, R3=D, n=8 

R1 ~ (CH2)nCOR2 

D 

3a: RI=C3H 7, R2=OCH 3, n=10 
3b: RI=C3H7. R2=OH, n=10 
41a: RI=C4Hg, R2=OCH 3, n=9 
4b: RI=C4He, R2=OH, n=9 
5a: Rl=CsH11, R2=OCH3, n=8 
5b: Rl=CsHll, R~-OH, n=8 

/(CH2)7 CD2CD2CO~2 

D 

r,=: R=OCH 3 
6b: R=OH 

*To whom correspondence should be addressed at Departmento de 
Qulrm'ca Orghnica Biolbgica, {CID-CSIC), Jordi Girona 18-26, 08034 
Barcelona, Spain. 
Abbreviations: CPFA, cyclopropene fatty acids; D EPT, distortionless 
enhancement by polarization transfer; DMF, dimethylformamide; 
DMSO, dimethylsulfoxide; DQ-COSY, double quantum filtered cor- 
relation spectroscopy; IR, infrared; HETCOR, heteronuclear correla- 
tion; HMPA, hexamethylphosphoric acid triamide; HRMS, high- 
resolution mass spectrometry; NMR, nuclear magnetic resonance; 
THF, tetrahydrofuran; TLC, thin-layer chromatography; TMEDA, 
tetramethylethylenediamine. 

RESULTS AND DISCUSSION 

Cyclopropene fatty ester la, in which deuterium is placed 
at the co-position, was prepared as illustrated in Scheme 
1. A chlorine atom was selected as precursor of deuteriurm 
Alkylation of 7a with 1-chloro-3-iodopropane, followed by 
Jones oxidation and methylation of the resulting fatty 
acid 8b, afforded 8a in 45% overall yield. The cyclopropene 
ring in 10b was formed by reaction of alkyne 8a with 
ethyldiazoacetate in the presence of activated Cu-bronze 
as catalyst (4), and the resulting diester 10a was hydro- 
lyzed at room temperatur~ Decarbonylation of diacyl 
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1. MoLi or LDA/THF 
- - -  (CH2)nCH2OTH P = - -  2. RX/HMPA R 1 ~ - " - - -  (CH2)nCOR2 

7==: n=lO 3. CrO3/H2SO4/acetone 
7b: [- 8b: R,~=CI, R2=OH, n=lO 11ffi8 r ~  

J L 9b: RI=H, R2=OH, n=8 
K2CO3/CH31/DMF I-z,,.- r 8a: R 1 =CI, R2=OCH 3, n=l 0 

L 9a: RI=H, R2--OCH 3, n=8 

N2CHCO2Et/Cu'br~ ~ RI ~ (CH2)nCOR2 

coP~ 

lOa: R1--CI, R2=OCH 3, R3=OCH2CH3, n=lO 
E E 11a: AI=H, R2--OCH 3, R3=OCH2CH 3, n=e 

KOH/EtOH/r.t. lob: RI=CI, R2=R3=OH, n=lO I- 
L 11b: RI=H, R2=R3=OH, n=8 

1. (COCl)2/r.t. /X. / ~  / (CH2)"CO2CH3 
R1 x y 

2. ZnCI2/Et20/CH2CI2/r.I. / 3. NaBH 4 or NaBD4/MeOH/-40~ P~ 

NaBD4/DMSO/70o C l ~ 1 2 :  RI=CI, R2=H, n=10 
t-~.-la: RI=D, R2=H, n=10 

2a: RI=H, R2=D , n=8 

SCHEME 1 

chloride of 10b was accomplished with ZnCl 2. Although 
solid ZnC12 had been used in previous studies {4,5), we 
found that the reaction proceeded more rapidly when 
ZnC12 was used as diethyl ether solution, which is com- 
mercially available. Reduction of the cyclopropenium ions 
thus formed was accomplished with NaBH 4 in 
NaOH/MeOH at low temperature. Although a molar ca- 
tion/hydride ratio of 1:4 was used in previous syntheses 
{4,5), we found that the ratio could be lowered to 1:2 
without significant decrease in yield. This modification 
was particularly important in the case of the ring- 
deuterated compounds as it allowed less labeling reagent 
to be used. The chlorine atom remained unaffected under 
these reduction conditions, but chlorine was successfully 
reduced by NaBD4 in dimethylsulfoxide {DMSO) at 70~ 
(6). I t  should be noted that  in the 1H nuclear magnetic 
resonance (NMR) spectra of both diester 10a and diacid 
10b, signals corresponding to the methylenes C-11, C-14 
and C-16 revealed the diastereotopic nature of the protons 
at these positions. Assignment of 13C signals in the dif- 
ferent cyclopropenes was carried out on the basis of distor- 
tionless enhancement by polarization transfer (DEPT), 
heteronuclear correlation {HECTOR) and double quantum 
filtered correlation spectroscopy (DQ-COSY) experiments, 
with some compounds. 

Cyclopropene fatty ester 2a was prepared as shown in 
Scheme 1. Alkylation of acetylene 7b with 1-bromopr~ 
pan~ followed by Jones oxidation and methylation of acid 
9b produced 9a. Transformation of 9a into the final prod- 
uct was accomplished as described above for the C~e 
compounds. 

The synthesis of ring-labeled cyclopropene fatty esters 
3a-5a {Scheme 2) was accomplished by decarbonylation, 
followed by reduction of diacyl chlorides of 13a-c, which 
were prepared as previously described (5). Both decar- 
bonylation and cyclopropenium ion reduction were carried 
out as previously indicated, although NaBD 4 was used 
as reducing agent. 

The pentadeuterated cyclopropene 6a was also prepare& 
Additional deuterium atoms were introduced at a,a,[3,~ 
positions to avoid chain-shortening of the inhibitor in the 

R (CH2)nCO2H 1. (COCl)2/r.t. R \ / (CH2)nCO2CH 3 

Y 2. ZnCI2/Et201C H2CI2/r .t. 
3. NaBD4/MeOW-40~ 

CO~H D 

13a: R=C3HT, n=lO 3a: R=C3H7, n=lO 
13b: R=C4Hg, n=9 4a: R=C4Hg, n=9 
1:3r R=CsHtl, n=8 5a: RffiC5H11, n=8 

SCHEME 2 

gland and thus increase its specificity toward the Z(ll) 
desaturase (3). The synthesis of 6a was carried out as 
shown in Scheme 3. Alkylation of 1-hexy-nyllithium with 
1-chloro-6-iodohexane yielded the chloroalkyne 14a, which 
was transformed into 14b by treatment with NaI in ace- 
tone. Propargylation was achieved in high yields by alkyla- 
tion of 14b with lithic~l-trimethylsilylpropyne (7,8) which, 
in turn, was readily obtained by reaction of 1-trimethyl- 
silyl-l-propyne with tetramethylethylenediamine and an 
equivalent amount of n-butyllithium (8). The presence of 
a trimethylsilyl group was very convenient as it replaced 
the acidic acetyleuic proton in propyne, allowing metalla- 
tion of the methyl group for the propargylation reaction 
to take place. MetaUation at C-1 in the resulting diyne 15 
was achieved by direct treatment with MeLi-LiBr com- 
plex (9). Quenching of the acetylide thus formed with 
methyl chloroformate afforded the expected ester 16. 
Deuterium atoms were introduced by reduction with 
Mg/CH3OD (10). This reaction proceeded by selective 
reduction of the conjugated triple bond at C-2, leaving the 
isolated triple bond at C-11 intact. Transformation of 
tetradeuterated ester 17 into the cyclopropene 6a was ac- 
complished as indicated, following the general sequence 
of reactions. 

1. LDA/THF/-10~ 
(CH2)3CH 3 ~ - - -  (CH2)6 R 

2. CI(CH2)sI/HMPN- 10~ 

1 -trimethylsilyl- 1 -propyne/ 
TMEDA/BuLi/Et20 

r~-14a" R=CI 
Nal/acet~ R=I 

--'- ~ - - -  (CH2)7 ---- Si(CH3)3 

15 

1. MeU-I iBr/THF 
z (CH2) 7 ~ .  C02C1% 

�9 2. CIC02Me/THF 
76 

Mg/MeOD/r.t. ~' , / ~  '-~(CH2)7CD2CD2CO2C'H3 N2CHCO2Etcu-bronze 

17 

/ ~ 7 ~  (cHz)7 CD2CD2COR' 

92 

r~- l b :  R1--OCH3, R2=CO2C2Hs 
KOH/EtOHh.t. / 

'---="-15b: RI=OH, R~--CO2H "~11. (COCI)2/r.l. 
| 2 .  ZnCi2/Et20/C H2CI2/r.t. 

R OCH R D . ,=~]3.  NaBH40rNaBD4/MeOH/-40~ 
oJ: 1 = 3, 2 = 

S C H E M E  3 
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EXPERIMENTAL PROCEDURES 

Commercial-grade reagents and solvents were directly 
used as supplied, with the following exceptions: Diethyl 
ether and tetrahydrofuran (THF) (SDS~ Barberfi del Vall~s, 
Spain) were distilled over Na/benzophenone under N2, 
diisopropylamine (Fluka, Buchs, Switzerland) over KOH 
pellets and CH2CI 2 (SDS) over P205. Dimethylformamide 
(DMF) (Panreac, Montcada i Reixac, Spain), hexamethyl- 
phosphoramide (HMPA) (Fluka) and tetramethylethylene- 
diamine (TMEDA) (Fluka) were distilled and kept over 
molecular sieves (3~,). Reactions sensitive to oxygen and 
moisture were carried out under an argon atmospher~ 
Purification of products by column chromatography was 
done using Merck {Darmstadt, Germany) 70-230 mesh 
silica gel deactivated with 10% water. Thin-layer chr~ 
matography (TLC) was carried out using Merck 60F254 
(0.25-mm) sheets. Products were generally isolated by 
pouring the reaction mixture onto ice, and by extracting 
with solvent, washing with brine and drying over 
MgSO4. Elemental analyses were performed on a Carlo 
Erba (Milano, Italy) elemental analyzer model 1106. 
Fourier transform infrared spectra were recorded on films 
using a Michelson Bomem (Montreal, Quebec, Canada) 
MB-120 spectrometer. 1H and ~3C NMR spectra were 
obtained on CDCla solutions with either a Bruker 
(Karlsruhe, Germany) WP80SY, a Varian (Palo Alto, CA) 
XL200 or a Varian Unity-300 spectrometer at 80, 200 or 
300 MHz, respectively, for 1H, and at 20, 50 or 75 MHz 
for ~aC. Low-resolution mass spectra were measured on a 
Hewlett-Packard (Palo Alto, CA) HP 5995 mass spec- 
trometer coupled to a gas chromatograph equipped with 
a fused silica capillary column (30 m X 0.32 mm i.d.) 
SPB-5 from Supelco (Bellefonte~ PA). High-resolution 
mass spectra (HRMS) were measured on an Autospec-Q 
(VG Analytical, Fisons, Rodan~ Italy) mass spectrometer. 

l(~Tetradecynoic acid (9b) (Ref 11). Under argon, 4.8 mL 
(34 retool) of diisopropylamine in 34 mL of dry THF was 
placed in a three-neck, round-bottom flask. The solution 
was stirred at -10~ and 29 mL (35 retool) of a 1.2 M 
solution of BuLl in hexane was added. The mixture was 
stirred for 2 h at 0~ and then 7.8 g (31 retool) of 7b in 
89 mL of THF was added at the same temperature Stir- 
ring was continued for 1 h, and then the acetylide was 
treated with a solution of 3.5 mL (35 retool) of 
3-bromopropane in 80 mL of HMPA. After stirring for a 
further 18 h, 8.1 g of an oil was isolated using hexane for 
extraction. Jones oxidation of 0.706 g of the oil under stan- 
dard conditions (5) afforded 9b in 78% yield from 7b after 
column chromatography using CH2C12/MeOH (97:3, 
vol/vol) as eluent. Infrared (IR): 3550-2500, 2930, 2860, 
1710, 1460 cm -1. 1H NMR (80 MHz); 6 9.75 (s, 1H, 
COOH), 2.13 (c, 6H, CH2CO and CH2C-), 1.10-1.60 (b, 
14H, ~CC(CH2) 6 and CHzCH3), 0.89 (t, J = 7.0 Hz, 3H, 
CH3). 

16-Chloro-12-hexadecynoic acid (Sb). The procedure for 
the synthesis of 9b was applied to the alkylation of 7a (1.2 
g, 4.25 mmol). Jones oxidation of the crude tetrahydro- 
pyranyl derivative (1.0 g, 2.8 mmol) afforded 8b in 54% 
yield after purification by column chromatography and 
elution with CH2C1JMeOH (97:3, vol/vol). Anal: Calc& 
for C16H2702C1: C, 67.01; H, 9.42. Found: C, 67.08; H, 
9.36. IR: 3500-2500, 2927, 2854, 1708, 1288 cm-L 1H 
NMR (200 MHz): 6 3.64 (t, J = 6.4 Hz, 2H, CH2C1), 

2.38-2.28 (c, 4H, CH2CO and CICCCH2C-), 2.12 (tt, J = 
6.8 and 2.4 Hz, 2H, CCCCH2C-), 1.92 (m, J = 6.4 Hz, 
2H, CICCH2), 1.62 (c), 1.42 (c) and 1.27 (b, 16H, 
~CC(CH2)8). 13C NMR (50 MHz): 180.23 (C-l), 81.41 
(C-12), 77.99 (C-13), 43.78 (C-16), 34.06 (C-2), 31.79 (C-15), 
29.42, 29.34, 29.19, 29.08, 29.03 and 28.81 (C-4 to C-10), 
24.64 (C-3), 18.68 (C-11), 16.20 (C-14). 

Methyl  16-chloro-12-hexadecynoate (8a). Esterifica- 
tion of 8b (0.65 g, 2 mmol) with K2CO 3 (1.1 g, 7.9 mmol) 
and CH3I (0.5 mL, 8 mmol) in DMF (10 mL) afforded 
8a in 95% yield after column chromatography and elu- 
tion with hexane]diethyl ether (10:1, vol]vol). Anal: 
Calcd. for C,7H29C102: C, 67.89; H, 9.65. Found: C, 67.93; 
H, 9.71. IR: 2927, 2854, 1739, 1434, 1170 cm -1. 1H NMR 
(200 MHz): d 3.65 (s, 3H, OCH3), 3.64 (t, J = 6.4 Hz, 2H, 
CH2C1), 2.38-2.25 (c, 4H, CH2CO and C1CCCH2C-), 2.12 
(tt, J = 6.8 and 2.4 Hz, 2H, CCCCH2C-=), 1.91 (m, J = 6.6 
Hz, 2H, C1CCH2), 1.60 (c), 1.42 (c) and 1.27 (b, 16H, 
~CC(CH2)s). 13C NMR (50 MHz): 174.26 (C-l), 81.39 
(C-12), 77.95 (C-13), 51.39 (OCH3), 43.76 (C-16), 34.06 (C-1), 
31.77 (C-15), 29.41, 29.34, 29.19, 29.10, 29.06, 28.97, 28.80 
(C-4 to C-10), 24.90 (C-3), 18.65 (C-11), 16.18 (C-14). MS: 
m/z 300 (5%), 130 (50%), 116 (51%), 81 (100%). 

Methyl  lO~tetradecynoate (ga). The same esterification 
and purification procedures applied to 8b (0.380 g, 1.60 
mmol) furnished 9a in 70% yield. Anal: Calcd. for 
C15H2eO2: C, 75.63; H, 10.92. Found= C, 75.59; H, 10.88. 
IR: 2930, 2860, 1750, 1465, 1440, 1170 cm -1. 1H NMR 
(80 MHz): 6 3.66 (s 3H CH30), 2.12 (c, 6H, CH2CO and 
CH2C-), 1.20-1.80 (b, 14H, ~CC(CH2) 6 and CH~CH3), 0.86 
(t, J = 7.4 Hz, 3H, CH3C). 

1-Iodo-7-dodecyne (14b). The alkylation procedure 
described for the synthesis of 9b applied to 2.5 g (40.3 
retool) of 1-hexyne and 7.8 g (31.7 retool) of 1-chlorc,6- 
iodohexane afforded 5.8 g of 14a, which was directly 
treated with 9 g (60 mmol) of NaI in 30 mL of dry acetone 
under reflux for 36 h. Extraction with diethyl ether 
followed by column chromatography and elution with hex- 
ane]diethyl ether (5:1, vol]vol) yielded 5 g (17 mmol, 63%) 
of pure 14b. Anal: Calcd. for C1~H21I: C, 49.31; H, 7.19. 
Found: C, 49.43; H, 7.24. IR: 2956, 2935, 2856, 2219, 1461, 
1433, 1197, 727 cm -1. 1H NMR (200 MHz): d 3.17 (t, J = 
7.0 Hz, 2H, CH2I), 2.13 (c, 4H, CH2C-), 1.82 (c, 2H, 
ICCH2), 1.40 (c, 10H, ~CC(CH2)3 and (CH2)2CH3), 0.89 (t, 
J = 7.2 Hz, 3H, CH3). 13C NMR (50 MHz): d 80.31 and 
79.72 (C-7 and C-8), 33.34 (C-2), 31.17 (C-10), 29.95 (C-3), 
28.77 (C-5), 27.59 (C-4), 21.85 (C-11), 18.58 (C-9), 18.36 (C-6), 
13.57 (C-12) and 6.95 (C-l). 

1-Trimethylsilyl-l,l(%pentadecadiyne (15). Into a three- 
neck, round-bottomed flask was placed (under argon) 1.5 
mL (10 mmol) of dry TMEDA, and 6.4 mL (10 mmol) of 
a 1.6 M solution of BuLl was slowly added at -5~ After 
2.5 h of stirring, 1.5 mL (10 mmol) of 1-trimethylsilyl-1- 
propyne in 10 mL of dry diethyl ether was added. This 
mixture was stirred at - 5 ~  for 30 rain and was reacted 
with 3 g (10 mmol) of iodoalkyne 14b in 10 mL of dry 
diethyl ether. The ice bath was removed, and the mixture 
stirred at room temperature for 12 l~ Extraction with hex- 
ane afforded 2.6 g (9.5 mmol, 92%) of diyne 15. A small 
sample was purified by bulb-to-bulb distillation (170~ 
Torr) for characterization. Anal: Calcd. for C,8H32Si: C, 
78.26; H, 11.59. Found: C, 78.15; H, 11.43. IR: 2483, 2433, 
2089, 1933, 1464, 1245, 845 cm -1. 1H NMR (200 MHz): 
d 2.21 (~ J = 7.2 Hz, 2H, CH2C-CSi), 2.14 (t J -- 6.6 Hz, 
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4H, CH2C=-CC), 1.42 (c, 14H, ~CC(CH2) 5 and (CH2)2CH3) , 
0.90 (t, J = 7.4 Hz, 3H, CH3C), 0.14 (s, 9H, CH3Si). 13C 
NMR (20 MHz): d 107.47 (C-2), 84.15 (C-I), 79.97 (C-10 and 
C-II), 31.26 (C-13), 29.02 and 28.59 (C-4 to C-8), 21.87 
(C-14), 19.75 (C-3), 18.66 and 18.35 (C-9 and C-12), 13.57 
(C-15), 0.12 (CSi). MS: m/z 203 (i0%), 73 (100%). 

Methyl 2,11-hexadecadiynoate (16). A solution of 0.5 g 
(1.8 retool) of 15 in 10 mL of THF was treated at 0~ with 
1.2 mL (1.8 retool) of a 1.5 M solution of MeLi/LiBr in 
diethyl ether, and the mixture was stirred for 3 h. The 
resulting acetylide was transferred to a solution of methyl 
chloroformate (0.155 mL, 2 retool) in 3 mL of THF at 
-30~ Stirring was continued for 40 rain, and the reac- 
tion mixture was treated with a saturated aqueous solu- 
tion of NH4CI and extracted with diethyl ether, affording 
350 mg of an oil that was purified by column chromatog- 
raphy using hexane/diethyl ether (5:1, vol/vol) to obtain 
230 mg (0.88 mmol, 49%) of pure 16. Anal: Calcd. for 
C17H2602: C, 77.86; H, 9.92. Found: C, 77.94; H, 10.03. IR: 
2931, 2858, 1749, 1718, 1434, 1253 cm -I. IH NMR (200 
MHz): d 3.74 (s, 3H, CH30), 2.31 (t, J = 7.0 Hz, 2H, 
CH2C-CCO), 2.12 (c, 4H, CCH2C=CCH2), 1.40 (c, 14H, 
z3CC(CH2)5 and (CH2CH3), 0.88 (t, J = 7.0 Hz, 3H, CHzC). 
I3C NMR: d 154.11 (C-1), 89.81 (C-3), 80.24 and 79.93 
(C-11 and C-12), 72.80 (C-2), 52.49 (CHsO), 31.20 (C-14), 
28.98, 28.65, 28.50, 27.39 (C-5 to C-9), 21.88 (C-15), 18.64, 
18.57 and 18.37 (C-4, C-10 and C-13), 13.58 (C-16). MS: m/z 
262 (8%), 231 (20%), 205 (25%), 67 (100%). 

Methyl [2,2,3,3~H4]ll-hexadecynoate (17). A mixture of 
ester 16 (0.922 g, 3.52 mmol) and Mg (0.422 g, 17.6 mmol) 
in 26 mL of CH3OD was stirred at room temperature for 
20 h. After this time, the mixture was poured onto ice and 
acidified with 0.1 N HC1. Extraction with hexane yielded 
0.720 g of a material that was purified by column chr~ 
matography and elution with hexane/diethyl ether (5:1, 
vol/vol) to afford 590 mg (2.2 mmol, 62%) of pure 17. 
HRMS: Calcd. for C17H26D402: 270.249687. Found: 
270.248833. IR: 2929, 2856, 1739, 1267 cm -1. IH NMR: 
d 3.65 (s, 3H, CH30), 2.12 (c, 4H, CH2C=), 1.47-1.27 (c, 
16H, ~CC(CH2) 6 and (CH2)2CH3) , 0.87 (t, J = 8.8 Hz, 3H, 
CH3C). 13C NMR: d 80.15 (C-11 and C-12), 51.41 (CHaO), 
31.27 (C-14), 29.33, 28.14, 29.08, 28.81, 28.37 (C-4 to C-9), 
21.93 (C-15), 18.74 and 18.44 (C-10 and C-13), 13.63 (C-16). 
MS: m/z 270 (3%), 96 (100%). 

Methyl 16-chloro-12,13-(ethoxycarbonylmethylene)-12- 
hexadecenoate (10a). Into a two-neck, round-bottomed 
flask, 0.51 g (1.7 mmol) of 8a and 40 mg (0.63 matg) of 
activated Cu-bronze were placed under argon. The mix- 
ture was heated at 135~ for 15 rain, and 0.350 mL (3.4 
retool) of ethyl diazoacetate was slowly added. After 15 
min of stirring at this temperature, the mixture was cooled 
to room temperature, hexane was added and the crude 
mixture filtered through celite~ Removal of solvent gave 
an oil that was submitted to bulb-to-bulb distillation at 
120~ Torr to remove ethyl maleate and ethyl fumarate. 
The resulting residue was purified by column chromatog- 
raphy with hexane/diethyl ether (9:1, vol]vol), affording 0.3 
g (0.78 mmol, 46%) of 10a. HRMS: CalccL for C21Hs504C1: 
386.222388. Found: 386.223434. IR: 2927, 2854, 1737, 
1722, 1178 cm-L 1H NMR (300 MHz) d 4.10 (q, J - 6.8 
Hz, 2H, CH20), 3.66 (s, 3H, CH30), 3.57 (c, 2H, CH2C1), 
2.58 (c, 2H, C1CCCH2C=), 2.40 (tt, J = 7.2 and 1.5 Hz, 
2H, CCCCH2C=), 2.29 (t, J = 7.4 Hz, 2H, CH2CO), 2.04 
(s, 1H, CH), 2.01 (m, J = 6.9 Hz, 2H, C1CCH2), 1.57 (c, 

4H, CH2CC= and CH2CCO), 1.26 (b, 12H, =CCC(CH2)e), 
1.23 (t, J = 7.2 Hz, 3H, CH3C). 13C NMR (50 MHz): d 
176.63 (CHCO), 174.21 (C-1), 107.38 (C-13), 103.98 (C-12), 
59.82 (CH20), 51.34 (CH30), 44.00 (C-16), 34.01 (C-2), 
29.83 (C-15), 29.37, 29.30, 29.18 and 29.05 (C-4 to C-9), 
26.88 (C-10), 24.86 (C-3), 24.43 (C-11), 22.13 (CH), 21.83 
(C-14), 14.33 (CH3C). MS: m/z 386 (6%), 315 (100%), 201 
(56%), 173 (50%). 

Methyl 10,11~ethoxycarbonylmethylene)-lO-tetradeceno- 
ate (lla). The procedure described above afforded l l a  in 
42% yield from 9a (0.454 g, 1.9 mmol). HRMS: Calcd. for 
C19H3204: 324.230060. Found: 324.229995. IR: 2969, 
2925, 1739, 1722, 1176 c m  -1. IH NMR (200 MHz): d 4.10 
(q, J = 7.2 Hz, 2H, CH20), 3.67 (s, 3H, CH30), 2.38 (c, 
4H, CH2C=), 2.29 (t, J = 7.6 Hz, 2H, CH2CO), 2.02 (s, 
1H, CH), 1.58 (c, 6H, CHzCC= and CH2CCO), 1.29 (b, 
10H, =CCC(CH2)4 and CH2CH3), 1.23 (t, J = 7.2 Hz, 3H, 
CH3CH20), 0.95 (t, J = 7.4 Hz, 3H CH3CH2C). 13C NMR 
(50 MHz): d 177.05 (CHCO), 174.26 (C-1), 105.76 and 
105.51 (C-10 and C-11), 59.72 (CH20), 51.42 (CH30), 34.06 
(C-2), 29.15, 29.12 and 29.08 (C-4 to C-7), 26.92 (C-8) 26.51 
(C-12), 24.89 (C-3), 24.47 (C-9), 22.24 (CH), 20.38 (C-13), 
14.40 (CH3CH20), 13.84 (C-14). MS: m/z 293 (10%), 251 
(100%). 

Methyl [2,2,3,3,-2H4111,12-(ethoxycarbonylmethylene) - 
11-hexadecynoate (18a). The procedure applied to 17 (0.48 
g, 3.57 mmol) gave 18a in 83% yield. HRMS: Calcd. for 
C2IHa2D404: 356.286467. Found: 356.285461. IR: 2954, 
2929, 2856, 1731, 1724, 1176 c m  -1. 1H NMR (200 MHz): 
d 4.08 (q, J = 7.2 Hz, 2H, CH20), 3.64 (s, 3H, CH30), 2.37 
(t, J = 7.2 Hz, 4H, CH2C=), 2.00 (s, 1H, CH), 1.51 (c, 4H, 
CH2CC=), 1.29-1.39 (c, 12H, =CC(CH2)5 and CH2CH3), 
1.21 (t, J = 6.2 Hz, 3H, CH3CH20), 0.89 (t, J = 7.4 Hz, 
3H, CH3CH2C). I3C NMR (50 MHz): d 177.02 (CHCO), 
174.29 (C-1), 105.59 (C-11 and C-12), 59.70 (CH20), 51.36 
(CHsO), 29.30, 29.17, 29.03 and 28.82 (C-4 to C-8 and 
CA4), 26.93 (C-9), 24.45 (CA0), 24.17 (C-13), 22.29 and 22.24 
(CH and C-15), 14.38 (CH3CH20), 13.71 (C-16). MS: m/z 
356 (7%), 297 (30%), 284 (100%). 

16-Chloro-12,13-(carboxymethylene~12-hexadecenoic acid 
(10b). A solution of 0.15 g (0.39 mmol) of 10a in 2 mL of 
20% KOH in 98% EtOH was stirred at room temperature 
under argon. Disappearance of the starting material was 
followed by TLC. After completion of the reaction (10-18 
h), 130 mg (0.34 mmol) of pure 10b was obtained by ex- 
traction with CH2C12. A small sample was purified by 
column chromatography and elution with CH2CI2/MeOH 
(90:10, vol/vol) for characterization. HRMS: Calcd. for 
C,sH2904C1: 344.439888. Found: 344.439876. IR: 3500- 
2200, 2927, 2854, 1703, 1697, 1417, 1282, 1232 cm-'. 1H 
NMR (300 MHz): d 3.59 (c, 2H, CH2C1), 2.61 (c, 2H, 
C1CCCH2C=), 2.43 (c, 2H, CCCCH2C=), 2.34 (t, J = 6.9 
Hz, 2H, CH2CO), 2.04 (s, 1H, CH), 2.03 (m, J = 6.9 Hz, 
2H, CICCH2), 1.58 (c, 4H, CH2CC = and CH2CCO), 1.26 
(b, 12H, --CCC(CH2)6). 13C NMR (50 MHz): d 183.61 
(CHCO), 180.30 (C-1), 107.06 (C-13), 103.49 (C-12), 44.04 
(C-16), 34.11 (C-2), 29.77 (C-15), 29.16, 29.07, 28.94 (C-4 to 
C-9), 26.77 (C-10), 24.58 (C-3), 24.47 (C-11), 21.96 (CH), 
21.88 ((]'14). 

lO, ll-(Carboxymethylene~lO-tetradecenoic acid (lib). 
Using the same hydrolysis and purification procedures 
gave l l b  in 70% yield from l l a  (0.600 g, 2.12 mmol). 
HRMS: Calcd. for CI6H2604: 282.183110. Found: 
282.180732. IR: 3600-2200, 2929, 2856, 1703, 1226 cm -1. 
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1H NMR (200 MHz): d 10.41 (b, 2H, COOH), 2.38 (c, 4H, 
CH2C=), 2.32 (t, J = 7.4 Hz, 2H, CH2CO), 2.01 (s, 1H, 
CH), 1.57 (m, 6H, CH2CC= and CH2CCO), 1.29 (b, 8H, 
=CCC(CH2)4), 0.94 (~ J = 7.2 Hz, 3H, CH3). '3C NMR (50 
MHz): d 183.91 (CHCO), 180.16 (C-l), 105.39 and 105.13 
(C-10 and C-11), 34.15, (C-2), 28.99 and 28.89 (C-4 to C-7), 
26.79 (C-8), 26.47 (C-12), 24.61 (c-a), 24.41 (C-9), 22.04 (CH) 
20.32 (C-13), 13.82 (C-14). 

[2,2,3,3-2H4111,12-(Carboxymethylene)-11-hexadecynoic 
acid (18b). Using the same hydrolysis procedure furnished 
18b in 86% yield from 18a (528 mg, 1.47 mmol). HRMS: 
Calcd. for C18H26D404: 314.239517. Found: 314.237953. 
IR: 3000-2500, 2956, 2929, 2856, 1693, 1420, 1265, 740 
cm-'. 1H NMR: d 11.70 (b, 2H, COOH), 2.33 (t, J = 6.8 
Hz, 4H, CH2C=), 1.94 (s, 1H, CH), 1.55-1.05 (c, 16H, 
=CC(CH2)6 and (CH2)2CH3), 0.83 (t, J = 7.2 Hz, 3H, 
CH3). 13C NMR: d 184.21 (CHCO), 180.61 (C-1), 105.24 
(C-11 and C-12), 29.28, 29.18, 29.11, 28.948, 28.76 (C-4 to 
C-8 and C-14), 26.89 {C-9), 24.45 (C-10), 24.17 (C-13), 22.34 
(C-15), 22.10 (CH), 13.74 (C-16). 

Methyl 16-chloro-12,13-methylene-12-hexadecenoate (12). 
A modification of previously reported procedures (4,5) was 
followed. Diacid 10b (100 rag, 0.29 mmol) was treated with 
three equivalents of (COC1)2, and the mixture was stirred 
at room temperature for 1 h. Excess (COC1)~ was re- 
moved with a stream of argon, and the residue thoroughly 
dried at 0.1 Torr for 2 h. After this time, dry CH2C12 (1 
mL) and 0.3 mL (0.3 mmol) of a 1 M solution of ZnCl 2 in 
diethyl ether was added and the mixture stirred at room 
temperature for 10 rain under argon. The resulting 
cyclopropeninm ion solution was added, at - 40~  under 
argon, to 0.6 mL of a 1 M solution of NaBH4 (0.6 retool) 
in 0.5 M NaOH in dry MeOH. Stirring was continued for 
30 min at this temperature, and the suspension was 
warmed to room temperature and treated with 0.1 N HC1. 
Extraction with CH2C12 gave an off that was purified by 
column chromatography using hexane to furnish 15 mg 
(0.05 mmol, 17%) of ester 12. HRMS: Calcd. for 
C18H3102C1: 314.530507. Found: 314.530456. IR: 2925, 
2854, 1739, 1434, 1170, 1008 cm -1. 1H NMR (200 MHz): 
d 3.66 (s, 3H, CH30), 3.56 (t, J = 6.6 Hz, 2H, CH2C1), 
2.56 (tt, J = 7.0 and 1.3 Hz, 2H, CICCCH2C=), 2.38 (tt, 
J = 7.2 and 1.8 Hz, 2H, CCCCH2C=), 2.31 (t, J = 7.6 Hz, 
2H, CH2CO), 2.03 (m, J -- 6.8 Hz, 2H, C1CCH2), 1.28 and 
1.58 (c, 16H, -CC(CH~)a), 0.79 (s, 2H, ring CH=). 13C 
NMR (50 MHz): d 174.33 (C-1), 110.94 (C-13), 107.61 (C-12), 
51.43 (CH30), 44.48 (C-16), 34.09 (C-2), 30.39 (C-15), 29.47, 
29.35, 29.23, 29.12 (C-4 to C9), 27.28 (C-10), 25.97 (C-11), 
24.97 (C-3), 23.27 (C-14), 7.34 (C-17). MS: m/z 314 (1%), 283 
(17%), 130 (18%), 95 (100%). 

Methyl [17-H2112,13-methylene-12-hexadecenoate (3a). 
The same procedure was followed to prepare 3a in 18% 
yield from 13a (21 mg, 0.068 retool). HRMS: Calcd. for 
C18H31DO2: 281.246507. Found: 281.246629. IR: 2925, 
2854, 1714 cm-L 1H NMR (300 MHz): d 3.67 (s, 3H, 
CHaO), 2.37 (c, 4H, CH2C=), 2.30 (t, J = 7.5 Hz, 2H, 
CH2CO), 1.58 (c, 6H, CH2CC= and CH=CCO), 1.28 (b, 
12H, =CCC(CH2)6), 0.94 (t, J = 7.5 Hz, 3H, CH3), 0.75 (s, 
1H, CHD). 13C NMR (75 MHz): d 174.33 (C4), 108.99 and 
109.34 (C-12 and C-13), 51.44 (CHaO), 34.11 (C-2), 29.14, 
29.23, 29.37, 29.40, 29.51 (C-4 to C-9), 28.06 (C-14), 27.37 
(C-10), 26.01 (C-11), 24.95 (C-3), 20.73 (C-15), 13.99 (C-16), 
6.92 (t, J = 25 Hz, CHD). MS: m/z 281 (2%), 250 (7%), 82 
(100%). 

Methyl [17-2H]11,12-methylene-11-hexadecenoate (4a). 
The same procedure was followed to prepare 4a in 13% 
yield from 13b (23 rag, 0.070 mmol). HRMS: Calcd. for 
ClsH31DO2: 281.246507. Found: 281.246254. IR: 2925, 
2854, 1714 cm -1. 1H NMR (300 MHz): d 3.66 (s, 3H, 
CH30), 2.36, (c, 4H, CH2C=), 2.29 (t, J = 7.8 Hz, 2H, 
CH2CO), 1.63-1.47 (c, 6H, CH2CC- and CH2CCO), 
1.39-1.24 (c, 12H, ~CCC(CH2)5 and CH~CH3), 0.9 (t, J = 
7.5 Hz, 3H, CH3C), 0.73 (s, 1H, CHD). 13C NMR (75 
MHz): ~l 174.37 (C-l), 109.18 (C-11 and C-12), 51.42 
(CH30), 34.12 (C-2), 29.52, 29.35, 29.31, 29.20, 29.11 (C-4 
to C-8), 27.34 (C-14), 26.01 (C-9), 25.98 and 25.69 (C-10 and 
C-13), 24.93 (C-3), 22.42 (C-15), 13.83 (C-16), 6.98 (t, J = 
25 Hz, CHD). MS: m/z 281 (5%), 250 (6%), 96 (100%). 

Methyl [17-2H]10,11-methylene-10-hexadecenoate (5a). 
The same procedure was followed to prepare 5a in 15% 
yield from 13c (20 mg, 0.068 mmol). HRMS: Calcd. for 
ClsH31DO2: 281.246507. Found: 281.246629. IR: 2925, 
2854, 1714 cm -1. 1H NMR (300 MHz): d 3.65 (s, 3H, 
CH~O), 2.35 (c, 4H, CH2C=), 2.29 (t, J -- 7.8 Hz, 2H, 
CH2CO), 1.63-1.47 (c, 6H, CH2CC-- and CH2CCO), 
1.41-1.22 (c, 12H, =CCC(CH2) 4 and (CH2)2CH3), 0.9 (t, J 
-- 6.6 Hz, 3H, CH3C), 0.73 (s, 1H, CHD). 13C NMR (75 
MHz): d 174.23 (C-l), 109.33 and 109.22 (C-10 and C-11), 
51.36 (CH30), 34.12 (C-2), 31.62 (C-14), 29.31, 29.20, 29.14 
(C-4 to C-7), 27.36 and 27.08 (C-8 and C-13), 26.01 (C-9 and 
C-12), 24.96 (C-3), 22.45 (C-15), 14.01 (C-16), 6.99 (t, J = 
25 Hz, CHD). MS: m/z 281 (1%), 250 (5%), 110 (26%), 69 
(100%). 

Methyl [15-2H]lO,11-methylene-10-tetradecenoate (2a). 
The same procedure was followed to prepare 2a in 48% 
yield from l lb  (49 mg, 0.174 mmol). HRMS: Calcd. for 
C,6H27DO2: 253.215207. Found: 253.214897. IR: 2925, 
2854, 1737, 1712 cm-L ~H NMR (300 MHz): d 3.65 (s, 
3H, CH30), 2.34 (c, 4H, CH2C=), 2.29 (t, J -- 7.5 Hz, 2H, 
CH2CO), 1.56 (c, 6H, CH2CC = and CH=CCO), 1.26 (b, 8H, 
=CCC(CH2)4), 0.91 (t, J = 7.4 Hz, 3H, CH3C), 0.73 (s, 1H, 
CHD). ~3C NMR (75 MHz): d 174.33 (C-l), 109.32 and 
109.07 (C-10 and C-11), 51.44 (CH30), 34.10 (C-2), 29.70, 
29.29, 28.19 (C-4 to C-7), 28.06 (C-12), 27.33 (C-8), 25.99 
(C-9), 24.94 (C-3), 20.72 (C-13), 13.97 (C-14), 6.92 (t, J = 25 
Hz, CHD). MS: m/z 253 (18%), 222 (48%), 110 (50%), 69 
(100%). 

Methyl [2,2,3,3,17~Hs]11,12-methylene-11-hexadeceno- 
ate (6a). The same procedure was followed to prepare 6a 
in 36% yield from 18b (51 mg, 0.160 mmol). HRMS: Calcd. 
for C18H28D402: 285.925136. Found: 285.925666. IR: 
2925, 2854, 1739, 1463, 1434, 1267, 1170 cm-L 1H NMR 
(300 MHz): d 3.65 (s, 3H, CH30), 2.36 (c, 4H, CH2C--), 
1.51 (c, 4H, CH2CC=), 1.41-1.20 (c, 12H, =CCC(CH2)5 
and CH2CH3), 0.90 (t, J = 7.2 Hz, 3H, CH3C), 0.73 (s, 1H, 
CHD). 13C NMR (75 MHz): d 174.33 (C-l), 109.22 (C-11 
and C-12), 51.38 (CH30), 29.56, 29.34, 29.17, 29.01, 28.89, 
(C-4 to C-8), 27.37 (C-14), 26.01 (C-9), 25.72 (C-10 and C-13), 
22.45 (C-15), 13.85 (C-16), 7.00 (t, J -- 25 Hz, CHD). 

Methyl [16~H]12,13-methylene-12-hexadecenoate (la). A 
mixture of 5 mg (0.016 mmol) of 12, 7 mg (0.017 mmol) 
of NaBD 4 and 0.3 mL of DMSO was stirred at 70~ for 
24 h. After this time, extraction with hexane followed by 
column chromatography afforded 3 mg (0.011 mmol, 67%) 
of la. HRMS: Calcd. for C~sH3~DOe: 281.246507. Found: 
281.246629. IR: 2925, 2854, 1714 cm-L 1H NMR (300 
MHz): d 3.65 (s, 3H, CH30), 2.37 (c, 4H, CH2C=), 2.30 (t, 
J = 7.8 Hz, 2H, CH2CO), 1.57 (c, 6H, CH~CC= and 
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CH2CCO), 1.27 (c, 12H, =CCC(CH2)6), 0.90 (c, 2H, CH2D), 
0.73 (s, 1H, r ing  CH2). 13C N M R  (75 MHz,  DEPT) :  6 
174.32 (C-l), 109.50 and  109.16 (C-12 and  C-13), 51.43 
(CHzO), 34.11 (C-2), 29.14, 29.23, 29.37, 29.40, 29.51 (C-4 
to  C-9), 28.05 (C-14), 27.37 (C-10), 26.01 (C-11), 24.95 (C-3), 
20,63 (C-15), 14.10 (C-16), 7.33 (C-17). 
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Synthesis of Arachidonic Acid Metabolites by Syrian Hamster 
Platelets and Peritoneal Cells 
Marc E. Surette*, Jay Whelan 1, G.-P. Lu 2 and John E. Kinsella 3 
Lipids Research Laboratory, Institute of Food Science, Cornell University, Ithaca, New York 14853 

In this study, the metabolism of arachidonic acid by ham- 
ster platelets and peritoneal macrophages was assessed. 
Peritoneal macrophages stimulated in vitro with the cal. 
cium ionophore A23187 or stimulated in vivo by intra- 
peritoneal injections of opsonized zymosan produced pro- 
staglandin E2, thromboxane Bz (TxB2) and ~ketc, prostag- 
landin FI~, as determined by radioimmuno assays. Leuko- 
triene B 4 (LTB4), and 11- and 15-hydroxyeicosatetraenoic 
acids {HETE), which were identified by reverse-phase high- 
performance liquid chromatography coupled with diode al- 
ray detection, were produced by peritoneal cells stimulated 
in vitro with A23187 but were not found in the peritoneal 
exudate following in vivo stimulation with opsonized 
zymosan. Synthesis of 11- and I~HETE, but not LTB 4, 
was inhibited by 1 ~ I  indomethacin but not by 10 pM nor- 
dihydroguaiaretic acid, which did inhibit LTB 4 synthesis. 
Washed hamster platelets were prepared and shown to syn- 
thesize TxB2, 12-HETE and 12-hydroxyheptadecatrienoic 
acid following stimulation with thrombin. This paper is the 
first to report on eicosanoid metabolism in tissues related 
to atherosclerosis, thrombosis and inflammation in ham- 
sters. 
Lipids 28, 1131-1134 (1993). 

The Syrian hamster has become a model of choice for the 
study of the effects of dietary lipids on circulating plasma 
lipoprotein concentrations due to similarities in cholesterol 
metabolism in hamsters and humans (1-3). While the con- 
centration of circulating lipids is an important risk factor 
for the development of cardiovascular disease (CVD), athe~ 
osclerosis is being recognized as a chronic inflammatory 
disease in arteries, which is similar to inflammatory events 
in other tissues {4,5}. 

Platelets, neutrophils, monocytes, macrophages and 
smooth muscle cells produce cytokines and other inflam- 
matory mediators involved in the progression of ather~ 
sclerotic lesions (4). One class of inflammatory compounds 
susceptible to dietary or pharmaceutical modulation are 

*To whom correspondence should be addressed at Centre de Recher- 
che en Inflammation, Immunologie et Rhumatologie, Centre Hos- 
pitalier de L'Universith Lava[, 2705 Boulevard Laurier, Ste-Foy, 
Quebec G1V 4G2, Canad& 
1present address: Department of Nutrition, University of Tennessee, 
Knoxville, TN 37996-1900. 
2present address: Department of Medicine. University of Kansas 
Medical Center, Kansas City, KS 66103. 
3Lipids Research Group, Cruess Hall, University of California, Davis, 
CA 95616 {Deceased}. 
Abbreviations: AA, arachidonic acid; CO, cyclooxygenase; CVD, car- 
diovascular disease; HETE, hydroxyeicosatetraenoic acid; HHT, hy- 
droxyheptadecatrienoic acid; RP-HPLC, reverse-phase high-perform- 
ance liquid chromatography; 6-ket~PGFlo , 6-keto-prostaglandin Flo; 
LTB 4, leukotriene B4; LTC4, leukotriene C4; LTD 4, leukotriene D4; 
LTE 4 leukotriene E4; LO, lipoxygenase; NDGA, nordihydroguaia- 
retic acid; PBS, physiologically buffered saline; PGB 1, prostaglandin 
B1; PGE 2, prostaglandin E2; PRP, platelet-rich plasma; RIA, radio- 
immunoassay; TxB2, thromboxane B2; UV, ultraviolet. 

the products of the arachidonic acid (AA) cascade Prostag- 
Landins, which are products of the cyclooxygenase (CO) 
pathway, are largely immunomodulatory and directly affect 
platelet function (6). The 5-1ipoxygenase product leukotriene 
B4 (LTB4) is one of the most potent chemotactic agents {7); 
leukotrienes C4, D4 and E 4 (LTC4, LTD 4 and LTE4) induce 
smooth muscle cell contraction and can increase post~cap- 
illary venule permeability {8,9}; and hydroxyeicosatetraenoic 
acids (HETE) have been implicated in the regulation of 
several cellular capacities such as phospholipase A2 
activity (10) and calcium mobilization (1D. 

Dietary lipids can have a profound effect on tissue AA 
levels and eicosanoid production (12-14). Consequently, the 
basis for dietary lipid-induced changes in CVD risk may be 
considered to be a flmction of changes in the capacity for 
lipid mediator synthesis in addition to changes in drculating 
plasma lipid levels {15,16}. In order to more thoroughly 
characterize the hamster as a model for the evaluation of 
CVD risk, changes in potential risk factors other than 
plasma lipid levels must be examined, especially when con- 
sidering the effects of dietary lipids of the n-3 class whose 
antiatherogenic effects have been li~ked to altered eicosanoid 
production (15,16). However, no information exists on AA 
metabolism in hamster cells. Therefore, in this study, plate- 
lets and macrophages were prepared from Syrian hamsters 
in order to characterize their formation of CO and lipoxy- 
genase {LO) products. 

MATERIALS AND METHODS 

Materials. AA metabolites were purchased from Cayman 
Chemical Co. (Ann Arbor, MI). Male Syrian hamsters 
(90-110 g) were purchased from Charles River 
Laboratories (Wilmington, MA). 

Stimulation of peritoneal cells in vitro. Peritoneal cells 
were harvested by washing the peritoneal cavity twice 
with 5 mL of physiologically buffered saline (PBS) and 
were washed twice by centrifugation. The peritoneal ex- 
udate population consisted mainly of macrophages (90%) 
as determined by standard morphological criteria using 
cytospin preparations stained with May-Grfinwald- 
Giesma stain. Pooled cell suspensions (106 cells per mL) 
were incubated in RPMI medium (Hazelton Biologics Inc., 
Lenexa, KS) in 3-mL aliquots for one hour at 37~ in a 
humidified atmosphere of 5% CO2 and 95% air. The 
adherent cells {> 98% macrophages) were washed and 
stimulated for 15 rain at 37~ with 5 ~M calcium 
ionophore A23187, and the culture media were collected 
for eicosanoid analysis. In inhibition studies, the adherent 
cells were preincubated for 15 min with either 1 ~M in- 
domethacin or 10 ~M nordihydroguaiaretic acid (NDGA) 
prior to stimulation with A23187 as above 

Eicosanoid production in vivcx Opsonized zymosan was 
prepared as previously described (17). Opsonized zymosan 
(2 mg in 1 mL saline) was injected intraperitoneally (18), 
and after 30 min the animals were killed and the peritoneal 
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cavity was washed twice with 5 mL of PBS. The peritoneal 
wash was centrifuged (700 X g for 10 min at 4~ and 
the supernatant was removed for eicosanoid analysis. 

Preparation and stimulation of washed platelets. Plate- 
let-rich plasma (PRP) was prepared by centrifugation (650 
• g, 10 min) of citrated blood (0.38% citrate} collected 
from hamsters anesthetized with metafane The centri- 
fugation was repeated two more times, and the PRP was 
pooled and acidified with citric acid (pH 6,4}. The PRP 
was then centrifuged (900 • g, 10 min), and the pellet was 
washed once with calcium-free modified tyrode's buffer 
(19}. Aggregation studies were carried out using a Payton 
aggregometer (Payton Instruments, Buffalo, NY) with 6 
• 105 platelets per t~L at 37~ Platelets were preincu- 
bated at 37~ for 15 min, and CaC12 (0.1 mM) was added 
to the suspension before the addition of agonist. Platelets 
were stimulated with thrombin (0.4 U/mL), which was the 
concentration that caused 75% platelet aggregation, and 
the reaction was stopped after 4 min by the addition of 
acetic acid (0.4% final} prior to eicosanoid analysis. 

Sample extraction and analysis. Samples were extracted 
and analyzed for eicosanoids by radioimmunoassay (RIA) 
or reverse-phase high-performance liquid chromatography 
(RP-HPLC) as previously described (13}. Separation by 
RP-HPLC of compounds produced by peritoneal cells was 
accomplished using a methanol/water (68:32, vol/vol) mo- 
bile phas~ and for platelet products using methanol]water 
(72:28, vol/vol). 

RESULTS 

Eicosanoid production by peritoneal cells. Three peaks 
were identified in HPLC of the supernatant of A23187- 
stimulated peritoneal cells that had the characteristic 
ultraviolet (UV) absorption spectra of known LO products 
(Fig. 1). Compound C1 co-eluted with LTB4 and pos- 
sessed a UV absorption spectrum identical to that of 
authentic LTB4, with a X max at 270 nm (Fig. 2). The 
identity of LTB 4 was further confirmed by enzymeqinked 
immunosorbant assay (Cayman Chemical Ca, Ann Arbor, 
MI), which shows little cross-reactivity (0.3%} with 
isomers of LTB4 (data not shown}. Compounds C2 and 
C3 co-eluted with 15- and ll-HETE, respectively, and 
possessed UV absorption spectra (Fig. 3) characteristic 
of conjugated dienes with distinctively different ~ max at 
236 nm and 234.5 nm corresponding to the ~ maxima of 
15-HETE and 11-HETE, respectively (20}. No peaks co- 

C1 

5 18 15 2 8  
Time (min) 

FIG. 1. Reversed-phase high-performance liquid chromatography (RP- 
HPLC) of supernatant of hamster peritoneal cells st imulated with 
calcium ionophore A23187. Adherent hamster peritoneal cells were 
st imulated with 5 pM A23187 for 15 min at 37~ Separation was 
accomplished by RP-HPLC on a Whatman (Maidstone, England) Pa~ 
tisphere C-18 column (6 mm X 12.5 cm) using a methanol/water (68:32, 
vol]vol) mobile phase containing 5 mM Aramouinm acetate and I mM 
ethylenediRmlnetetraacetic acid, pH 5.6 and a flow rate of 0.9 mL/min. 
Absorbance of the eluate was monitored at 270 nm and 236 nm. 
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FIG. 2. Ultraviolet absorption spectrum (~ max 270 nm) of compound 
I (see Fig. I) produced by peritoneal cells st imulated with 5 ~M 
calcium ionophore A23187 for 15 rain at 37~ 

eluting with LTB4, C4, D 4 or E4, nor with 5-, 8-, 11-, 12- 
or 15-HETE were observed following analysis of the peri- 
toneal exudate by RP-HPLC after in vivo stimulation with 
opsonized zymosan (data not shown}. 

Cells stimulated in vitro with A23187 or in vivo with 
opsonized zymosan produced prostaglandin E2 (PGE2), 
6-keto-prostaglandin Fl~ (6-keto-PGFl~) (the stable me- 
tabolite of prostacyclin) and thromboxane B2 (TxB2) (the 
stable metabolite of thromboxane A2) as determined by 
RIA (Table 1). 

Incubation of cells with 1 tAVI indomethacin before stim- 
ulation with ionophore resulted in a 70% decrease in 
HETE production, but did not affect LTB4 production 
compared to untreated cells (Table 2). Incubation of cells 
with 10 t~M NDGA prior to stimulation with ionophore 
only resulted in a 27% decrease in HETE synthesis but 
decreased LTB4 synthesis to levels below limits of detec- 
tion. 

Eicosanoid production by washed platelets. Three AA 
metabolites were identified in extracts of stimulated plate- 
lets; TxB2, 120 • 10 ng per 109 platelets; 12-hydroxy- 
heptadecatrienoic acid (HHT), 85 • 15 ng per 109 plate- 
lets; and 12-HETE, 70 • 14 ng per 109 platelets (means 
• SEM, n -- 5). HHT and 12-HETE were identified by 
HPLC by comparing their retention times to those of 

2345 nm 236 nm 
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2 5 8  3 0 8  3 5 8  
t N a v e  | e n g t h  ( n m )  

FIG. 3. Ultraviolet  absorption spectra of compounds 2 (l max 236) 
and 3 (~ max 234.5) (see Fig. 1) produced by peritoneal cells stimulated 
with 5 ~M calcium ionophore A23187 for 15 min at 37~ 
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TABLE 1 

Synthesis of Eicosanoids by Hamster Peritoneal Cells Stimulated in vitro with the Ionophore 
A23187 or in viva by Peritoneal Injections of Opsonized Zymosan a 

1133 

Eicosanoids (ng/106 cells) 
Stimulus PGE 2 6-k-PGFla TxB 2 LTB 4 11-HETE 15-HETE 
A23187 0.25 • 0.09 11.6 __ 4.7 0.39 • 0.09 5.5 • 1.3 14.1 __ 3.0 12.4 • 2.8 
Zymosan 2.01 _+ 0.3 141 • 45 0.75 • 0.23 ND b ND ND 
aAdherent hamster peritoneal cells were stimulated in vitro for 15 rain with 5 ~M A23187 prior to extrac- 
tion and analysis of arachidonic acid metabolites. Peritoneal cells were stimulated in vivo by intraperitoneal 
injections of 2 mg opsonized zymosan for 30 min (means • SD, n = 8). P6E 2, prostaglandin E2; 6-k-PGFI~, 
6-keto-prostaglandin FI~; TxB2, thromboxane B2; LTB 4, leukotriene B4; HETE, hydroxyeicosatetraenoic. 
5ND, not detected. 

TABLE 2 

Effect of Inhibitors on Calcium Ionophore-lnduced Production 
of LTB 4, 15-HETE and 11-HETE by Peritoneal Cells a 

ng per million cells 
Treatment ll-HETE 15-HETE LTB 4 

Control 11.5 + 2.0 9.8 • 1.4 5.0 • 0.3 
Indomethacin 3.35 +_ 0.4 3.7 b +__ 0.2 4.9 • 0.4 
NDGA 8.1 • 1.0 7.4 • 0.9 ND b,c 

aPeritoneal cells were pre-incubated without inhihitors (control), 
with indomethacin (1 ~M) or with NDGA (10 ~M) for 15 min prior 
to stimulation with 5 pM A23187 for 15 min. Means • SD (n = 3). 
Abbreviations: LTB4, leukotriene B4; HETE, hydroxyeicosatetra- 
enoic acid; NDGA, nordihydroguaiaretic acid. 
bSignificantly different from control, P < 0.01. 
CND, not detected. 

authentic s tandards and by their  characteristic UV ab- 
sorption spectra (data not  shown). 

DISCUSSION 

The hamster  has been a valuable model for understanding 
the metabolism of circulating lipoproteins and their regu- 
lation by factors such as dietary lipids (1-3,21). However, 
little has been reported on the production of AA metabo- 
lites in hamster even though these compounds are believed 
to be involved in the development of atherosclerosis, and 
their synthesis  is susceptible to dietary as well as phar- 
maceutical modulation. 

The hamster peritoneal cells examined in this study, like 
those of the rat, mouse and guinea pig, consist  most ly  of 
macrophages (> 90%). However, the AA metabolites p r o  
duced in response to stimuli by this cell population dif- 
fered from those produced in similar cell populations from 
other species (17,22-25). Stimulation of the adherent peri- 
toneal cell population with the ionophor~ A23187 resulted 
in the detection by RP-HPLC of three AA metabolites, 
LTB4, l l - H E T E  and 15-HETE. In comparison, mouse 
peritoneal cells st imulated in vitro have been reported to 
produce LTB4, LTC 4, LTE4 and 5-, 12- or 15-HETE 
(25-27) and rat  cells LTB4, C4 and D4 (23). Adherent ham- 
ster peritoneal macrophages, like mouse peritoneal macrr 
phages, also produced the CO-derived PGE 2, 6-ket~ 
PGFlo and TxB2, following ionophore st imulation as 
determined by RIA. 

The t reatment  of cells with the CO inhibitor indometha- 
cin, at concentrations which do not  affect LO activity (28), 
as expected did not  affect LTB4 production, but  resulted 

in a 70% decrease in H E T E  synthesis. Cells t reated with 
the nonspecific LO inhibitor NDGA inhibited the syn- 
thesis of LTB4, bu t  not  of 11- and 15-HETE. This sug- 
gests tha t  the 11- and 15-HETE are synthesized via the 
CO pathway as has been previously reported in human 
umbilical arteries (29) and endothelial cells (30), fetal calf 
aorta (31) and cultured rat  aorta smooth muscle cells (32). 

In  vivo stimulation of hamster  peritoneal cells with op- 
sonized zymosan resulted in the synthesis  of greater 
amounts  of PGE2, 6-keto-PGFlo and TxB2 than  were 
observed in cells st imulated in vitro (Table 1). This may 
be due to the potential  contribution of other  cells in the 
peritoneal cavi ty to the synthesis  of prostaglandins. 
However, the production of hydroxy fa t ty  acids or 
leukotrienes by as many as 1.5 • 10 v cells was not  
detected following in vivo stimulation. In contrast ,  the 
mouse peri toneum subjected to the same stimulus pro- 
duces in addition to the prostanoids, the cysteinyl- 
leukotrienes LTC4 and LTE4 in concentrat ions of 16 and 
78 ng per 106 cells, respectively (17). Thus, the profile of 
AA-derived compounds produced by peritoneal cells 
shows species variations and, as with mouse peritoneal 
cells (22), is stimulus-dependent.  

Washed hamster platelets produced the same major AA 
metabolites as platelets from other species, including 
humans,  following s t imula t ion  wi th  agonis t  (33). 
12-HETE, a product  of the 12-LO pathway, and the CO- 
derived H H T  as well as TxB2, were identified in super- 
na tan ts  of platelets s t imulated with thrombin. The 
preparation of platelets for the determination of ag- 
gregability and eicosanoid production could be of value 
in the determinat ion of the potential  anti-atherogenic or 
anti- thrombotic effects of drugs or special diets in this 
species. 

Differences in eicosanoid metabolism between different 
species underscore the need to determine AA metabolites 
produced in animal models used for the s tudy of lipid 
metabolism and its relationship to diseases such as 
atherosclerosis. The identification, in this study, of AA 
metabolites synthesized by hamster  cells should enable  
in the futur~ a more thorough evaluation of the poten- 
tial anti-atherogenic effects of dietary or pharmaceutical  
interventions in this species. 
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